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G0/G1 switch gene 2 has a critical role in adipocyte
differentiation

H Choi'2, H Lee"®, T-H Kim', HJ Kim', YJ Lee', SJ Lee', JH Yu'?, D Kim"2, K-S Kim"2, SW Park*"? and J-w Kim*"?3

Mouse 3T3-L1 preadipocytes differentiate into adipocytes when treated with 3-isobutyl-1-methylxanthine, dexamethasone,
and insulin. Although mechanisms of adipogenesis, including transcriptional cascades, are understood, it is still unclear how
clonally expanded cells eventually enter the terminal differentiation program. From gene expression profile studies, we
identified GO/G1 switch gene 2 (G0s2) as a novel regulator of adipogenesis. The gene was found to be expressed at a higher
level in white and brown adipose tissues, and it was induced in 3T3-L1 cells by hormonal treatment. Importantly, G0s2
expression was closely associated with the transition from mitotic clonal expansion to terminal differentiation. Knockdown of
GO0s2 expression with siRNA inhibited adipocyte differentiation, whereas constitutive overexpression of G0s2 accelerated
differentiation of preadipocytes to mature adipocytes. Expression of G0s2 was found to be regulated by peroxisome
proliferator-activated receptor y (PPARy), which is a well-known regulator of adipocyte differentiation. Absence of either
PPARy or G0s2 expression resulted in apoptotic pathway activation before terminal differentiation. To determine whether
G0s2 has a role in vivo, G0s2-knockout mice were generated. The knockout mice were normal in appearance, but they had
less adipose mass than wild-type littermates. Mouse embryonic fibroblast cells from GO0s2-deficient mice exhibited
impaired adipogenesis and contained unusually small intracellular lipid droplets, suggesting that G0s2 has a role in lipid
droplet formation. Our studies demonstrate that G0s2 has an important role in adipogenesis and accumulation

of triacylglycerol.
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Obesity is a serious health problem and a contributing risk
factor for several diseases, such as hypertension, cancer,
diabetes, and atherosclerosis." As a major cellular component
of adipose tissue, adipocytes have a central role in normal
physiology.? Obesity results from excessive accumulation of
white adipose tissue, accompanied by increased size and
number of adipocytes.® Although a number of molecular
mechanisms regulating adipocyte development have been
elucidated, there is a clear need to fully define the complex
molecular processes that control adipose tissue formation, in
an effort to regulate its accretion.

Adipogenesis is the process of formation of new adipocytes
from preadipocyte precursors, and an understanding of this
process is important for control of obesity.* The preadipocyte
murine cell line 3T3-L1 is a useful model for studying
molecular mechanisms underlying adipocyte differentiation.®
Upon reaching confluence, proliferating preadipocytes
become growth arrested by contact inhibition. When post-
confluent 3T3-L1 cells are exposed to adipogenic agents,
growth-arrested preadipocytes re-enter the cell cycle as part
of mitotic clonal expansion (MCE), after which the cells finally
undergo terminal differentiation.®™® This process is transcrip-
tionally controlled mainly by CCAAT/enhancer-binding pro-
teins (C/EBPs) and peroxisome proliferator-activated

receptor y (PPARYy).® After hormonal induction, cells immedi-
ately express C/EBPf and C/EBPS, and these in turn induce
expression of C/EBPo and PPARy, which are the key
regulators of the adipose-specific phenotype.'®'" C/EBP«
and PPARy act synergistically to govern the terminal
differentiation process'? that ends in formation of mature
adipocytes.'®

MCE is required for 3T3-L1 adipogenesis, and selective
inhibition of each cell cycle step is sufficient to totally block
adipogenesis.” Upon hormonal stimulation, cells begin to
express C/EBPp; this protein is then serially phosphorylated
by mitogen-activated protein kinase and glycogen synthase
kinase p, resulting in active C/EBPp with full DNA-binding
capacity.’ Activation of C/EBPS is clearly associated with
MCE, as cells without C/EBPS cannot complete clonal
expansion.’® Those studies revealed a role of MCE in
adipogenesis, and they explain why C/EBP/ is needed for
entering the terminal differentiation process. However, it
remains largely unknown which factors or events required
for cell entry into terminal differentiation are actually set in
place during MCE.

The aim of the present work is to identify factors that may be
involved in the control of progression of adipogenesis, with
particular focus on the period between MCE and terminal
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differentiation. The GO/G1 switch gene 2 (G0s2) was found to
be a strong candidate factor. Originally, GOs2 was recognized
by its transient induction in lymphocytes.'® It was shown that
murine GO0s2 is predominantly expressed in adipose tissue,
and the gene is upregulated by PPARy in 3T3-L1 cells.'” More
recently, it has been suggested that GOs2 is involved in lipid
metabolism as an inhibitor of adipose triglyceride lipase
(ATGL)-mediated lipolysis;'® however, a GOs2-related activity
in adipogenesis has not been investigated so far. In this
report, we present data supporting G0s2 as a novel regulator
of the adipogenic process. Adipogenesis was found to be
blocked in the absence of GO0s2 expression, and GOs2-
knockout mice contain reduced levels of fat tissue. These
observations suggest that GOs2 is required for adipogenesis,
where it has an important role in the transition from MCE to
terminal differentiation.

