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SUMMARY

Earlier, we reported that S6K1~~mice have reduced body fat mass, elevated rates of lipolysis,
severely decreased adipocyte size, and are resistant to high-fat-diet (HFD)-induced obesity. Here
we report that adipocytes of S6K1~~mice on a HFD, have the capacity to increase in size to a
degree comparable to that of wild-type (WT) mice, but not in number, indicating an unexpected
lesion in adipogenesis. Tracing this lesion revealed that S6K1 is dispensable for terminal
adipocyte differentiation, but is involved in the commitment of embryonic stem cells (ESCs) to
early adipocyte progenitors. We further show that absence of S6K1 attenuates the upregulation of
transcription factors critical for commitment to adipogenesis. These results led to the conclusion
that a lack of S6K1 impairs the generation of de novo adipocytes when mice are challenged with a
HFD, consistent with a reduction in early adipocyte progenitors.

INTRODUCTION

Obesity is a worldwide epidemic that until recently was largely confined to industrialized
countries of the Western world, but is now also on the ascent in urban centers of
underdeveloped nations (James et al., 2006). The key factor in promoting the obese state is
nutrient overload (Um et al., 2006) combined with the innate drive to acquire and store fat in
adipose depots (Schwartz et al., 2003). The obese phenotype is further accentuated by the
body’s tendency to protect newly acquired adipose depots in the face of deliberate
reductions in food intake (Schwartz et al., 2003). A consequence of this response is the
increased probability of initiating a number of pathologies including insulin resistance,
cardiovascular disease (Morgan et al., 2004), and cancer (Calle and Kaaks, 2004). Given the
obesity epidemic and associated pathologies, it is critical to understand the underlying
mechanisms responsible for the development and maintenance of normal adipose tissue.
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Adipose depots evolved to serve as the major energy reserves when glucose becomes
limiting. Although adipocyte number can increase throughout life, adult-onset obesity is
generally characterized by an increase in adipocyte size, whereas obesity earlier in life
involves both an increase in the size and number of adipocytes (Kissebah and Krakower,
1994). The development of adipose depots can be broadly divided into two stages (i)
commitment, which involves differentiation of ESCs into multipotent mesodermal stem
cells, followed by the generation of preadipocytes and (ii) terminal differentiation, which
gives rise to adipocytes from preadipocytes and is regulated by a network of transcription
factors, including the master regulators PPARy and C/EBPa (Gesta et al., 2007; Rosen et al.,
2002). In terminal differentiation, the identification of the molecular components involved
has been particularly assisted by studies in genetically modified mice. In contrast, such
studies have yet to define the molecular components involved in the commitment step
(Rosen and MacDougald, 2006). However, the recent identification of early adipocyte
progenitors within the vascular niche of adipose tissue (Tang et al., 2008) (Rodeheffer et al.,
2008), opens an opportunity to analyze adipocyte progenitors with respect to their molecular
makeup and role in adipocyte development.

An emerging component in adipogenesis is the mammalian target of rapamycin Complex 1
(mTORCYL) and its effectors, ribosomal protein S6 kinase 1 (S6K1) and the 4E binding
proteins (4E-BP) 1 and 2. These mTORC1 effectors appear to act as critical mediators of a
nutrient/hormonal signaling network that is involved in the development of obesity (Le
Bacquer et al., 2007; Um et al., 2004). Earlier studies showed that S6K1 7~ mice have
reduced adipose tissue mass, increased energy expenditure, and are resistant to diet-induced
obesity (Um et al., 2004). The reduction in fat mass on a normal-chow diet (NCD) was
attributed to a striking decrease in adipocyte cell size due to an increase in lipolysis (Um et
al., 2004). In contrast, 4E-BP1~~;4E-BP2 7~ mice displayed increased sensitivity to diet-
induced obesity due to an acceleration in adipogenesis (Le Bacquer et al., 2007). These mice
also display hyperactivation of S6K1 (Le Bacquer et al., 2007), which may in part explain
the accelerated gain in adiposity. Consistent with these observations, the mTOR inhibitor
rapamycin inhibits terminal adipocyte differentiation in 3T3-L1 preadipocytes (EI-Chaar et
al., 2004; Yeh et al., 1995) and protects mice from HFD-induced obesity (Chang et al.,
2009). Moreover, the TSC1/TSC2 tumor suppressor, which blunts mTORC1 signaling,
inhibits MEF differentiation into adipocytes (Zhang et al., 2009). The inhibition by
rapamycin is reversed by expression of rapamycin-resistant mTOR, but not by the
expression of rapamycin-resistant S6K1 (Kim and Chen, 2004), despite the lean phenotype
observed in S6K1-deficient mice (Um et al., 2004). These studies have underscored the
importance of elucidating the role of S6K1 in adipogenesis.

