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Ski-related oncogene SnoN (SnoN or SKIL) regulates multi-
ple signaling pathways in a tissue- and developmental stage—de-
pendent manner and has broad functions in embryonic angio-
genesis, mammary gland alveologenesis, cancer, and aging.
Here, we report that SnoN also plays a critical role in white adi-
pose tissue (WAT) development by regulating mesenchymal
stem cell (MSC) self-renewal and differentiation. We found that
SnoN promotes MSC differentiation in the adipocyte lineage by
antagonizing activin A/Smad2, but not TGF3/Smad3 signaling.
Mice lacking SnoN or expressing a mutant SnoN defective in
binding to the Smads were protected from high-fat diet—
induced obesity and insulin resistance, and MSCs lacking a
functional SnoN exhibited defective differentiation. We further
demonstrated that activin, via Smad2, appears to be the major
regulator of WAT development in vivo. We also noted that
activin A is abundantly expressed in WAT and adipocytes
through an autocrine mechanism and promotes MSC self-re-
newal and inhibits adipogenic differentiation by inducing
expression of the gene encoding the homeobox transcription
factor Nanog. Of note, SnoN repressed activin/Smad2 signaling
and activin A expression, enabling expression of adipocyte-spe-
cific transcription factors and promoting adipogenic differenti-
ation. In conclusion, our study has revealed that SnoN plays an
important in vivo role in adipocyte differentiation and WAT
development in vivo by decreasing activity in the activin/Smad2
signaling pathway.

Adipocytes play a critical role in energy homeostasis and
metabolism, and dysregulation of adipogenesis leads to human
diseases, including obesity and diabetes (1). Adipocytes are
derived from mesenchymal stem cells (MSCs),> which initially
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undergo lineage commitment to differentiate into pre-adi-
pocytes. Hormonal cues stimulate further differentiation and
maturation of pre-adipocytes by inducing expression of tran-
scription factors such as CCAAT/enhancer-binding protein «
(C/EBPa) and peroxisome proliferator-activated receptor vy
(PPARY) required for differentiation, which in turn stimulate
the expression of many genes involved in adipocyte functions
such as adipocyte fatty acid-binding protein (aFABP), fatty-
acid synthase (FAS), and leptin (1-3).

Several members of the transforming growth factor-f3
(TGFP) family, including TGF3, activin, bone morphogenetic
protein 4 (BMP4) or BMP7, and growth differentiation factor 3
(GDF3), have been shown to regulate various aspects of adipo-
genic differentiation, glucose metabolism, and energy homeo-
stasis (4, 5). Among them, BMP4 has been shown to promote
mouse MSC commitment to the white adipose lineage (6),
whereas BMP7 preferentially supports brown adipogenesis in
various human and mouse cell types and animal models (5). In
contrast, activin, through the action of Smad2, inhibits differ-
entiation of adipocyte progenitor cells (7, 8), and TGEp,
through Smad3, represses the differentiation of pre-adipocyte
cell lines by suppressing C/EBPs, leading to a decrease in the
expression of several adipocyte marker genes, including PPARy
and leptin (9-11). Consistent with the results from these in
vitro studies, transgenic mice overexpressing TGFf3 in adipose
tissues showed severely reduced white adipose tissues (WAT)
and brown adipose tissues (BAT) (12), suggesting that TGFf3
may inhibit the development of both BAT and WAT in vivo. A
more prominent role of TGF/Smad3 signaling in regulation
of glucose metabolism and energy homeostasis has been pro-
posed recently based on the findings that elevated circulat-
ing TGEF1 levels correlate positively with morbid obesity in
humans and mice (13-17), and loss of Smad3 protected mice
from diet-induced obesity and diabetes (17). Interestingly,
this protection from obesity is accompanied by the “brown-
ing” of WAT as well as increased mitochondrial biogenesis in
Smad3~/~ mice (17), suggesting an increased transition

BMP, bone morphogenetic protein; MEF, mouse embryonicfibroblast; FBS,
fetal bovine serum; DMEM, Dulbecco’s modified Eagle’s medium; IBMX,
3-isobutyl-1-methylxanthine; CLAMS, comprehensive laboratory animal
monitoring system; Kl, knockin; GTT, glucose tolerance test; ITT, insulin
tolerance test; ND, normal diet; ATM, adipose tissue macrophage; FFA, free
fatty acid.
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from WAT to BAT. Finally, GDF3 signaling is regulated by
different nutrient conditions to control beige adipogenesis
(18).