Results

Conditioned medium (CM) stimulates early expression
of GO0s2, accelerating 3T3-L1 cell differentiation. We
assumed that MCE is followed by a critical adipocyte-specific
event, necessary for the progression of terminal differentia-
tion. Our first approach was to examine culture medium
conditioned by cells undergoing clonal expansion, in search
of a terminal differentiation-inducing activity. CM was
collected from differentiating 3T3-L1 cultures after 48h of
hormone induction (Supplementary Figure S1A). When fresh
3T3-L1 preadipocytes were treated with the CM, adipocyte
differentiation was clearly enhanced compared with control
treatment with fresh medium containing 3-isobutyl-1-methyl-
xanthine, dexamethasone, and insulin (MDI medium)
(Figure 1a). Expression of adipocyte-related genes, such
as C/EBP«, PPARy, and fatty acid synthase (FAS), appeared
earlier in CM- versus control-treated cells (Supplementary
Figure S1B). In contrast, C/EBPf expression decreased after
16 h of CM induction (Supplementary Figure S1B). Because
C/EBPJ is required for MCE and is a key regulator of C/EBP«
and PPARy, this finding indicates that CM accelerates
terminal differentiation by altered response of MCE.

We examined whether MCE occurred in these cells by
detecting dividing cells that incorporate BrdU. After 16 h of
induction, most of the MDI-treated control cells were labeled
with BrdU; in contrast, very few CM-treated cells were labeled
(Figure 1b). Consistently, induction of 3T3-L1 preadipocytes
with MDI led to a three-fold increase in cell number at day 2,
but cell counts of cultures induced with CM increased only
two-fold (Supplementary Figure S1C), indicating that differ-
entiation in CM is not dependent on clonal expansion. This
finding was also confirmed by FACS analysis. After 16 h of
MDI induction, 3T3-L1 cells re-entered the cell cycle and
synthesized DNA (S phase), resulting in increase of the G2/M
subpopulation seen after 24 h of induction. However, CM-
treated preadipocytes did not show any increase in S phase
(Supplementary Figure S1D). This result suggests that MCE
is not critical for CM-induced adipocyte differentiation.

Using material from the CM experiments, we identified the
GO0s2 gene from results of a preliminary microarray analysis.
Because GO0s2 is known to be associated with cell cycle
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progression, we expected that GOs2 may have a role in the
transition between MCE and terminal differentiation. We
confirmed G0s2 expression by real-time qPCR, along with
that of other genes that might affect clonal expansion, such as
growth arrest-specific genes (Gas). We found that CM
strongly accelerates the expression of GOs2 mRNA compared
with MDI medium, but the expression patterns of Gas genes
were not changed (Figure 1c). This suggests that G0s2 is
associated with the transition into terminal differentiation.

GO0s2 overexpression enhances adipocyte differentia-
tion. Tissue distribution of GOs2 mMRNA determined by RT-
PCR reveals that G0s2 expression is significantly high in
adipose tissue (Figure 2a). In adipose tissue, expression of
G0s2 was approximately 15-fold greater in the fat-cell
fraction than stromal vascular fractions, indicating that
GO0s2 is expressed at higher levels in mature fat cells
than in preadipocytes (Figure 2b). During 3T3-L1 cell
differentiation, GOs2 mRNA is induced in a pattern similar
to that of adipocyte markers, C/EBP«, PPARy, and aP2/422
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Figure 1 The effect of treatment with differentiation medium or CM on
differentiation of 3T3-L1 preadipocytes. (a) Post-confluent 3T3-L1 preadipocytes
cells were treated with differentiation medium containing 3-isobutyl-1-methyl-
xanthine, dexamethasone, and insulin (MDI) or CM. Cells were then stained with Qil
red-O on day 5. (b) Immunofluorescence analysis of bromodeoxyuridine (BrdU)-
labeled adipocytes. 3T3-L1 cells were induced by MDI or CM and then BrdU was
pulsed for 2h (from 16 to 18 h after initiation of differentiation). The time period of
BrdU pulse corresponds to the S phase in cells induced by the standard protocol.
Representative images of fluorescence microscopy with magnification x 20
(upper), x 40 (middle), and of light microscopy with magnification x 20 (lower).
(c) Preadipocyte 3T3-L1 cells were induced with MDI or CM. Cells were harvested
at0, 4, 16, 24, 36, 48, 72, 96, and 168 h after induction. Total RNA was isolated, and
the expression levels of Gas1, Gas2, Gas5, Gas6, and G0s2 were determined by
quantitative PCR. All reactions were performed in triplicate. Data represent the
mean £ S.D.
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Figure2 GO0s2is predominantly expressed in fat tissues and its overexpression
enhances adipocyte differentiation. (a) Tissue distribution of G0s2 expression by
reverse transcriptase-PCR analysis. (b) GOs2 expression in stromal vascular
fraction (SVF) and fat cell fraction (FAT). (c) GOs2 expression during adipogenesis
was validated by quantitative real-time PCR. C/EBPx, PPARy, and aP2/422 were
used as adipocyte differentiation markers. (d) 3T3-L1 cells expressing control vector
(pcDNA) or GOs2-FLAG expression vector were transfected by electroporation and
then induced to differentiate. Protein collected at indicated times after induction was
used to assay levels of G0s2, C/EBP«, and PPARy expression. GAPDH was used
as loading control. (e) Oil red-O staining after complete differentiation (day 4)

(Figure 2c). Given these results, we sought to determine
whether G0s2 can enhance terminal differentiation. It was
found that G0s2 overexpression caused slightly increased
lipid droplet formation in 3T3-L1 adipocytes, accompanied by
accelerated expression of C/EBP« and PPARy (Figures 2d
and e). This result suggests that GOs2 may be involved in
adipocyte differentiation and lipid accumulation.