Here, we set out to define the role of S6K1 in adipocyte cell size regulation following an
extended HFD challenge. Unexpectedly, we observed that, in S6K1-deficient mice,
adipocyte size increased to almost the same extent as in WT mice, but cell number did not,
indicating a lesion adipogenesis. To resolve whether S6K1 plays a role in the adipogenic
developmental processes of commitment, terminal differentiation, or both, we took
advantage of the distinct steps of adipogenesis, which can be recapitulated in vitro by using
3T3L1 preadipocytes, primary MEFs, adipose-derived stem cells (ADSCs) from adult
adipose depots, or ESCs. These studies revealed that S6K1 function is dispensable for
terminal adipocyte differentiation, but plays a critical role in early adipocyte commitment.
Consistent with these findings, ADSCs isolated from the stromal vascular fraction (SVF) of
S6K1-deficient mice maintained on a HFD, as compared to WT mice, were more severely
impaired in their ability to generate new adipocytes. This finding was supported by
fluorescence-activated cell sorter (FACS) analysis of the isolated SVF from adult adipose
depots of S6K1-deficient mice, which revealed a significant reduction in early adipocyte
progenitors.
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Adipocyte hyperplasia is reduced in S6K1~~ mice on a HFD

At birth, S6K1~~ mice are 10% to 15% smaller in size, with all their tissues reduced
proportionally to the same extent, except for those that respond to insulin, including skeletal
muscle, p-cells, and fat depots (Um et al., 2006). In the latter cases the effect on tissue mass
has been attributed to a reduction in cell size, not cell number (Um et al., 2004). We
reasoned that the impaired ability of S6K1-deficient mice to accumulate fat when on a HFD
was due to a lesion in their ability to increase in cell size. To test this possibility we analyzed
hematoxylin/eosin (H&E)-stained histological sections from the epididymal fat pads of WT
and S6K1 7~ mice maintained on either a NCD or HFD for six months. As noted previously
(Um et al., 2004), adipocytes from S6K1 7~ mice maintained on a NCD were dramatically
reduced in size as compared to those of WT mice (Figure 1A). Morphometric analysis
showed an ~ 70% reduction in size, whereas there was no measurable difference in cell
number (Figure 1B). In contrast, we found an unexpected increase in adipocyte cell size in
S6K1 7~ mice on a HFD, such that they increased to approximately the same size as those
from WT mice (Figures 1A and C). This increase in cell size, unlike that of WT mice, was
associated with only a limited increase in cell number (Figures 1B and C). Consistent with
this result, the mass of the S6K1 7~ epididymal fat pad, even when normalized for the
smaller mouse size, increased less than 2-fold on a HFD, whereas that of WT mice increased
more than 3-fold (Figure 1D). Thus, the adipose tissue of S6K1~7~mice on a HFD contains
fewer adipocytes (Figures 1B and C). These observations demonstrate an apparent lesion in
de novo adipogenesis in S6K1~~ mice when challenged with a HFD. These results also
raised the possibility that elevated levels of S6K1 activity observed in 4E-BP1~7~;4E-
BP2~~ double knock-out (DKO) mice contributes to their exhibited diet-induced obesity
(Le Bacquer et al., 2007). This was tested by crossing 4E-BP1 7 ~;4E-BP2 7~ DKO mice
with S6K1 7~ mice to generate triple knock-out (TKO) mice. The body weight of 4E-
BP1~~;4E-BP2~~ DKO mice maintained on a NCD was similar to WT mice, whereas on a
HFD they had a propensity to become obese (Figure 1E and (Le Bacquer et al., 2007)). This
latter effect was totally blunted in TKO mice, whose body weight was comparable to that of
S6K1~~ mice (Figure 1E). These findings indicate that in addition to its metabolic effects
on adipose tissue, S6K1 plays a role in de novo adipogenesis.

Adipogenesis is impaired in S6K1~/~ MEFs and ADSCs

To examine the role of S6K1 in adipocyte terminal differentiation, we took advantage of two
models: the adipogenic induction of MEFs and ADSCs (Rosen and MacDougald, 2006), the
latter representing the adherent cells from SVF of adipose tissue (Noel et al., 2008). S6K1 7~
MEFs and ADSCs showed reduced adipocyte differentiation, as visualized by a decrease in
Oil Red O staining (Figures 2A and B). Quantification revealed an approximate 50%
reduction in adipocyte number when compared with either WT MEFs or WT ADSCs
(Figures 2C and D), consistent with the in vivo data from S6K1~~ mice (Figures 1B and C).
To determine whether the effects of loss of S6K1 were cell autonomous, Oil Red O staining
was measured in S6K1~~and WT MEFs infected with lentiviruses expressing either S6K1
or green fluorescent protein (GFP), as a control. The results show that increased expression
of S6K1 had no effect on the differentiation of either cell type (Figures 2A and C). Higher
levels of S6K1 expression did not interfere with kinase activation, as measured by S6K1
T389 phosphorylation (Figure 2E). In parallel, we used ShRNAs delivered by lentiviruses to
examine the effect of S6K1 depletion on adipogenesis in WT ADSCs, which showed no
effect on adipogenic potential, as assessed by adipocyte aP2 protein expression or Oil Red O
staining (Figures 2F and G). These findings suggested that S6K1 is not required for terminal
differentiation. To test this further, we turned to mouse 3T3-L1 preadipocytes, an
extensively employed model for the differentiation of preadipocytes into mature adipocytes
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(Gesta et al., 2007; Rosen and MacDougald, 2006). Depletion of S6K1 in these cells with
either of two S6K1-shRNA lentiviruses (Supplemental Data, Figure S1A), had no effect on
terminal adipocyte differentiation, as assessed by Oil Red O staining, or by expression of
PPARy or Glut4 mRNAs (Supplemental Data, Figures S1B-D). These data show that S6K1-
deficient MEFs and ADSCs are impaired in adipogenesis, but that the kinase is dispensable
for terminal adipocyte differentiation.