The TGEF-B family of ligands binds to their receptors and
signals through the Smad family of proteins (19, 20). BMPs
phosphorylate and activate Smad1/5/8, and TGFp/activin/
nodal/growth and differentiation factors signal through Smad2
or Smad3 (21-25). Once phosphorylated, these activated Smad
proteins form complexes with Smad4 and regulate the expres-
sion of many transcription factors and adipocyte-specific
genes, such as C/EBPs, PPARY, aFABP, and leptin (4, 5). A key
regulator of these Smad complexes is SnoN. SnoN is ubiqui-
tously expressed in early embryos and adult tissues, and its
expression is induced during specific stages of development
and tissue morphogenesis and by cellular stress signals and cer-
tain cytokines such as TGFB (26 —28). SnoN has been shown to
regulate the activity of several important signaling pathways in
a tissue-specific manner. It acts as a potent negative feedback
regulator of TGFB/ALKS5 by directly binding to Smad2, Smad3,
and Smad4 to repress their transactivation activity. Overex-
pression of SnoN blocks the growth-inhibitory responses to
TGEB. However, in endothelial cells, in addition to repressing
TGEp signaling, SnoN also enhances activation of Smad1/5 by
ALK]1 in response to BMP9/10 to promote endothelial cell pro-
liferation and migration (29). In response to cellular stress sig-
nals, SnoN has been reported to interact with p53 and promy-
elocytic leukemia in the promyelocytic leukemia nuclear bodies
to induce p53 activation, leading to premature senescence and
inhibition of tumorigenesis (30). In the mammary gland, SnoN
enhances prolactin/Stat5 signaling to enable expansion of
mammary epithelium and onset of lactation (31) and promotes
TAZ stability to facilitate malignant progression of breast
cancer cells (32). Thus, SnoN cross-talks with several signal-
ing pathways to perform tissue-specific or context-specific
functions.

Consistent with these signaling activities, homozygous mice
lacking SnoN (SnoN~’7) (33) or expressing a mutant SnoN
defective in binding to the Smads (SnoN™'™) display a diverse
array of abnormalities in development, including yolk sac
and embryonic angiogenesis (29), mammary gland alveolo-
genesis, and onset of lactation (31). The SnoN™'™ mice also
have a shortened life span and exhibited phenotypes associ-
ated with premature aging as well as increased resistance to
tumorigenesis (34). In particular, we noticed that these mice
consistently exhibited smaller body size and less body weight
than the control mice shortly after birth. These mice
appeared to have reduced subcutaneous adipose tissues.
We therefore asked whether SnoN may also regulate adi-
pose development. Here, we report that SnoN is critical for
white adipocyte differentiation from both MSC and pre-
adipocytes by repressing activin/Smad2 signaling. Both
SnoN "/~ and SnoN™™ mice are protected from diet-in-
duced obesity and diabetes. Our results demonstrate for the
first time that during physiological development, SnoN
targets activin, not TGEB signaling to regulate WAT
development.
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Results

SnoN~"~ and SnoN™™ mice are resistant to high-fat diet
(HFD)-induced obesity

Both SnoN/~ and SnoN™™ mice expressing a mutant
SnoN defective in binding to all Smad proteins exhibited pro-
gressively smaller body size and less body weight than the con-
trol mice after birth (Fig. 1A). In particular, they appeared to be
leaner and had less epididymal fat than wildtype (WT) litter-
mates (Fig. 1B), and the white adipocytes appeared to exhibit a
smaller size than WT cells (Fig. 1C). These observations
prompted us to ask whether these mice might have defects in
adipogenesis. To do that, the WT mice, SnoN™"™ (KI) mice,
and SnoN~/~ (KO) mice were subjected to a high-fat diet
(HFD: 60 kcal % fat) for 16 weeks, and body weight and meta-
bolic activities were monitored. As shown in Fig. 1D, although
WT littermates gained significant body weight under this
regime, the weight gains in the SnoN™™ and SnoN "'~ mice
were more limited, suggesting that these mice were resistant to
HFD-induced obesity. The resistance to obesity could be due to
less food intake or higher energy expenditure. We therefore
monitored the metabolic activities of these mice using a com-
prehensive laboratory animal monitoring system (CLAMS).
We found the amount of food intake was similar among the
three groups of mice (Fig. 1E), but the SnoN™"™ and SnoN '~
mice showed significantly increased physical activities and
higher oxygen consumption in a 12-h light/dark cycle when
normalized to their whole-body weight (Fig. 1F), indicating a
heightened energy expenditure. Given that oxygen consump-
tion and physical activities are indicators of metabolic rate,
which is regulated by circulating adipokines, and reflect the
functionality of the adipose tissue, we next focused on the activ-
ity of adipose tissue and adipocytes.

To assess whether the difference in body weights between
the control littermates and SnoN mutant mice arose from the
difference in adipose mass, EchoMRI was employed to measure
total lean mass and fat mass. Although there was no detectable
difference in lean mass among the three mouse strains (Fig. 1G),
both SnoN™™ and SnoN ™/~ mice exhibited significantly less
WAT mass and body fat content than WT control littermates
(Fig. 1, H and I). Indeed, the relative weight of the epididymal
and subcutaneous WAT in the SnoN™™ and SnoN ™/~ mice
was significantly decreased (Fig. SLA). These data suggest that
the decrease in body weight in SnoN mutant mice was due
primarily to a decrease in fat mass, but not to a reduction in the
overall body size or lean muscle mass. Finally, in agreement
with the notion that adipocytes expand both in size and number
to accommodate increased energy storage in obesity, WAT in
WT mice contained markedly enlarged adipocytes, whereas
those from SnoN™™ and SnoN "/~ mice remained small
(Fig. 1)).