Knockdown of GOs2 inhibits adipocyte differentiation
and stimulates apoptosis in 3T3-L1 cells. To examine the
function of G0Os2 in adipogenesis, we knocked down the
expression of G0s2 in 3T3-L1 cells using siRNA. Knockdown
of G0s2 resulted in inhibition of differentiation, as shown by
Qil red-O staining (Figure 3a). Levels of C/EBP« and PPARy
proteins were reduced in the GO0s2-knockdown cells;
whereas, levels of C/EBPp protein were unaffected
(Figure 3b). This suggests that G0s2 affects adipogenesis
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at a time point between C/EBPf and C/EBPu expression.
Interestingly, GOs2 knockdown results in decreased cell
counts at day 2 (Figure 3c). Because G0s2 expression during
3T3-L1 differentiation begins after around 36 h of induction,
we assumed that GOs2 knockdown should not affect the
initiation of MCE. With this in mind, we wondered whether
inhibition of G0s2 may stimulate apoptosis during adipogen-
esis. To determine whether the reduction in cell number was
caused by apoptosis, we performed a terminal deoxynucleo-
tidyl transferase-mediated dUTP end labeling (TUNEL)
assay. Those results clearly show increased labeling in
GO0s2-knockdown cells compared with negative controls
(Figure 3d). Caspase 3, known as a marker of apoptosis,'®
was activated between 36 and 48h of induction, and this
coincides with the point of transition from MCE to terminal
differentiation. In addition, levels of the pro-apoptotic protein
Bax?® were greatly enhanced in cells transfected with GOs2-
specific siRNA (Figure 3e). Interestingly, phosphorylated
form of Bad protein was decreased after siG0s2 transfection
(Figure 3e). These changes of apoptosis-related proteins are
thought to be associated with GO0s2 function during
adipogenesis.

Does CM-induced acceleration of adipogenesis depend on
GO0s2 expression? To assess this question, we attempted
GO0s2 knockdown with CM treatment in 3T3-L1 cells. As
shown in Figure 3f, CM did not induce 3T3-L1 differentiation
without G0s2. Moreover, CM treatment with G0s2 siRNA
caused even earlier and more extensive expression of
caspase 3. This result supports the conclusion that CM
accelerates adipocyte differentiation by inducing G0s2 at an
earlier time point than MDI and that GOs2 is closely associated
with protecting cells from apoptosis. In addition, the BrdU
incorporation assay clearly showed that G0s2 siRNA cells
enter MCE to almost the same extent as the control cells
(Figure 39g). This result suggests that the major effect of G0s2
knockdown on adipogenesis is not due to blocking the
initiation of MCE but is due to inhibiting the apoptotic pathway
after MCE. Taken together, these data indicate that G0s2 is
required for terminal differentiation, and without GO0s2
expression during these events, the cells will undergo
apoptosis upon strong mitotic signal.

Anti-apoptotic activity of PPARy is mediated by G0s2 in
3T3-L1 cells. Previously, it has been reported that G0s2
expression is upregulated by PPAR family proteins in
hepatocytes, as well as in 3T3-L1 cells." In adipocytes,
PPARy has a central role both in adipocyte differentiation and
maintenance of the adipocyte phenotype. However, it has
not been clearly established whether PPARy has anti-
proliferative or anti-apoptotic activity during adipogenesis.
In cells treated with rosiglitazone, a synthetic PPARy agonist,
higher levels of C/EBP«, as well as GO0s2, were seen
(Supplementary Figure S2A). In addition, loss of GO0s2
expression resulted in induction of apoptosis, indicated by
caspase 3 levels, even in the presence of rosiglitazone
(Supplementary Figure S2B). This indicates that G0s2 is a
target gene of PPARy, and it is required for the maintenance
of the terminal differentiation program.

To examine the relationship between function of PPARy
and GOs2 in apoptosis, we depleted PPARy by RNA
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Figure 3 Knockdown of G0s2 by siRNA inhibits adipocyte differentiation and leads to apoptosis. (a) Knockdown of G0s2 abrogates 3T3-L1 cell differentiation. Qil red-O
staining of adipocytes with negative control (NC) and GOs2-knockdown (siG0s2) at day 5. The knockdown efficiency by siRNA was assessed by reverse transcriptase-PCR at
day 2 after differentiation. (b) C/EBP3, C/EBP«, and PPAR;y protein levels were measured in the NC and siG0s2 cells by western blotting analysis, using GAPDH as loading
control. (c) Cell counts were determined at days 0, 1, and 2 after induction. Cells were induced with differentiation medium containing 3-isobutyl-1-methylxanthine,
dexamethasone, and insulin (MDI) after transfection of SIRNA, and the cells were counted. **P<0.01. Data represent the mean + S.D. (d) Cells treated with negative control
(NC) or knockdown of GO0s2 (siG0s2) were fixed 48 h after induction and then stained with DAPI (4,6-diamidino-2-phenylindole). They were analyzed by fluorescence
microscopy or for DNA fragmentation by TUNEL. (e) Cells were harvested at the indicated times, and western blotting analysis of caspase 3, Bax, p-Bad, p27, Rb, or p21
expression levels during 3T3-L1 differentiation was performed using GAPDH as loading control. (f) Knockdown of G0s2 upon CM treatment did not induce 3T3-L1
differentiation. Cells treated with negative control (NC) or knockdown of G0s2 (siG0s2) were induced either by MDI or CM and were analyzed by western blotting and Oil red-O
staining. (g) Bromodeoxyuridine (BrdU) incorporation analysis in the cells treated with siG0s2. BrdU was pulsed for 2 h (from 16 to 18 h after initiation of differentiation), and
cells were observed by fluorescence microscopy with magnification x 40