Rapamycin treatment or S6K1 depletion suppresses ESC adipocyte differentiation

The findings above suggest that S6K1 exerts its pro-adipogenic effects at a stage of
adipogenesis earlier than terminal differentiation. Therefore, we turned to pluripotent ESCs
and embryoid bodies (EBs) (Murry and Keller, 2008). EB adipogenesis can be divided into
two stages: (i) commitment into early adipocyte progenitors, which is dependent on all-
trans-retinoic acid (RA) treatment (Bost et al., 2002); and (ii) terminal adipocyte
differentiation, which can be induced by treating early adipocyte EB progenitors with an
adipogenic cocktail (Phillips et al., 2003). To determine if mTORCL1 effectors are involved
in the commitment stage, the effect of RA treatment on ribosomal protein S6
phosphorylation, a downstream target of mMTORC1/S6K1 (Dann et al., 2007), was measured
in the absence or presence of rapamycin during this phase of the adipocyte development, day
3 (d3) to d6 (Figure 3A). During RA-induced commitment, there was an increase in S6
S240/S244 phosphorylation, as measured by immunohistochemistry (IHC), which was
attenuated by rapamycin (Figure 3B). To measure the effect of rapamycin on terminal
differentiation, d6 EBs, which were incubated with rapamycin from d3 to d6, were subjected
to an adipogenic cocktail treatment (Bost et al. 2002 ). The results show that EB adipocyte
terminal differentiation, as assessed by Oil Red O staining and aP2 mRNA expression, was
also strongly attenuated by rapamycin treatment during d3 to d6 (Figures 3C and D),
indicating that mTORC1 is critical during the commitment phase of adipogenesis.

To assess the role of S6K1 in the commitment phase, we depleted its levels in ESCs by
using an shRNA lentiviral vector (Figure 4A). Reduction of S6K1 levels resulted in the
formation of EBs of approximately 50% the size of control EBs (Figure 4B), which was
accounted for by an estimated 50% reduction in cell number (Figure 4C) and not due to
increased apoptosis (data not shown). Following induction of adipocyte differentiation, and
after normalization for EB size, S6K1-shRNA-expressing EBs showed a reduction in Qil
Red O-stained adipocytes and aP2 protein levels as compared to the non-silencing (NS)
shRNA control (Figures 4D, 4E and Supplemental Data Figure S2B). Re-introduction of
S6K1 into S6K1-depleted ESCs (Supplemental Data, Figure S2A) rescued EB cell number
and adipocyte differentiation (Figures 4F and G). Consistent with these findings, S6K1 7~
ESCs also display impaired commitment and a reduced ability to terminally differentiate
into adipocytes (Supplemental Data, Figure S2C). These results indicate that S6K1
cooperates with other pathways to control the commitment stage of adipogenesis.

S6K1 mediates RA induction of transcription factors required for adipogenic commitment

RA treatment results in the increased expression of a number of transcription factors
required for early commitment to the adipocytic lineage. As this step is repressed by S6K1
depletion, we investigated whether RA induces mTORC1 signaling in ESCs and EBs, and
determined the effect of depleting S6K1 on the induction of specific transcription factors. In
growing ESCs, RA induced a transient but robust activation of S6K1 T389 phosphorylation
starting at 30min and peaking at 1hr, which closely paralleled PKB/Akt S473
phosphorylation (Figure 5A). RA-induced activation of S6K1 T389 phosphorylation was
inhibited by rapamycin, arguing that this is an mTORC1-dependent event (Figure 5B). In
contrast, rapamycin potentiated the activation of PKB/Akt S473 phosphorylation, as well as
T308 phosphorylation (Figure 5B), most likely by inhibiting the negative feedback loop
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from S6K1 to PKB/Akt (Um et al., 2006). To confirm that this response was mTOR
specific, we employed the mTOR ATP-competitive inhibitor PP242 (Feldman et al., 2009),
which abolished S6K1 T389 as well as PKB/Akt T308 and S473 phosphorylation (Figure
5B). Moreover, none of these RA-activated responses was inhibited by actinomycin D
(Figure 5B), arguing that RA does not act through transcription to activate mTORC1
signaling. Analysis of EBs treated with RA from d3 to d6 also revealed elevated levels of
S6K1 T389 phosphorylation, which were abolished by either S6K1-shRNA knockdown (kd)
or by treatment with rapamycin (Figure 5C). To determine the effect of S6K1 depletion on
transcription factors required for early commitment, we used cDNA microarray analysis to
compare the gene expression patterns of RA-treated, S6K1-depleted, and NS-shRNA-
treated EBs. Analysis of the microarray results, cross-referenced with the Entrez Gene
database, showed that a large number of pro-adipogenic mRNAs were proportionally
decreased following RA induction in EBs depleted of S6K1 (Figure 5D), including KLF4
(Birsoy et al., 2008), Lipinl (Koh et al., 2008), and Igfbp1 (Nueda et al., 2008)
(Supplemental Data Table 2). The downregulation of a number of transcription factors
involved in early commitment to the adipocytic lineage, including Egr2/Krox20 (Wang et
al., 2009), KLF5 (Qishi et al., 2005), C/EBP (Chen et al., 2005), and C/EBPJ (Hishida et
al., 2009) were confirmed by gRT-PCR (Figure 5E). These data indicate that S6K1 plays a
critical role in mediating RA-induced expression of early transcription factors during
adipogenic commitment.