Serum leptin levels have been reported to correlate with the
percentage of body fat in humans and rodents (35, 36). Reflect-
ing the decrease in adiposity, the circulating leptin levels were
markedly reduced in SnoN™™ and SnoN "/~ mice (Fig. 1K).
Similar decreases in the serum triglyceride levels were also
detected (Fig. 1L). However, the levels of free fatty acids (FFA),
adiponectin, and insulin were not significantly different
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Figure 1. SnoN~’~ and SnoN™™ mice are resistant to HFD-induced obesity. A-C, SnoN "/~ and SnoN™™ male mice displayed lower body weight (A), less
epididymal fat mass (B), and smaller adipocyte size (C) than age-matched SnoN™’* male mice. n = 11 mice/group. Epididymal fat pads were collected from
these mice and weighed at 6 months of age. Values are expressed as percentage of body weight (n = 5 mice/group). H&E staining was performed on
paraffin-embedded sections of these fat tissues (scale bar, 100 um). D, SnoN~/~ and SnoN™™ male mice gained less body weight than control male mice on
HFD (n = 4 mice/group). £, SnoN™"", SnoN~"~, and SnoN™™ male mice took in similar calories, as monitored by weekly food intake for 16 weeks during HFD.
F, physical activity (left) and oxygen consumption (right) were determined for SnoN™"", SnoN~"~, and SnoN™™ male mice on a 16-week HFD by metabolic
chamber assay that was monitored through a 12-h light and dark cycle. G-I, EchoMRI analysis of lean (G), WAT mass (H), and percentage of WAT mass over
whole-body weight (/) on HFD mice. J, H&E stain of epididymal and subcutaneous adipose tissue sections showed that the sizes of adipocytes from SnoN~/~
and SnoN™™ mice were smaller than that of SnoN*/* mice after 16 weeks of HFD (scale bar, 100 uwm). Leptin levels (K) and serum triglyceride levels (L) were
lower in SnoN ™"~ and SnoN™™ mice than in WT littermates after 16 weeks on HFD. The serum was collected after fasting for 6 h (n = 3 mice/group). All data

are represented as means = S.D. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

between the WT and SnoN-deficient mice (Fig. S1, B-D).
Taken together, these findings indicate that SnoN~’~ and
SnoN™"™ mice are protected from HFD-induced obesity.

SnoN~"~ and SnoN™™ mice are resistant to HFD-induced
diabetes

Diet-induced obesity is typically associated with reduced
ability to metabolize glucose and increased risk of diabetes.
Consistent with its resistance to HFD-induced obesity,
SnoN™™ and SnoN "/~ mice displayed a lower baseline glucose
level than WT mice under fasting conditions (Fig. 24). In an
intraperitoneal glucose tolerance test (GTT), these mice exhib-
ited alower blood glucose level over the entire time course of
the GTT (Fig. 2B). In an insulin tolerance test (ITT), in
response to insulin, SnoN™™ and SnoN "/~ mice showed a
deeper and long-lasting fall in blood glucose levels, whereas
WT mice showed little reduction in glucose levels (Fig. 2C).
As shown in Fig. 2D, a HFD also induced significant lipid

14102 J Biol. Chem. (2018) 293(36) 14100-14111

accumulation in the liver of WT mice, as evidenced by the
enlarged size and greasy pink appearance (top panels), the
extensive vacuolation in H&E-stained liver section (middle
panels), and massive lipid droplets by Oil Red O stain (bot-
tom panels). In contrast, SnoN /= and SnoN™™ animals
displayed significantly less fat accumulation in the liver (Fig.
2D), suggesting they are resistant to diet-induced hepatic
steatosis.

Obesity is widely viewed as a chronic low-grade inflamma-
tory disease that is accompanied by macrophage infiltration
into the adipose tissue (37, 38). This adipose tissue macrophage
(ATM) infiltration and the switching from the protective M2
ATMs to the inflammatory M1 phenotype in obese mice are
often associated with the development of insulin resistance
(39-42). Indeed, HFD-fed SnoN "/~ and SnoN™™ mice exhib-
ited reduced levels of inflammatory M1 macrophage-specific
genes and increased levels of protective M2 macrophage-spe-
cific transcripts (Fig. 2, E and F). Thus, SnoN deficiency
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Figure 2. SnoN~’~ and SnoN™™ mice are resistant to HFD-induced insulin resistance. A, SnoN~’~ and SnoN™™ mice showed significantly lower glucose
levels compared with SnoN*/* mice fed with either a ND or HFD. The glucose levels were monitored after fasting for 6 h. Band C, SnoN ™/~ and SnoN™™ mice
displayed improved glucose tolerance (B) and insulin tolerance (C) compared with SnoN*/* mice. D, SnoN~"~ and SnoN™™ mice were resistant to HFD-
induced hepatic steatosis. Top panels, macroscopic view of liver tissues; middle panels, H&E staining of paraffin-embedded liver sections; bottom panels, Oil Red
O staining of frozen liver sections (scale bar, 100 wm). E and F, SnoN"’~ and SnoN™™ mice exhibited significantly reduced levels of inflammatory M1
macrophage-specific transcripts (E) and increased levels of protective M2 macrophage-specific transcripts (F) upon HFD as assayed by qRT-PCR. All data are
represented as means £ S.D., n = 4 mice/group. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

strengthens glucose metabolism and protects mice from HFD-
induced insulin resistance.