interference. As expected, PPARy-knockdown cells do not
express G0s2, and they are unable to differentiate into
adipocytes (Figure 4a). Knockdown of PPARy also causes
decreased cell number at day 2 after differentiation
(Figure 4b). Moreover, the pattern of appearance of apoptosis
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after induction of differentiation is similarin PPARy- and G0s2-
knockdown cells (Figure 4c). Expression of C/EBPu is also
markedly reduced, but caspase 3, Bax, and p27 levels were
increased in PPARy-knockdown cells (Figure 4d). To confirm
that these effects on apoptosis are mainly mediated by G0s2,



TUNEL

Role of GOs2 in adipogenesis

H Choi et al
1075
\
SiPPARy Q\g- o ”
— GOs2 E _ |msiPPARy
c 21
PPARy )
o
s = | GAPDH 2 1-
E "
[0)
¥ 0 i
siPPARy DO D2
d
NC siPPARy

041624364872 0 41624364872 (h)

: ~ | PPARy
Caspase3
€ . + + siPPARy |‘ PR ———— Y
- - + GOs2-FLAG | PR Bax
012 012 01 2(Day) Rb
GO0s2 p21
PPARy GAPDH
Caspase3
GAPDH

Figure 4 Knockdown of PPARy by siRNA inhibits differentiation of 3T3-L1 preadipocytes and induces apoptosis during adipogenesis. (a) Effects of PPARy knockdown
was assessed by Oil red-O staining and reverse transcriptase-PCR. NC, Negative control, siPPARy, PPARy-knockdown. (b) Cell numbers were determined on days 0 and 2
after differentiation. **P<0.01. Data represent the mean + S.D. (¢) Cells with negative control (NC) and knockdown of PPARy (siPPARy) were fixed 48 h after induction and
then stained with DAPI (4,6-diamidino-2-phenylindole). They were analyzed by fluorescence microscopy or for DNA fragmentation by TUNEL. (d) Protein expression of the
adipogenesis-associated targets C/EBPf3, C/EBP«, and PPARy and apoptosis-related genes caspase 3, Bax, p27, and p21. (e) 3T3-L1 cells stably expressing control vector
or G0s2-FLAG were transfected with siPPARy, and effects on protein expression were examined

GOs2-overexpressing 3T3-L1 cells were constructed by
retroviral transduction of GOs2 cDNA. We then knocked down
expression of PPARy with siRNA in GOs2-overexpressing
3T3-L1 cells. Whereas PPARy knockdown resulted in
significantly increased expression of caspase 3 compared
with control cells, GOs2-overexpressing cells did not express
caspase 3 even in the absence of PPARy (Figure 4e). These
data indicate that PPARy is required not only for adipose-
specific gene expression but also for protecting clonally
expanded cells from apoptosis. In this regard, G0s2 is thought
to have a major role in this protection, because GO0s2
expression in the absence of PPARy is seen to prevent
caspase 3 activation. Taken together, these results indicate
that GOs2 acts downstream of PPARy as a regulator both of
apoptosis and terminal differentiation.

The function of G0s2 in adipogenesis is independent of
ATGL. Previous reports indicate that GOs2 specifically
interacts with ATGL, and G0s2 functions to attenuate ATGL
activity.'® To examine whether the function of G0s2 in the

terminal differentiation program is dependent on ATGL, we
performed knockdown of ATGL expression in 3T3-L1 cells.
As shown in Figures 5a and b, knockdown of ATGL resulted
in slightly enhanced lipid accumulation without any significant
effect on the expression levels of C/EBP«, PPARy, G0s2, or
caspase 3. We then knocked down both G0Os2 and ATGL in
3T3-L1 cells (Figure 5¢). As seen with GOs2 knockdown, the
double G0s2 and ATGL knockdown also leads to induced
caspase 3 expression at day 2. These results indicate that
GO0s2-depleted cells undergo apoptosis regardless of ATGL
expression. Thus, G0Os2 appears to have dual functions: (1)
inhibition of ATGL-induced lipolysis in mature adipocytes;
and (2) anti-apoptotic activity, which is ATGL-independent,
during terminal adipocyte differentiation.

GO0s2-knockout mice have decreased adiposity.
To elucidate the physiological role of G0s2 in vivo, we
generated GOs2-knockout mice. Successful ablation was
confirmed by the virtual absence of G0s2 gene expression
(Supplementary Figures S3A and S3B). Analysis of adipose

Cell Death and Differentiation
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Figure 5 ATGL gene knockdown does not induce apoptosis in 3T3-L1
preadipocytes. (a) ATGL expression was suppressed in 3T3-L1 preadipocytes by
siRNA, and then cells were differentiated into adipocytes. Cells were harvested at
the indicated times, followed by western blotting analysis of ATGL, G0s2, C/EBP2,
PPARy, caspase 3, and GAPDH expression. (b) Oil red-O staining after
differentiation (day 5). (c¢) 3T3-L1 cells were transfected with siRNAs targeting
G0s2 and/or ATGL, followed by differentiation into adipocytes. Levels of ATGL,
GO0s2, caspase 3, C/EBPo, and GAPDH proteins were analyzed in immunoblots at
the indicated days

stores from 12-week-old animals showed a 15% reduction in
body weight in G0s2-knockout versus wild-type mice, owing
to a 30% reduction in adipose content (Figures 6a and b).
No significant difference in liver weight was seen
(Supplementary Figure S3C). A decrease in adipose tissue
mass could result from a reduction in adipocyte size, as well
as adipocyte number, with impaired differentiation. Histolo-
gical analysis of epididymal fat pads revealed that adipocytes
from GO0s2-knockout mice were smaller than those from wild
type (Figures 6¢ and d). These data suggest that GOs2 has a
role in promoting fat tissue formation in vivo.