S6K1 deletion affects adipocyte differentiation of precursor cells from mice fed a high-fat

diet

As S6K17~ESs and ADSCs are impaired in their ability to generate preadipocytes in vitro,
we asked whether this impairment contributes to their resistance to HFD-induced obesity.
To test this possibility, ADSCs from mice maintained on a NCD or HFD for 4 months were
submitted to a differentiation protocol (Experimental Procedures). The results show that de
novo adipocyte generation and the accumulation of triglycerides was impaired in WT mice
maintained on a HFD versus a NCD (Figures 6A and B). ADSCs from S6K1 7~ mice
maintained on a HFD were also impaired in their ability to generate new adipocytes;
however, as compared to S6K1 7~ mice maintained on a NCD, the effect was more severe
than observed for WT mice (Figures 6A and B). In neither case was there an indication of
enhanced cell death (data not shown). Consistent with the reduction in differentiated
adipocytes, mMRNA levels of the preadipocyte marker Pref-1 were proportionally reduced in
isolated ADSCs from WT and S6K1 7~ mice (Figure 6C). Thus, the lesion in adipocyte stem
cell commitment appears to contribute to resistance to diet-induced obesity in S6K1 7~ mice.

Early adipocyte progenitor cells are reduced in S6K1~~ mice

To address whether the early adipose stem cell population is reduced in S6K1~~ mice, we
used FACS analysis to measure the adipocyte progenitor population from SVF, as
characterized by the Lin"/CD29*/CD34*/Sca*/CD24* markers (Rodeheffer et al., 2008).
This cell population, was reduced by 20% in S6K1~~mice, as compared with WT mice
(Figure 6D and Supplemental Data, Figure 3), consistent with the deficits observed in the
adipogenic potential of ADSC derived from S6K1~~ mice (Figures 2B, 6A, and
Supplemental Data, Figure 3). To further characterize the reduction in the putative adipose
stem cell population, we used gRT-PCR to examine the expression of pericyte markers
(Garmy-Susini et al., 2005; Tang et al., 2008) in total fat depots (a-Sma and NG2), or in the
SVF (PDGFRp and VVcam1). In all four cases there was a significant reduction in the
expression of each transcript in S6K1 7~ versus WT mice (Figures 6E and F). These results
indicate that the loss of S6K1 leads to a reduction in the number of early adipocyte
progenitors, which plays a critical role in diet-induced obesity (Figure 7).
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DISCUSSION

S6K1 and fat accumulation

Given the epidemic in obesity and its associated morbidities, a basic understanding of
adipose development would greatly enhance the development of novel therapeutics. An
increase in both adipocyte cell size and number are required for adipose tissue growth.
However, whereas adipocyte hypertrophy is strongly influenced by diet, adipocyte
hyperplasia is thought to be more dependent on genetic background (Jo et al., 2009).
Moreover, there is continuous adipocyte turnover in humans, with approximately 10% cell
renewal per year (Spalding et al., 2008). Therefore, adipocyte precursors, resident in fat
tissue, are poised to contribute to the expansion of adipose tissue when faced with a nutrient
challenge. However, little is known about the precursor cells or the signaling pathways that
control their development. Earlier studies (Um et al., 2004), combined with those presented
here, support the argument that the S6K1 7~ lean phenotype can be attributed to two distinct
phenotypes. First, on a NCD, S6K1~~mice, as compared to WT mice, have elevated basal
rates of lipolysis and energy expenditure, which together contribute to a reduction in
adipocyte cell size and fat mass (Um et al., 2004). Recent studies have attributed this effect
to an increase in AMPK signaling and elevated rates of 3 oxidation (Aguilar et al., 2007).
Second, as shown here, adipocytes derived from S6K1 7~ mice challenged with a HFD,
increase in size to a level comparable to WT adipocytes, but not in total fat mass, due to a
lesion in adipogenesis. This lesion is due to a reduction in early adipocyte progenitors
(Figure 7), which, combined with the metabolic defects, account for the resistance to diet-
induced obesity exhibited by S6K1 7~ mice.

S6K1 and adipose tissue growth and differentiation

That S6K1 is not critical for terminal differentiation is consistent with the failure of
rapamyecin-resistant S6K1 to protect 3T3L1 adipocytes from inhibition of this response by
rapamycin (Kim and Chen, 2004). With respect to adipogenesis, it is of interest that, in
contrast to S6K1~~ mice, 4E-BP1~77;4E-BP2 7~ mice have increased adiposity and exhibit
enhanced adipogenesis in vitro, which is paralleled by increased levels of C/EBP6 mRNA
and S6K1 hyperactivation (Le Bacquer et al., 2007). S6K1 hyperactivation is most likely
due to increased levels of available mTORC1, suggesting that the 4E-BPs not only suppress
initiation factor elF4E, but indirectly suppress S6K1 activation by competing for available
mTORC1 via raptor binding to their TOS motifs (Schalm and Blenis, 2002). This hypothesis
is consistent with our earlier findings that overexpression of dominant-interfering S6K1 not
only blocked reporter S6K1 activation, but also suppressed reporter 4E-BP1 phosphorylation
(von Manteuffel et al., 1997). Moreover, these findings suggest a dominant role for S6K1
versus 4E-BP1 and 4E-BP2 in adipogenesis as S6K1 7 /4E-BP17 /27~ mice have an
adipogenic phenotype equivalent to S6K1-deficient mice (Figure 1E). This model also fits
with recent data demonstrating that mice harboring an adipose-specific deletion of raptor are
lean and have increased mitochondrial respiration (Polak et al., 2008) and that rapamycin
treatment protects mice from HFD-induced obesity by reducing lipid accumulation (Chang
et al., 2009). Taken together, these data suggest that 4E-BP1 and 4E-BP2 play a central role
in terminal adipocyte differentiation, whereas S6K1 plays a critical role in precursor cell
commitment.