SnoN deficiency suppresses adipocyte differentiation in vitro

We next investigate the mechanism of SnoN regulation of
adipocyte differentiation using in vitro culture models. Primary
mouse embryonic fibroblasts (MEFs) express many pluripotent
MSC markers and can be induced to differentiate into multiple
mesenchymal lineages, including that of adipocyte, bone, chon-
drocyte, and muscle (43). When isolated from E13.5-day
embryos, WT MEFs readily differentiated into adipocytes as
shown by Oil Red O staining (Fig. 34). In contrast, SnoN™'™
and SnoN~/~ MEFs exhibited a drastically reduced ability to
differentiate into adipocytes (Fig. 34).

In the adipocyte lineage, MSC initially differentiate into a
pre-adipocyte stage and, in the presence of hormonal cues, the
pre-adipocytes then proliferate by mitotic clonal expansion and
further differentiate into mature adipocytes (4). To determine
whether SnoN regulates the lineage commitment of MSC to
pre-adipocytes or the proliferation and differentiation of pre-
adipocytes to mature adipocytes, we employed C3H10T1/2

SASBMB

pluripotent MSC model and 3T3-L1 pre-adipocyte model to
mimic the two steps in adipocyte differentiation, respectively.
Interestingly, differentiation of both C3H10T1/2 and 3T3-L1
cells into the adipocyte lineage was accompanied by an induc-
tion of SnoN protein after 1 or 2 days of induction (Fig. 3B),
suggesting that high levels of SnoN may be important for the
differentiation process. To test this, we performed a CRISPR/
Cas9-based knockout of SnoN expression in C3H10T1/2 cells
(Fig. S2 and Fig. 3C) or an shRNA-based knockdown (KD) of
SnoN in 3T3-L1 cells (Fig. 3F), and we examined the ability of
these cells to differentiate into adipocytes. As shown in Fig. 3, D
and G, elimination of SnoN expression in both C3H10T1/2 and
3T3-L1 cells led to a significant reduction in adipocyte differ-
entiation. Accompanying the reduced differentiation, the
expression of adipogenic marker genes, Ppary, Cebpf3, and
aFabp, as well as adipsin, was also markedly decreased in SnoN
KO or KD cells (Fig. 3, Eand H). Thus, SnoN is essential for both
lineage commitment and pre-adipocyte differentiation.
Because MSCs are capable of differentiating into other lin-
eages, including osteoblasts and chondrocytes, in addition to
adipocytes, we next asked whether SnoN also affected the dif-

J. Biol. Chem. (2018) 293(36) 14100-14111 14103
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Figure 3. SnoN deficiency inhibits adipocyte differentiation. A, SnoN™"~ and SnoN™™ MEFs exhibited a markedly reduced ability to differentiate into
adipocytes. MEFs isolated from E13.5 embryos were induced to differentiate in vitro. Oil Red O staining of MEF was performed at day 10 of differentiation. B,
SnoN protein was induced during adipocyte differentiation. C3H10T1/2 cells (top panels) or 3T3-L1 cells (bottom panels) were induced to differentiate, and total
cell lysates prepared from cells harvested before (day 0) or at the indicated times following differentiation were analyzed by Western blotting with anti-SnoN.
Tubulin was used as a loading control. C, CRISPR/Cas9-based approach was used to generate homozygous SnoN KO in C3H10T1/2 cells. Western blotting was
performed to examine the expression of SnoN in these cells. D, SnoN KO led to a significant reduction in adipocyte differentiation. Oil Red O staining was
performed on day 7 of differentiation. E, expression of adipogenic marker genes was decreased in SnoN "~ cells. mRNA levels of Ppary, Cebp, aFabp, and
adipsin were measured by qRT-PCR at day 7 following differentiation. F~H, SnoN KD led to a significant reduction in adipocyte differentiation of 3T3-L1 cells.
The protein levels of SnoN in 3T3L1 parental cells or two shSnoN stable clones shSnoN-1 or shSnoN-2 were examined by Western blotting (F). Oil Red O staining
was performed at day 7 of differentiation (G). mRNA levels of Ppary and aFabp were measured by qRT-PCR at day 7 following differentiation (H). /, SnoN KO
affected the osteoblast differentiation of C3H10T1/2 cells. Osteogenesis of these cells was evaluated by staining of alkaline phosphatase (ALP) activity. Scale
bar, 100 um in A, D, and G. Data in E and H are represented as means = S.D. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Smad signaling (34). Because SnoN™™ mice were similar to
the SnoN "/~ mice in resistance to HFD-induced obesity and

ferentiation of MSCs to these lineages. Interestingly, deletion
of SnoN also dramatically impaired the differentiation of

C3H10T1/2 cells to osteoblasts (Fig. 3/), a process that is also
normally inhibited by TGF and activin signaling. Thus, SnoN
also affects the differentiation of MSCs to other lineages, indi-
cating that SnoN likely suppresses the self-renewal of MSCs
and promotes lineage commitment.