GO0s2-knockout mouse embryo fibroblasts (MEFs) show
impaired adipogenesis. We explored specific action of
G0s2 on the adipocyte differentiation process per sein MEFs
isolated from GOs2-knockout versus wild-type littermate
mouse embryos. After induction by adipogenic agents, less
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Figure 6 Fat development is impaired in GOs2-knockout mice. (a) Body weight
and (b) epididymal fat pad from white adipose tissue (WAT) were evaluated in
G0s2-knockout mice and wild-type control mice at the age of 12 weeks. Data
represent the mean+ S.D. *P<0.05, **P<0.01. (b) Hematoxylin/eosin-stained
WAT sections from wild-type and GOs2-knockout mice. Scale bar=100 um.
(c) Distribution of adipocyte size in epididymal WAT from wild-type or GOs2-
knockout mice on normal diet (n=3 per group). (d) The diameter of epididymal
white adipocytes was determined by ImageJ, and > 500 adipocytes were examined
for each group. All data are expressed as means + S.D.

accumulation of lipid droplets was seen in knockout versus
wild-type MEFs (Figure 7a). Unlike the pattern observed in
GO0s2-knockdown 3T3-L1 cells, GOs2-knockout MEF cells
accumulate many small lipid droplets during adipogenesis,
but these do not mature into the larger lipid droplets observed
in wild-type MEFs. Immunoblot analysis of adipocytes at
days 6, 9, and 12 revealed that, to some extent, expression
levels of PPARy and its regulatory genes, aP2/422, and fat-
specific protein 272" were reduced in G0s2-knockout MEFs
(Figure 7b). The reason why MEFs from GO0s2-knockout
mice do not exhibit increased caspase 3, as seen in 3T3-L1
cells, is not clear. However, this phenomenon is probably due
to differences between 3T3-L1 and MEF cells, as MCE
apparently has not been observed in MEF cells.® Never-
theless, G0s2-knockout MEFs show impaired adipogenesis
compared with wild-type MEFs, suggesting that GOs2 also
has a major role in normal development of fat pad in vivo.
Finally, we rescued G0s2 gene expression in G0s2-knock-
out MEFs. Transfection of a vector expressing G0s2 into
knockout cells led to reactivation of the adipocyte
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wild-type (WT) or GOs2-knockout (KO) mice were induced for adipocyte differentiation. Expression of GOs2 was analyzed by reverse transcriptase-PCR, and microscopy was
done at day 12. (b) Western blotting analysis of GOs2 and adipocyte-specific proteins in WT and KO MEFs. (¢) KO MEFs were transfected with G0s2-FLAG-overexpression
vector. Western blotting analysis of expression in WT containing empty vector (WT), G0s2-KO containing empty vector (KO), or rescued G0s2-KO (KO-G0s2) was performed
with anti-FLAG antibody. (d) BODIPY staining of WT, G0s2-KO, and KO-G0s2 MEF cells. The fluorescent dyes BODIPY and DAPI (4,6-diamidino-2-phenylindole) were
used to stain the lipids contained in droplets of differentiated fat cells and nuclei of existing cells. (e) WT or KO MEFs were transfected with SiRNA directed against ATGL,
and microscopy ( x 20) was performed. (f) Western blotting analysis was carried out in WT or KO MEFs after ATGL siRNA transfection

differentiation program, as shown by the appearance of lipid
droplets visualized after BODIPY staining (Figures 7c and d).
Furthermore, ATGL knockdown by siRNA merely affected the
pattern of differentiation in both wild-type and G0s2-knockout
MEFs (Figures 7e and f), suggesting that this impairment in fat
development is not dependent on ATGL.

Discussion

Preadipocyte 3T3-L1 cells have been used as a primary
model for the study of adipogenesis. It is thought that several
proteins involved in regulation of growth and differentiation are
secreted from differentiating 3T3-L1 cells. In this regard,
candidate secreted proteins from 3T3-L1 cells have been
identified by a systematic proteomic approach, based on
selective blocking of secretion.?? Although secreted proteins
during adipogenesis have been suggested to be important,
their identity and physiological roles remain elusive. Other

studies have revealed that an endogenous PPARy ligand is
generated during an early phase of the adipogenic process in
3T3-L1 cells.?® This suggests a hypothesis that some factors
released during adipogenesis, particularly as a result of MCE,
are essential for the transition of the cells into terminal
differentiation. In this study, we have shown that CM
accelerates differentiation into mature adipocytes, suggesting
that additional events are required for the transition into
terminal differentiation. More importantly, CM was seen to
induce adipogenesis in proliferating preadipocytes without
MCE. MCE is reported to be necessary for the progression
through subsequent steps in the differentiation program;*
however, its role in adipocyte differentiation is not fully
understood. From this point of view, it is surprising that CM
treatment directly leads to the terminal differentiation program
without MCE, which we nonetheless confirmed by FACS
analysis and BrdU incorporation. This indicates that certain
cell-specific events necessary for entry into terminal
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differentiation are truly associated with, and a result of, MCE
and are mediated by some secreted factors. It remains to be
discovered what proteins are secreted during MCE, which of
these are active, and how they act on the cells for entry into
terminal differentiation.