In humans, the ability of ADSCs to differentiate into mature adipocytes is negatively
correlated with both body mass index and adipocyte cell size (Isakson et al., 2009). Our
results in WT mice maintained on a HFD are consistent with this finding, revealing a
reduction in ADSCs and the marker Pref-1. Recently, two groups pointed to the perivascular
adipose tissue as a niche for ADSC precursors, which appear to be pericytes or mural cells
(da Silva Meirelles et al., 2008; Rodeheffer et al., 2008; Tang et al., 2008). Consistent with
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this finding, we observed a reduction in the pericyte markers a-Sma, NG2, Vcam1, and
PDGFRg in S6K1 7~ adipose tissue. Taken together, our studies suggest that S6K1 is a
modulator of cell fate at very early stages of development, and that absence of the gene in
Vivo acts to suppress diet-induced obesity by preventing the increase of white adipose tissue
mass (Figure 7). Interestingly, similar to ADSCs, rapamycin inhibits the differentiation of
primary mouse bone marrow stromal cells into osteoblasts (Singha et al., 2008). However,
although S6K1~~ mice remain lean as a function of age, they display an attenuation of age-
dependent loss of cancellous bone (Selman et al., 2009). This raises the possibility that
inhibitors of the S6K1 branch of mTORCL signaling, may be useful in the treatment of
obesity and associated diseases, as well as protective against age-related pathologies such as
osteoporosis.

S6K1 and stem cell commitment to the adipocyte lineage

Given the central role of stem cell biology in tissue replacement, it has become important to
understand the underlying molecular mechanisms that coordinate the distinct cell
differentiation programs involved in tissue development and remodeling (Xu et al., 2008).
Here we show that absence of S6K1 plays a critical role in modulating the lineage
specificity of early adipocyte progenitors by limiting the number of preadipocytes during
development and throughout adult life. Consistent with this finding, the two upstream
activating S6K1 kinases, mTORCL1 and the phosphoinositide-dependent protein kinase
(PDKZ1), are known to regulate ESC growth, stem cell self-renewal, embryo development,
and germ layer differentiation (Bone and Welham, 2007; Gangloff et al., 2004; Takahashi et
al., 2005; Zhou et al., 2009). The data presented here demonstrate that S6K1 is involved in
the control of proliferation and differentiation of stem cells. In agreement with this, we
(Gangloff et al., 2004) and others (Murakami et al., 2004) demonstrated that trophoblasts
and ESCs, the latter isolated from the blastocyst inner cell mass (ICM), fail to proliferate
when derived from mTOR 7~ embryos. That these effects are elicited through mTORC1 is
supported by recent studies demonstrating that rapamycin treatment of ESCs inhibits EB cell
proliferation, resulting in reduced EB size and cellularity (Sampath et al., 2008). However,
these effects were largely attributed to the 4E-BPs, whereas our studies suggest they are due
to S6K1. This conclusion is consistent with the decreased cell proliferation and total EB size
seen in ESCs deficient for PDK1, an upstream effector of S6K1, but not of the 4E-BPs
(Bone and Welham, 2007). The effects of PDK1 were initially attributed to its role as a
downstream effector of class IA PI3K (Bone and Welham, 2007; Riley et al., 2006).
However, it should be noted that PDK1 phosphorylation and activation of S6K1 does not
require increased phosphatidylinositide-3,4,5-P3 (Pullen et al., 1998). Instead, it requires
only mTORC1 phosphorylation at S6K1 T389, which acts as a docking site for PDK1
(Biondi et al., 2001). Moreover, mTORCL activation and early embryo development are
driven by nutrients, such as amino acids (Gangloff et al., 2004), which can act independently
of growth factors and class IA PI3K to drive full mMTORCL1 activation (Hara et al., 1998).
Indeed, stimulation of mMTORC1, by amino acids alone, drives the expression of PPARYy, a
master regulator of adipogenesis (Kim and Chen, 2004). These findings raise the possibility
that the effects of S6K1 on EB formation may not only rely on class 1A PI3K (see below),
but also on nutrient input to mTORCL1.

A potential mediator of S6K1 activation during early adipocyte development is RA (Dani et
al., 1997). It has been shown that embryonic stem cell commitment to the adipocyte lineage
is dependent on RA activation of ERK and GSK3 (Bost et al., 2002; Monteiro et al., 2009).
Upon RA treatment, S6K1 T389 phosphorylation is increased in control EBs and this
activation is suppressed by rapamycin (Fig. 6B), arguing that this is an mTORC1-dependent
event. Moreover, we demonstrate that the RA-induced expression of early adipogenic
transcription factors, including Krox20, KLF5, C/EBPS, and C/EBPJ, is reduced in S6K1-

Dev Cell. Author manuscript; available in PMC 2011 May 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carnevalli et al.

Page 8

depleted EBs, as compared with WT. The two isoforms of S6K1, which are generated from
the same transcript through alternative translational initiation start sites (Montagne and
Thomas, 2004), can localize to the nucleus (Panasyuk et al., 2006) and have been implicated
in the control of MRNA transcription and processing at multiple levels. S6K1 has been
shown to directly phosphorylate and regulate a number of transcription factors including
CAMP responsive element modulator t (CREM7) (de Groot et al., 1994) and estrogen
receptor o, (ERa) (Yamnik et al., 2009), as well as the RNA Polymerase 1 upstream binding
factor (UBF) (Hannan et al., 2003). However, S6K1 can also act indirectly on transcription,
as we have recently demonstrated in the case of stabilization of c-Myc through the
phosphorylation and inactivation of GSK3p (Gulati et al., 2008), and as others have shown
through the regulation of the exon junction complex (Ma et al., 2008). Present studies are
aimed at elucidating the level at which S6K1 exerts an effect on the early adipogenic
transcription factors.