SnoN promotes adipocyte differentiation by antagonizing
Smad2 but not Smad3

The SnoN™™ mice express a mutant SnoN that cannot
bind to the Smad proteins and therefore cannot antagonize

14104 J Biol. Chem. (2018) 293(36) 14100-14111

because both SnoN™™ and SnoN "/~ MEFs displayed simi-
lar defects in adipocyte differentiation, SnoN likely regulates
adipocyte differentiation through a Smad-dependent mech-
anism. Indeed, as shown in Fig. S3, A and B, although re-ex-
pression of WT SnoN in C3H10T1/2 SnoN KO cells partially
restored their ability to differentiate into adipocytes, overex-
pression of mutant SnoN defective in Smad binding
(mSnoN) failed to rescue the impaired adipogenic differen-
tiation. The inability of reintroduced WT SnoN to fully
restore adipogenic differentiation ability is mostly likely due

SASBMB
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Figure 4. SnoN regulates adipocyte differentiation by antagonizing Smad2. A, SB-431542 rescued the adipocyte differentiation in SnoN™~/~ cells.
C3H10T1/2SnoN """ cells were treated with the differentiation-inducing agents together with 10 um SB-431542 or DMSO. At day 7, cells were stained with Oil
Red O for lipid visualization (scale bar, 100 um). B and C, reducing Smad2, but not Smad3, in the SnoN "~ cells by siRNA rescued the adipocyte differentiation.
Control siRNA (sictrl), siSmad2, or siSmad3 was transfected into C3H10T1/2 SnoN "/~ cells. B, knockdown efficiency was confirmed by Western blotting. C,
adipogenic differentiation was assessed by Oil Red O staining. D, levels of Smad2 and Smad3 expression in WATs were measured by gqRT-PCR. E, mRNA levels
of Ppary and aFabp in various C3H10T1/2-derived cell lines were quantified by qRT-PCR on day 7 following differentiation. F, reducing Smad2, but not Smad3,
expression down-regulated Nanog induction in SnoN /" cells. The levels of Nanog mRNA were measured by qRT-PCR. G, SnoN~/~ cells showed a prolonged
activation of Smad2 during adipocyte differentiation. The levels of phospho-Smad2, phospho-Smad3, and total Smad proteins at different days of adipogenic
differentiation were examined by Western blotting. Tubulin was used as a loading control. H, levels of Nanog expression were examined by qRT-PCR. Data in

D-F and H are represented as means = S.D. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Scale bar, 100 um in Aand C.

to the lower expression level of the ectopically expressed WT
SnoN (Fig. S3A).

Smad proteins signal downstream of several TGFf super-
family members, including TGEFf, activins, and BMPs, all of
which have been reported to regulate adipocyte differentiation
(4, 5). In particular, TGFp, through the action of Smad3 (9),
and activin, via Smad2 (7), have been shown to inhibit adi-
pocyte differentiation in vitro. BMP4 and BMP7 promote the
development of WAT and BAT, respectively (6, 44, 45),
whereas GDF3 suppresses the differentiation of beige adi-
pocytes (18).

We first employed the type I receptor kinase inhibitor
SB-431542 targeting TGFB and activin signaling to assess
whether SnoN regulation of adipocyte differentiation involved
TGEB/activin signaling. As shown in Fig. 4A, treatment of
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SnoN~/~ cells with SB-431542 readily rescued the adipocyte
differentiation, suggesting that indeed the elevated TGFS or
activin signaling in SnoN~/~ MSCs was likely responsible for
the defective adipocyte differentiation. To further distinguish
between the contribution of TGFf and activin signaling, we
reduced Smad2 or Smad3 levels in the SnoN /" cells by siRNA,
respectively (Fig. 4B). Surprisingly, Smad2 and Smad3 appeared
to exert distinct effects on SnoN-dependent adipocyte differen-
tiation. While reducing Smad2 rescued the impaired adipocyte
differentiation, reducing Smad3 had little effect (Fig. 4C). The
differential role of Smad2 and Smad3 in adipocyte differentia-
tion is further substantiated by the significant difference in
Smad?2 and Smad3 expression levels. In both WAT in vivo (Fig.
4D) and in 10T1/2 cells (Fig. S4A, right panel), the Smad3 level
was significantly lower than that of Smad2, strongly suggesting
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that Smad3 may not play a significant role in adipose develop-
ment in vivo.

Consistent with the morphological changes, expression of
adipogenic marker genes such as Ppary and aFabp also
increased in SnoN~/" cells with reduced Smad2 but not with
reduced Smad3 (Fig. 4E). Similar results were also observed in
3T3-L1 SnoN KD cells (Fig. S3, E-G). Nanog is required for the
maintenance of pluripotency and self-renewal of MSC and has
been previously shown to be a Smad2 target gene (46). We
found that expression of Nanog was up-regulated in SnoN~'~
cells (Fig. 4F), in agreement with the defective differentiation of
these cells. Knocking down Smad?2 reduced nanog expression,
whereas Smad3 KD further enhanced its expression, suggesting
that SnoN mainly regulates Smad2 signaling during adipocyte
differentiation.