This study was designed to define events that are necessary
and sufficient for 3T3-L1 cell differentiation. From screens to
identify genes temporally regulated during transition from MCE
to terminal differentiation in 3T3-L1 adipogenesis, we found
G0s2 as a novel regulator of adipogenesis. Subsequent
experimental results suggest that G0Os2 is essentially involved
in adipocyte differentiation and lipid accumulation. Over-
expression of G0s2 was found to stimulate lipid droplet
formation in 3T3-L1 adipocytes, and knockdown of endogen-
ous GO0s2, on the other hand, was seen to inhibit fat
accumulation and stimulate apoptosis. In addition, CM-
induced terminal differentiation appeared to require GO0s2
expression, because both G0s2 siRNA 3T3-L1 cells (Figure 3f)
and G0s2 KO MEF cells (Supplementary Figure S4) did not
affect the differentiation pattern upon CM treatment.

The small, basic G0s2 protein is a multifaceted protein
involved in proliferation, apoptosis, inflammation, metabolism,
and carcinogenesis. In cultured human Simpson-Golabi—
Behmel syndrome cells and 3T3-L1 cells, both G0s2 mRNA
and protein steadily increase as cells enter the growth arrest
stage preceding terminal differentiation.’” However, despite its
postulated role as a cell cycle regulator, it has not yet been
investigated whether G0s2 has any active role in the cell cycle
withdrawal during adipogenic differentiation. The current study
identifies a previously unrecognized GOs2 function. We
demonstrated that G0s2 is mainly associated with the terminal
differentiation program. Moreover, our data suggest that G0s2
functions to protect against apoptosis. This activity of GOs2 is
thought to be independent of ATGL-lipolytic activity. Thus, it is
likely that GOs2 has a dual mechanistic function, one being
ATGL dependent®® and the other ATGL independent.

We also explored a unique role of PPARy to protect
differentiating cells from apoptosis. Knockdown of PPARy by
siRNA resulted in apoptosis after induction of differentiation,
similar in pattern to that observed in GOs2-knockdown cells.
The latter effect was shown to be attenuated by GOs2
restoration. It does not necessarily mean that PPARYy itself
is an active apoptotic regulator. Rather, our result suggests
that GOs2 and PPARy are essential for a transition from the
end of the cell cycle stage to terminal differentiation. In other
words, cells expressing G0s2 and PPARy are able to steadily
enter and maintain the terminal differentiation process, but
without G0s2, cells cannot withstand a strong mitotic signal,
which then leads to apoptosis. Similarly, C/EBP« is well
known to have anti-proliferative activity. Because C/EBP« and
PPARy reciprocally regulate each other during adipogenesis,
we suggest that the anti-proliferative functions of C/EBP« or
PPARy might essentially be mediated by G0s2.

In the present study, we have demonstrated that G0s2
function has a strong impact on adipocyte formation.
We found that adipocyte differentiation was reduced in
cultured G0s2-knockout MEF cells. In MEF cells, in contrast
to 3T3-L1 cells, G0s2 does not clearly affect C/EBP« and
caspase 3 expression. This may simply reflect a biological
difference between MEF and 3T3-L1 cells. Among the cell
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models of adipogenesis, 3T3-L1 and 3T3-F442A cells clearly
undergo one or two rounds of cell division called MCE.?®
However, this postconfluence mitosis has not been observed
in mouse C3H10T1/2 or human preadipocytes.®?” It has been
suggested that preadipocytes isolated from fat have already
undergone the prerequisite clonal expansion in vivo, and thus
further cell cycle events would not be observed in such cells.*
Nevertheless, it is clear that some of the checkpoint proteins
for mitosis are involved in regulation of adipogenesis.® Our
data show that fat mass in GOs2-knockout mouse was
significantly reduced in vivo. Given the phenotype of many
small droplets found in GO0s2-knockout adipocytes, the
ultimate fat reduction might be a result of defects in droplet
enlargement. But we cannot exclude the possibility that a
deficiency of G0s2 in mice, as in 3T3-L1 cells, affects the
integrity and maintenance of existing committed stem cells.
It would be of interest to measure active proliferating cells
by BrdU incorporation in the white fat pads of mice.

The role of the G0s2 gene in obesity should be carefully
accessed. Our data clearly show that GOs2 KO mice exhibit
reduced body weights and adipose contents; however,
previous studies of models of mouse and human obesity
indicate decreased levels of GOs2 in white adipose fat pads.?
Because GOs2 also functions in the regulation of ATGL-
dependent lipolysis, further investigations are necessary to
examine whether reduced GO0s2 in obesity has a causal
relationship. It will also be interesting to analyze whether the
regulation of cell differentiation involved in PPARy/G0s2
function is associated with energy metabolism of ATGL-
mediated lipolysis.