In summary, we show that, in addition to the metabolic effects of S6K1 depletion on adipose
tissue development, S6K1 and mTORCL signaling pathway play a major role in early stages
of adipogenesis by affecting the ability of ESCs to commit to the adipocytic lineage. These
findings suggest that pharmacological intervention in the nutrient-sensing mTORC1
pathway is a relevant and promising target in tackling the epidemic in obesity, as recently
suggested by others (Chang et al., 2009). Our results also suggest that the mTORC1
signaling pathway is critical in stem cell biology and in modulating differentiation programs,
such that augmenting the activity of this pathway could be efficacious in regenerative
medicine.

EXPERIMENTAL PROCEDURES

Mice

S6-kinase—deficient mice, created previously by homologous recombination, were
genotyped as described (Shima et al., 1998) and kept in a hybrid 129/svXBalb/C or inbred
C57BI/6 background. Eif4ebpl and Eif4ebp2 mutant mice were generated as previously
described (Banko et al., 2005; Tsukiyama-Kohara K, 2001). For the generation of triple
knockout (TKO) mice, S6K1 7~ (129/svXBalb/C) were crossed with 4E-BP1/2 DKO
(C57BL/6XDBA/2J). Mice were housed in plastic cages and maintained at 22°C with a 12-
hour dark, 12-hour light schedule. Eight-week-old animals were fed either a control NCD
(D12450B; 20% protein, 70% carbohydrate, and 10% fat) or a HFD (D12492; 20% protein,
20% carbohydrate, and 60% fat) for 16 weeks (Research Diets Inc.). All studies were
IACUC approved, and performed according to the ethical guidelines of the University of
Cincinnati and the McGill University Animal Resource Center.

Histology and morphometric analysis of tissues

Adipose tissue was analyzed by examining H&E-stained histological sections as previously
described (Picard et al., 2002). Morphometric analysis of epididymal WAT was performed
by measuring 200 or more cells from at least three H&E sections per mouse and genotype
(n=3 mice) with the aid of ImageJ software (NIH) and AdiposeTissueAnalyzer v2.1 (Tiago
Ferreira). To quantify cell number, adipocytes were isolated from 100mg of adipose tissue
by using 2mg/ml collagenase type I1-S (Sigma C-1764) digestion buffer, and counted using
a hemacytometer. Results were normalized to the fat-pad weight of each mouse (n=3).

Western blot analysis and antibodies

Cells were harvested in lysis buffer. Proteins were resolved by SDS-PAGE and transferred
to ECL-Hybond nitrocellulose membranes (GE healthcare). Antibodies against total S6K1
were purchased from BD Biosciences, and antibodies against p-actin, mTOR, Thr389-
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phosphorylated S6K1, Ser473 and Thr-308 phospho-PKB/Akt, S6, and Ser240/244-
phosphorylated S6 were purchased from Cell Signaling. The aP2 antibody was purchased
from Cayman Chemical. See protocol details in Supplemental Experimental Procedures

Adipocyte differentiation of primary MEFs and ADSCs

Primary MEFs (passage 0 or 1) from 13.5- to 14.5-day-old embryos were grown to
confluence (day 0) in maintenance medium (DMEM containing 10% FBS). Adipocyte
differentiation was induced for 2 days by treating confluent cells for 48 hours in
differentiation medium supplemented with 500 uM 3-1sobutyl-1-methylxanthine (IBMX)
(Sigma-Aldrich), 1uM dexamethasone (DEX) (Sigma-Aldrich), and insulin 10ug/ml
(Sigma-Aldrich). After the induction period, the medium was replaced with differentiation
medium supplemented with 1uM ciglitazone (Sigma-Aldrich), which was then changed
every second day. After 8 additional days in differentiation medium (day 10), the cells
exhibited a fully differentiated phenotype with massive accumulation of multilocular fat
droplets. For ADSC differentiation, adipocytes and their precursor cells were isolated from
WT and S6K1 7~ epididymal and inguinal white adipose tissue by collagenase digestion, as
previously described (Prunet-Marcassus et al., 2006). After centrifugation, cells from the
pellet were cultured on tissue-culture plates. Cells attaching to the plates constitute ADSCs,
which were trypsinized and seeded at the same concentration. Confluent cells were
differentiated by adding 10ug/ml insulin, 1 nM 3,3',5-triiodo- L-thyronine (T3, Sigma-
Aldrich), and 125 pM indomethacin (Sigma-Aldrich). The medium was changed every 2
days and fully differentiated cells were analyzed after 9 days. Three to four mice of each
genotype were used per experiment. Experiments were carried out in duplicate.