To examine whether Smad?2 activity is altered during adi-
pocyte differentiation, we next examined the levels of phospho-
Smad2 in C3H10T1/2 and SnoN /" cells during differentia-
tion. As shown in Fig. 4G, undifferentiated C3H10T1/2 cells
displayed a basal level of phospho-Smad2, and this was moder-
ately induced within the 1st day of differentiation, but was
significantly down-regulated after day 3. Surprisingly, the
SnoN /" cells showed a prolonged activation of Smad2. Con-
sistent with this, an enhanced expression of Nanog was also
observed in these SnoN "' cells, both under the undifferenti-
ated state and upon differentiation (Fig. 4H), indicating SnoN
may not only function as a co-repressor of Smad2 but also as a
negative regulator of its activation. In contrast to the changes in
Smad2 phosphorylation, no consistent changesin the phosphor-
ylation of Smad3 or its expression were detected (Fig. 4G).
Finally, re-expression of human Smad2, but not Smad3,
reversed the adipocyte differentiation induced by siSmad?2 (Fig.
S3, C, D, H, and I). These data suggest that SnoN is an important
negative regulator of Smad2, but not Smad3, during adipocyte
differentiation and promote MSC differentiation by repressing
nanog expression and MSC self-renewal.

SnoN suppresses activin A expression both in vitro and in vivo

The activation and phosphorylation of Smad2 can be
induced by either TGFf or activin (19). To determine which of
the signaling pathways is regulated by SnoN during adipogen-
esis, we treated C3H10T1/2 cells with activin A or TGFS1 and
examined their ability to inhibit adipocyte differentiation. As
shown in Fig. 54, activin A potently inhibited adipogenesis,
whereas TGF1 had little effect, suggesting that activin might
be the predominant regulator of adipogenesis. Consistent with
this idea, in WAT isolated from WT mice, activin A was
expressed at a much higher level than TGFf1, and this differ-
ence was further enlarged in WAT from SnoN /~ and
SnoN™™ mice following the HFD (Fig. 5B). In contrast, the
levels of types I and II receptors for activin A were comparable
with that for TGEB1 in WATSs (Fig. 5C). Correlating with this
high activin A level, the levels of phospho-Smad?2 (Fig. 5D) and
nanog expression (Fig. 5E) in WAT from SnoN '~ and
SnoN™™ mice were also elevated.

Similarly, in the C3H10T1/2 culture model, levels of auto-
secreted activin A were significantly higher than that of TGFS1
and were further induced in SnoN "/~ cells (Fig. 5F), consistent
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with the prolonged phospho-Smad2 observed in these cells
(Fig. 4G). In contrast, the levels of TGFB1 remained low in both
WT and SnoN ™/~ cells (Fig. 5F). Interestingly, the level of
activin type I receptor Alk4 was significantly higher than that of
AIKS (Fig. S4A), suggesting that the entire activin A signaling
pathway may be more abundant than that of TGFB1 in
C3H10T1/2 cells. To further prove that elevated activin A is the
key repressor of adipogenesis, we employed a specific activin A
antibody to neutralize secreted activin A in SnoN "/~ cells. As
shown in Fig. 5G, treatment of cells with the activin A neutral-
izing antibody resulted in a robust adipocyte differentiation.
These data suggest that activin A is the major TGFS family
member in MSCs and adipose tissues and plays a prominent
role in adipogenesis.

The observation that the activin A level was significantly up-
regulated in SnoN™™ and KO tissues and cells suggests that
activin A expression itself might be regulated by the Smad path-
way. Indeed, reducing expression of Smad2, but not Smad3, by
siRNA suppressed the up-regulation of activin A in SnoN™/~
cells (Fig. 5H). In contrast, TGFB expression was not signifi-
cantly altered in cells lacking SnoN nor was it affected by alter-
ing Smad2 expression (Fig. 5H). These data suggest that in
WAT and adipocyte progenitor cells, activin A expression is
regulated in a positive feedback manner by its own Smad2 path-
way, and deletion of SnoN leads to increased Smad2 signaling
and increased activin A expression. Our data have provided
direct evidence to support the model that activin A is regulated
by an autocrine mechanism in the adipogenic progenitor cells
and plays a critical role in adipose development.

Discussion

Multiple members of the TGEB superfamily, including
TGEBs, activins, and BMPs, have been implicated in adipogen-
esis in vitro and in vivo (4, 5). However, the physiological con-
texts under which each member exerts their activities in adipo-
genesis in vivo have not been clearly defined. Our study
revealed for the first time that under physiological conditions in
vivo, the activin—SnoN signaling axis appears to be the major
regulator of WAT development. Activin A is expressed in the
undifferentiated adipocyte progenitor cells at a high concentra-
tion through an autocrine mechanism and is suppressed during
adipocyte differentiation (7). Signaling through Smad2, activin
A inhibits adipocyte differentiation by promoting Nanog
expression to maintain self-renewal and the undifferentiated
state of MSCs, by repressing the expression of adipogenic tran-
scription factors CebpB and Pparvy and also by further enhanc-
ing the expression of its own ligand. During adipogenesis, this
inhibitory activity of activin on adipogenesis is significantly
dampened by SnoN. We showed that SnoN expression is mark-
edly induced during adipocyte differentiation, and this elevated
SnoN suppresses the expression of activin A and the activities
of activin/Smad2 to promote MSC differentiation into the adi-
pocyte lineage and to further enhance pre-adipocyte differen-
tiation (Fig. 6). Thus, SnoN is a key positive regulator of WAT
development in vivo through its ability to repress activin/
Smad2 signaling and that activin/Smad2, not TGFB/Smad3, is
the physiological target of SnoN during WAT development
in vivo.
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Figure 5. SnoN suppresses activin A expression both in vitro and in vivo. A, activin A, but not TGF, inhibited adipocyte differentiation. Confluent
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SnoN /" cells fully rescued the adipocyte differentiation, indi-
cating that the adipogenic defects of SnoN~/" cells are medi-
ated by Smad?2.