Materials and Methods

Cell culture and induction of differentiation. Preadipocyte 3T3-L1
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing
100 U/ml penicillin, 100 mg/ml streptomycin, and 8 mg/ml biotin and supplemented
with 10% (v/v) heat-inactivated calf serum, at 37 °C in an atmosphere of 90% air
and 10% CO,. To induce differentiation, 2-day postconfluent 3T3-L1 cells
(designated day 0) were incubated in MDI medium, which consists of DMEM with
10% fetal bovine serum (FBS), 0.5mM 3-isobutyl-1-methylxanthine, 1uM
dexamethasone, and 1 ug/ml of insulin, for 2 days. Cells were then cultured in
DMEM containing 10% FBS and insulin for another 2 days, after which they were
grown in DMEM containing 10% FBS. Cell numbers were determined on day 2.
For preparation of CM, 2-day postconfluent 3T3-L1 cells were induced by MDI for
48 h, after which the used culture medium was harvested. Oil red-O staining was
done at the indicated time points.

RNA isolation and PCR analysis. Total RNA was isolated using Trizol
reagent according to the manufacturer’s instructions. First-strand cDNA synthesis
from 5 ug of total RNA was performed using SuperScript Il reverse transcriptase
primed by random hexamer primer. The transcripts of G0s2, PPARy2, C/EBPq, and
GAPDH were evaluated by PCR analysis. Amplification was performed using the
forward and reverse primers, respectively: 5'-AAAGTGTGCAGGAGCTGATC-3,
5'-GGACTGCTGTTCACACGCTT-3 (G0s2); 5'-TATGGGTGAAACTCTGGGAG-3/,
5'-GCTGGAGAAATCAACTGTGG-3' (PPARy2); and 5'-ACCACAGTCCATGCC
ATCAC-3, 5-TCCACCACCCTGTTGCTGTA-3' (GAPDH). Real-time gPCR was
used to detect other transcripts, that is, Gas1, Gas2, Gas5, Gas6, G0s2, C/EBPu,
PPARy, and aP2/422. Real-time qPCR was performed using the SYBR Green
Master mix in a total volume of 20 l, as previously described.?® Transcripts were
detected by real-time qPCR with a Step One instrument (Applied Biosystems,
Foster City, CA, USA). A standard curve was used to calculate mRNA level relative
to that of a control gene, ribosomal L32. Primer pairs for specific target genes were
designed as listed in Supplementary Table S1. All reactions were performed in
triplicate. Relative expression levels and S.D. values were calculated using the
comparative method.



Western blotting analysis and antibodies. For protein analysis, cells
were washed with cold PBS and then lysed directly in 60 mM Tris-HCI (pH 6.8)
containing 1% (w/v) SDS. The lysate was heated at 100 °C for 10 min, centrifuged
for 5min at 13000 rpm, and supernatants were then frozen until further analysis.
For western blots, cell extracts were subjected to SDS-PAGE separation and then
transferred to nitrocellulose membranes. Primary antibodies used for blotting were
anti-C/EBPJ, anti-C/EBPx,%® anti-PPARy (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-GAPDH, anti-caspase3, anti-Bax, anti-p-Bad, anti-p21, anti-p27,
anti-FAS (Cell Signaling, Danvers, MA, USA), anti-FLAG (Sigma, St. Louis, MO,
USA), and anti-Rb (BD Biosciences, Franklin Lakes, NJ, USA). After blocking,
filters were immunoblotted with each primary antibody for 2 h at room temperature,
followed by incubation with horseradish peroxidase-conjugated secondary
antibody (Santa Cruz Biotechnology) for 1h. Target proteins were visualized by
enhanced chemiluminescence detection system (Amersham, Boston, MA, USA).
Western blotting results were analyzed to quantify signal intensities using Image J
(National Institute of Health, Bethesda, MD, USA) after normalization to GAPDH
levels (Supplementary Figure S5).

FACS analysis. 3T3-L1 cells were trypsinized and collected by centrifugation,
washed with PBS, and then fixed in 90% (v/v) cold methanol. Fixed cells were
washed with PBS and stained with 50 xg/ml propidium iodide (PI) and 100 zg/ml
RNase A in PBS for 30 min in the dark. Labeled cells were analyzed using a FACS
caliber flow cytometry system, and data were analyzed using the ModFit software
(BD Biosciences) as described.®

Cell labeling with BrdU and immunofluorescence analysis.
Labeling with BrdU was done using the BrdU Labeling and Detection Kit | (Roche,
Mannheim, Germany) according to the manufacturer’s instructions. Briefly, cells
were plated and grown on glass coverslips; at 2 days of postconfluence, they were
induced to differentiate with differentiation medium. After 16h, cells were
incubated for 2 h with 10 M BrdU labeling solution to label DNA synthesis. Cells
on the coverslips were fixed in 70% (v/v) ethanol for 20minat —15°Cto —25°C
for immunofluorescence analysis. Fixed cells were incubated with anti-BrdU
primary antibody for 30 min at 37 °C. After washing, anti-mouse-IgG-fluorescein
secondary antibody was added to coverslips and incubated for 30 min at 37 °C
and then with 0.1 g/ml DAPI for 5min at room temperature, after which the
coverslips were mounted for immunofluorescence microscopic analysis.

RNA interference (siRNA). Preadipocyte 3T3-L1 cells were plated into 60-
mm-diameter dishes 18-24 h before transfection. The following double-stranded
stealth siRNA oligonucleotides (Invitrogen, Carlsbad, CA, USA) were used: mouse
G0s2, sense 5'-AGGGACUGCUGUUCACACGCUUCCC-3' and antisense 5'-GG
GAAGCGUGUGAACAGCAGUCCCU-3'; mouse PPARy, sense 5'-CAGAGCAAA
GAGGUGGCCAUCCGAA-3' and antisense 5'-UUCGGAUGGCCACCUCUUUGC
UCUG-3'; and mouse ATGL, a set of three validated siRNA oligonucleotides (cat.
no. 1320003). Control oligonucleotides with comparable GC content were also
from Invitrogen. For knockdown, cells were transfected with control or gene-
specific siRNA at 50nM in OPTI-MEM medium using Lipofectamine RNAIMAX
(Invitrogen), according to the manufacturer’s protocol. The next day, the medium
was replaced with fresh DMEM containing 10% calf serum, and the cells were
incubated for 24 h before the induction of differentiation. Oil red-O staining of G0s2
knockdown was performed at day 5.