ESC growth and differentiation

C57BL/6J ESCs were a gift from Dr. Jon Neuman, and CCE cells, a mouse ESC line
derived from the 129/Sv mouse strain, were donated by STEMCELL Technologies. ESCs
were grown in DMEM supplemented with 15% ES FCS (GIBCO), 1x non-essential amino
acids (Sigma-Aldrich), 50 uM B-mercaptoethanol (Sigma-Aldrich), 0.1% sodium
bicarbonate (Sigma-Aldrich), 100 1U/ml penicillin, 100pug/ml streptomycin (Hyclone), and
1000 units/ml murine leukemia inhibitory factor (LIF) (ESGRO; Chemicon) (ES cell
Medium). Adipocyte differentiation was performed as described in Dani et al., 2001.
Briefly, 1 to 5 x103 cells were seeded (day0) in hanging drops on bacteriological plate lids
and allowed to form EBs for two days in ES cell medium without LIF. EBs were then
transferred to plates and kept in suspension. After 24 hrs (day 3), the EBs were incubated
with 1uM all-trans-retinoic acid (RA) (Sigma-Aldrich) for 3 days (till day6), with or without
20nM rapamycin. After RA treatment, the spherical EBs were further cultured on gelatin-
coated tissue-culture plates for the induction of adipogenic differentiation. After 48 hours of
adaptation in maintenance medium (day 8 from start), 0.5ug/ml insulin and 2nM
triiodothyronine (T3) was added to the medium to initiate adipocyte differentiation. Cells
were kept in differentiation medium for 2 additional weeks, with fresh medium added every
2 days.

Oil Red O staining and triglyceride content measurement are described in Supplemental
Experimental Procedures

Image Analysis

Axion Vision 4.0 software was used to count cells, to quantify adipocyte number by Oil Red
O staining, to determine EB size by calculating area and diameter, and to measure Oil Red O
staining intensity.
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Isolation of RNA, Quantitative RT-PCR, and Microarray Analyses

RNA extraction, Quantitative RT-PCR and Microarray analyses of gene expression
[deposited in the Gene Expression Omnibus (GEQ) under accession humber GSE20349]
were performed as described in Supplemental Experimental Procedures.

Statistical Analysis

Data are presented as mean = SEM. The effects were analyzed by one-way ANOVA or two-
tailed unpaired t test. Analyses were performed using GraphPad Prism software (San Diego,
CA). Differences were considered to be statistically significant at P<0.05 versus WT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Adipose tissue of S6K17~/~ mice on a HFD shows adipocyte hypertrophy but not
hyperplasia

(A) Histological analysis of adipose tissue sections of S6K1~~and WT mice fed on a NCD
or HFD. (B) Morphometric analysis of adipocyte cell size from NCD epididymal white
adipose tissue (EWAT) based on a total of 200 cells (left), and total cell number of
adipocytes per fat pad (right) from WT and S6K1~~ mice (n=3 for each genotype). (C)
Morphometric analysis of adipocyte cell size from HFD EWAT based on a total of 200 cells
(left) and total cell number of adipocytes per fat pad (right) in WT and S6K1 7~ mice (n=3
for each genotype). (D) EWAT total mass was measured from WT or S6K1~~ mice
maintained on a NCD or HFD. Values were normalized on the basis of total body weight.
(E) Body weight analysis of S6K1 7~ (S6K1), 4E-BP1/2 7~ (DKO), and S6K1 7~/
4EBP1/2 7~ triple knockouts (TKO) maintained on a NCD (left) or HFD (right) for 6 weeks
(n=6 for each genotype). p values are listed in Supplemental Data, Table S1.
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Figure 2. Reduced adipogenesis in S6K17/~ MEFs and ADSCs

(A-B) Oil Red O staining of adipocytes derived from S6K1~~ MEFs that are (A) non-
infected (-LV), infected with lentivirus overexpressing GFP (LV-GFP), or with lentivirus
overexpressing S6K1 (LV-S6K1); or (B) from ADSCs of WT or S6K1~~ mouse adipose
tissue. (C-D) Quantification of Oil Red O-stained adipocytes derived from either (C)
differentiated MEFs or (D) WT and S6K1 7~ ADSCs. (E) S6K1 was ectopically re-
expressed in S6K1 7~ MEFs by infection with a lentivirus carrying S6K1 cDNA (LV-
S6K1). Total S6K1, T389 S6K1 phosphorylation (P-T389 S6K1), and B-actin levels were
determined by western blot analysis. (F) S6K1 was depleted in WT ADSCs by infection with
lentiviruses carrying either non-silencing ShRNAs (shNS) or S6K1-specific ShRNAs
(shS6K1). Cells were differentiated into adipocytes (day 9) and analyzed by western blot to
determine expression levels of total S6K1, S240/S244 S6 phosphorylation (P-S240/244 S6),
aP2, and p-actin. (G) Terminal adipocyte differentiation of WT and S6K1~7~ ADSCs was
assessed by quantification of Qil Red O staining. Values in C, D, and G are given as mean +
SEM. (ns, not statistically significant). See also Figure S1.
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Figure 3. Rapamycin and S6K1 depletion affect determination step of EB-to-adipocyte

differentiation

(A) Schematic representation of the differentiation of WT ESCs into adipocytes upon
rapamycin treatment. EB formation (d0-d2), EBs in suspension under RA treatment (d3-d6),
adaptation to culture on gelatin-coated plates (d6-8), and terminal differentiation of EBs into
adipocytes induced by adipogenic cocktail (d6-d22). (B) H&E staining (left) and P-
S240/244 S6 IHC with hematoxylin counterstain of RA-treated EBs with or without
rapamycin (rapa). (C) Quantification of differentiated adipocytes derived from WT EBs
(d22) with or without 20 nM rapamycin (rapa) treatment in the presence of 1 uM RA (d3-
d6) with or without adipogenic differentiation inducers (d8-d22) (adipo). Oil Red O-stained

Dev Cell. Author manuscript; available in PMC 2011 May 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carnevalli et al.