TGE signaling, mainly through Smad3, has also been shown
to inhibit pre-adipocyte differentiation in several cell line mod-
els (9-11, 56, 57). Overexpression of WT Smad3 in 3T3-F442A
pre-adipocytes suppressed adipocyte differentiation, whereas
expression of dominant-negative Smad3 enhanced the process
(9). Consistent with this view, transgenic mice expressing
TGFB1 in WAT and BAT led to reduced WAT and BAT (12).
However, studies of the Smad3 knockout mice suggest that
under physiological conditions in vivo, TGF/Smad3 signaling
mainly regulates energy homeostasis and glucose metabolism
(17, 58). Smad3 loss protects against diet-induced obesity and
insulin resistance and is accompanied by the browning of WAT
adipocytes, leading to a marked increase in mitochondrial bio-
genesis and basal respiration (17). Thus, TGFB/Smad3 plays an
important and negative role in beige or brown fat development,
and its effect on white fat development may be indirect. These
phenotypes differ from that displayed by the SnoN-deficient
mice in that no browning of WAT has been detected. In addi-
tion, reducing Smad3 in SnoN-deficient adipocyte progenitor
cells did not rescue the impaired differentiation, suggesting that
SnoN did not target TGFB/Smad3 signaling in WAT in vivo.
Thus, although SnoN is capable of binding to Smad2, Smad3,
and Smad4 and represses their ability to mediate TGEp, activin,
and Nodal signaling in vitro, which of these pathways are also
targeted by SnoN under physiological conditions in vivo may
vary from tissue to tissue. In particular, it depends on the
availability and activity of the individual ligand, its receptor,
and downstream Smad proteins that are present in a given
tissue. Indeed, our earlier studies suggest that in endothelial
cells, SnoN regulates both TGFS pathways through the
ALK5/Smad3 branch and BMP9/10 pathway via ALK1/
Smadl/5 (29). This report is another demonstration that
during WAT development the target of SnoN is activin/
Smad?2 signaling.

The differentiation of MSCs to adipocytes is a two-step pro-
cess that starts with lineage commitment to generate pre-adi-
pocytes, followed by further maturation of pre-adipocytes to
adipocytes. We showed here that SnoN is capable of blocking
both steps of adipogenesis in an activin A-dependent manner.
Functional deletion of SnoN not only inhibits pre-adipocyte
maturation and the expression of the adipocyte markers Ppary
and Cebp3, but it also results in elevated expression of Nanog in
MSCs, promoting self-renewal of MSCs and inhibiting its dif-
ferentiation. These data indicate that SnoN may facilitate line-
age commitment of MSCs. Because MSCs can also differentiate
into mesenchymal lineages such as osteoblasts, SnoN is pre-
dicted to also affect differentiation to those lineages. Indeed, we
found that loss of SnoN markedly inhibited osteoblast differen-
tiation (Fig. 31), suggesting that SnoN plays a more global role in
mesenchymal differentiation. Given that activin or TGFf is a
potent regulator of osteoblast differentiation, it is likely that this
effect of SnoN is also Smad-dependent.

In addition to TGF3/Smad signaling, SnoN can also regulate
the activity of several other important signaling pathways, such
as p53, prolactin/STATS5, and Hippo/TAZ (28, 32). Although
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these pathways have all been reported to be involved in regula-
tion of adipogenesis either positively or negatively (59-61),
they are unlikely to mediate the effects of SnoN on adipogenesis
because introduction of a SnoN mutant that is defective in
Smad binding but still retains its interaction with these path-
ways failed to rescue the impaired differentiation. This sug-
gests that SnoN regulates adipogenesis mainly through mod-
ulating activin/Smad2 signaling. However, in our in vivo
feeding studies, the defects in adipogenesis displayed by the
SnoN KI mice were always less severe than those exhibited
by the SnoN KO mice, indicating that other SnoN-regulated
pathways, in addition to the Smad pathway, may also have a
minor contribution.

In summary, our study has revealed an important role of
SnoN in adipocyte differentiation and WAT development in
vivo by regulating the activity of the activin/Smad?2 signaling.
The ability of SnoN to regulate multiple signaling pathways
suggests that it may play an important role in regulating tissue
development, homeostasis, and diseases.

Experimental procedures
Mice, cell lines, and antibodies

The SnoN™™ mice expressing a mutant SnoN gene contain-
ing point mutations that alter amino acid residues 88 -92 and
267-277 to alanine have been described previously (29). The
SnoN /" mice were obtained from S. Pearson-White (Social &
Scientific Systems, Inc., Silver Spring, MD).