Staining with Annexin-V and Pl The AnnexinV-FITC Apoptosis
Detection Kit (BD Biosciences) was used to stain cells in Annexin binding buffer
according to the manufacturer's instructions. Briefly, cells were induced to
differentiate for 48h, and then they were harvested by trypsinization and
centrifugation, washed in PBS, and then resuspended in 1x binding buffer
containing Annexin-V-FITC antibody and Pl according to the manufacturer's
protocol. Single-cell fluorescence was measured with a BD FACS caliber flow
cytometry system (BD Biosciences).

TUNEL assay. TUNEL assay was used to measure cell apoptosis. Cells were
seeded on glass coverslips in six-well dishes, and at 48h after differentiation,
staining of fragmented DNA from apoptotic cells was carried out using an in situ
Cell Death Detection Kit Fluorescein (Roche). Briefly, cells were rinsed with PBS
followed by fixation in 4% (w/v) paraformaldehyde for 1h at room temperature.
Fixed cells were permeabilized by incubation with 0.5% (v/v) Triton X-100 in PBS
for 1h at 37 °C. The cells were rinsed again with PBS and incubated with 50 ul

Role of GOs2 in adipogenesis
H Choi et a/

TUNEL reaction mixture per sample for 1h at 37 °C. Following washes with PBS,
samples were mounted on glass slides with Vectashield mounting medium (Vector
Laboratories, Burlingame, CA, USA) and examined by inverted fluorescence
confocal microscopy.

Transient transfection assay of G0s2-overexpressing cells. A
G0s2-overexpression vector (p)cDNA3.0-G0s2-FLAG) was constructed by inserting
the whole open reading frame of mouse G0s2 with an N-terminal FLAG tag into
pcDNA3.0. To maximize transfection efficiency, microliter-volume electroporation
of 3T3-L1 preadipocytes was performed with OneDrop MicroPorator MP-100
(Digital Bio, Seoul, South Korea). The cells were trypsinized, washed with PBS,
and finally resuspended in 10 pl of resuspension buffer R with 0.5 ug of plasmid at
a concentration of 200000 cells per pipette. The cells were then microporated
at 1300V, with a 20-ms pulse width, two pulses. Following microporation, the
cells were seeded into 35-mm cell culture dishes and placed in a culture incubator
at 37 °C.

Generation of G0s2-knockout mice and genotyping. G0s2-knock-
out mice were generated by homologous recombination and were obtained from
Macrogene (Seoul, South Korea). Exons 1 and 2 of the GOs2 gene were replaced
with a LacZ-neo cassette. ES cells were purchased from KOMP (https://
www.komp.org/), in which gene trap-targeted GOs2-knockout ES cells were made
on the original 129Sv founder background, and the knockout mice were generated
on a C57BL/6J background. Mice were maintained on a 12-h light and 12-h dark
cycle. All animal procedures were approved by the Institutional Animal Case Use
Committee of the Yonsei University Health System. For genotyping of mice,
genomic DNAs were isolated from tails of adults or heads of 13.5 days post
conception (dpc) embryos by incubation at 55 °C overnight in 0.5 ml of 50 mM Tris-
HCI (pH 6.8) containing 50 mM EDTA, 0.5% (w/v) SDS, and 0.2mg proteinase K;
this was followed by precipitation with isopropanol. Genotyping by PCR was
performed using the following primers: Mutant, 5-AACCGTGCATCTGCCAGTTT-3;
Wild type, 5'-AAAGTGTGCAGGAGCTGATC-3'; and Common, 5'-GCCTGTCTCC
TTCTCTAATG-3'. Expected band size for GOs2 during gel analysis is 526 bp for the
wild-type allele and 610 bp for the knockout allele.

Preparation of MEF cells. Wild-type and G0s2-knockout E13.5 embryos
were isolated from a single heterozygous female that had been paired with a
heterozygous male. Primary MEFs (passage 0 or 1) from the 13.5-day embryos
were grown to confluence (day 0) in DMEM containing 10% FBS. Differentiation
was initiated by treating cells with 0.5mM 3-isobutyl-1-methylxanthine, 1 uM
dexamethasone, 10 ug/ml insulin, and 2 uM rosiglitazone for 6 days. Subse-
quently, cells were maintained in DMEM supplemented with 10% FBS, 10 ug/ml
insulin, and 2 uM rosiglitazone. After 3 days, the medium was replaced with
maintenance medium, that is, DMEM supplemented with 10% FBS.

Staining of lipid droplets with BODIPY. MEFs were maintained at
proper densities on glass cover slips placed in six-well dishes. After differentiation,
cells were fixed in 4% formaldehyde for 30 min, followed by rinsing with PBS three
times. To visualize lipid droplets, BODIPY 493/503 dye was added to a final
concentration of 0.3 ug/ml and incubated for 20 min. Following three washes with
PBS, samples were mounted on glass slides with Vectashield mounting medium
(Vector Laboratories) containing DAPI and examined by inverted confocal
fluorescence microscopy.
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