Page 18
lipids were extracted, the absorbance at 510 nm (ODs; ) was measured, and the value was

normalized for EB number and size. (D) Adipocyte marker aP2 mRNA levels were analyzed
by gPCR and normalized to 18S rRNA. Values in C and D are given as mean + SEM.

Dev Cell. Author manuscript; available in PMC 2011 May 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Carnevalli et al.

A

O

Cell number (x104) / EB

Oil Red O (OD 510nm)/ EB M

ESCs
shNS shS6K1
S6K1| J\
| |
B-actin _“i
2.0
1.81 [ddo
1.69 I a1
1.41 - d2
1.2
1.01
0.81
0.61
0.41
0.21 |_
shNS shS6K1
; p=0.0162
0.3 -
ES
0.2 - T
0.1
shNS shS6K1

-n

Cell number (x104) / EB

D

140001

12000

10000

80001

60001

4000

EB size / area (pixels)

20001

Page 19

0
shNS

shNS

shS6K1

shS6K1

»

-

1.2 1

1.0 1

0.8 1

0.6 1

0.4 1

0.2

p=0.001

skk

shNS shS6K1 shS6K1
+LV-S6K1

@

Oil Red O (OD 510nm)/ EB

0.5 4

0.4 4

0.3 4

0.2 4

0.1 4

Figure 4. S6K1 is required for commitment of ESCs to the adipocyte lineage
(A) ESCs were infected with lentivirus carrying shNS or shS6K1 and stable cell lines were
generated. Levels of S6K1 and B-actin protein were determined by western blot analysis. (B)
Size measurements of EBs (d2) derived from shNS and shS6K1 lentivirus-infected ESC
lines as obtained by seeding either 2x103 or 5x103 cells in suspension; micrograph of d2
EBs (right panel). (C) Cell numbers during EB formation by shNS and shS6K1 ESC lines at
Ohrs (d0), 24hrs (d1), and 48hrs (d2). (D) Oil Red O staining of differentiated adipocytes
derived from shNS and shS6K1 EBs. (E) Adipocyte differentiation was assessed by
spectrophotometric detection at 510 nm (ODs;p) of Oil Red O in extracts from EBs infected
with shNS- or shS6K1-containing lentiviruses. Values were normalized to EB size and
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number. (F) S6K1 was ectopically re-expressed in shS6K1 ESCs (shS6K1+LVS6K1) and
cell number was determined during EB formation at the 24hr time point. (G) Adipocyte
differentiation assessed, as in E, by measuring Oil Red O stain in cell extracts, and
normalized according to EB size and number. Values in B, C, E, F, and G are given as mean
+ SEM. See also Figure S2.
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Figure 5. Retinoic Acid (RA) treatment activates S6K1 phosphorylation in ESCs and EBs

(A) Left panel: ESCs were treated with 10uM RA for 2 hours. S6K1 T389 and PKB/Akt
S473 phosphorylation were measured by western blot analysis and p-actin was used as a
protein-loading control. (B) ESCs were pre-treated for 15min with 20nM Rapamycin (rapa),
8uM PP242, or 5ug/ml Actinomycin D (ActD), and then stimulated with 10pM RA for an
additional 45 min. Levels of P-T389 S6K1, P-S473 PKB/Akt, P-T308 PKB/Akt, and P-
S240/244 S6 were detected by western blot analysis. mTOR was used as protein-loading
control. (C) EBs formed from the shNS ESC line (ns) or shS6K1ESC line (kd) were treated
with 1uM RA for 3 days (d3-d6). Total S6K1, P-T389 S6K1, and P-S240/244 S6 were
determined by western blot analysis in d6 EBs, with B-actin used as a protein-loading
control. (D) Number of adipogenesis-related genes upregulated or downregulated in
microarray analyses of RA-treated shNS and shS6K1 EBs (see Experimental Procedures).
(E) Expression levels of early adipogenic marker genes, Krox20/Egr2, KLF5, C/EBPp, and
C/EBPS. Total RNA was prepared from RA-treated shNS EBs (d6RA shNS) or shS6K1 EBs
(d6RA shS6K1) and analyzed by gPCR. The expression values were normalized to 18s
rRNA levels. Values in D are given as mean = SEM. See also Table S2.
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Figure 6. S6K1 is required for the generation and differentiation of adipocyte precursor cells in
adipose tissue of mice exposed to a high-fat diet

(A) Oil Red O staining of differentiated adipocytes from WT or S6K1 7~ ADSC cells
derived from adipose tissue of 6-month-old mice maintained either on a NCD or a HFD
(n=3 mice of each genotype). (B) Quantification of total triglyceride content from
differentiated cells, normalized to total DNA content. Values in B are given as mean + SD.
(C) Expression levels of Pref-1 marker in ADSCs. (D) Sorting of Lin"/CD29*/Scal*/
CD34*/CD24" cells (CD24") from SVFs of WT and S6K1—/— mice. (E) Expression levels
of pericyte markers a-Sma and NG2 in total fat depots. (F) Expression levels of PDGFRp
and Vcaml in SVFs. (E-F) Data obtained by gPCR measurements and normalized to 18S
rRNA levels (Values given in mean + SEM). See also figure S3.
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Model depicting the effect of S6K1 loss on adipogenesis in mice maintained on a NCD or
when challenged with a HFD (see text for details).
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