293T and C3H10T1/2 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 100 units/ml penicillin/strepto-
mycin (all from Invitrogen). The 3T3-L1 pre-adipocytes were
cultured in DMEM (high glutamine) supplemented with 10%
calf serum and penicillin/streptomycin. Primary MEF cells
were cultured in high-glucose DMEM supplemented with
10% FBS and 100 units/ml penicillin/streptomycin (all from
Invitrogen).

Anti-SnoN (H317) and anti-Smad3 (FL425) were purchased
from Santa Cruz Biotechnology. Anti-Smad2 was from BD Bio-
sciences. Anti-phospho-Smad3 (Ser-423/425) was from Cell
Signaling Technology. Anti-phospho-Smad2 antisera (rabbit
polyclonal antibody against a peptide (KKK-SSpMSp) contain-
ing two phosphoserine residues at the C terminus of Smad?2)
was a gift from A. Moustakas (Ludwig Institute for Cancer
Research, Uppsala, Sweden). Anti-activin A was from R&D Sys-
tems. Antibody against tubulin was from Calbiochem.

Mouse siSmad2 Silencer® Select (s69493) and mouse
siSmad3 Silencer® Select (s69494) were purchased from Life
Technologies, Inc. Scrambled non-targeting siRNA pool 2 was
purchased from Dharmacon. The sequence of mouse shSnoN is
5'-ctccattctgcagaggaag-3'.

Metabolic studies

All mice were housed with a 12-h light/dark cycle and given
ad libitum access to food and water. Mice were fed either with
normal diet (ND: 13.5% fat; LabDiet) or high-fat diet (HFD: 60%
fat; D12492, Research Diets) starting at 6 weeks of age. Food was
changed, and food intake and body weight were measured at the
same time every week for 16 weeks. The same amount of food
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was given to all the mice. At the end of the 16-week HED, oxy-
gen consumption, CO,, heat production, activity/locomotion,
and food and water intake were simultaneously determined in
metabolic chambers (CLAMS, Columbus Instruments) with
four mice per experiment for a maximum of 24 h. Individual
mice were placed in a chamber with an airflow of 0.6 liters/min,
and one reading per mouse was taken at 10-min intervals over
24 h. Body composition was determined using an EchoMRI
body composition analyzer (EchoMRI™). GTT and ITT were
performed on mice fasted for 6 h by intraperitoneal injection of
2.5 g of dextrose/kg body weight (ThermoFisher Scientific) or
0.75 units/kg insulin (Santa Cruz Biotechnology), respectively.
Blood glucose concentrations were measured at 0, 30, 60, and
120 min after dextrose injection or at 0, 15, 30, 45, and 60 min
after insulin injection by using a clinical grade glucometer
(OneTouch Ultra, LifeScan, Inc.). Blood was collected from the
fasted mice for serum analyses as follows: serum triglyceride
levels were measured by Infinity™ triglycerides assay kit
(ThermoFisher Scientific); serum leptin levels were measured
by mouse leptin ELISA kit (Crystal Chem); serum adiponectin
levels were measured by mouse adiponectin ELISA kit (Crystal
Chem); and plasma levels of insulin were measured by ELISA
(ALPCO). Plasma FFA levels were measured enzymatically
(WAKO Chemicals).

Tissues were harvested for RNA, protein analysis, or histo-
logical analysis. All protocols were approved by the Animal
Care and Use Committee of the University of California,
Berkeley.

Generation of SnoN KO cell line

The SnoN-null C3H10T/12 cells were generated using the
CRISPR/Cas9 system (62). The positive SnoN KO clones were
identified by sequencing, which detected homozygous frame-
shift mutations in the first exon of the snoN gene (Fig. S2). Loss
of SnoN protein expression was verified by Western blotting.
The sequence for mouse SnoN sgRNA1_F was CACCGCGCT-
TGGCGTGCTCGCCATC and for mouse SnoN sgRNA1_R
was AAACGATGGCGAGCACGCCAAGCGC.

Transfection, infection, and Western blotting

siRNAs were transiently transfected into C3H10T1/2 or
3T3-L1 cells using Lipofectamine® RNAiMAX transfection re-
agent (Invitrogen) according to the manufacturer’s protocol.
For retroviral infection, cDNAs or shRNAs in retroviral vectors
were co-transfected with packaging plasmids (pCMV-gag-pol
and pBS-VSVG) into 293T cells to generate a high-titer viral
supernatant, which was used subsequently to infect the
C3H10T1/2 cells. After 48 h, infected cells were selected with
1.5 pg/ml puromycin. Pools of puromycin-resistant cells were
analyzed in various experiments. Western blotting was per-
formed as described previously (63).

Differentiation of MSCs

Primary MEF cells were isolated from E13.5 embryos of
SnoN™"’*,SnoN /", and SnoN™"™ mice. Briefly, embryos were
separated from maternal tissues and yolk sac, finely minced,
and digested with 0.25% trypsin, 1 mm EDTA for 15 min at
37 °C. The suspension was transferred to a new tube and cen-
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trifuged. The pellet was resuspended in culture medium and
plated in a p50 dish (passage No. 0). All adipocyte differentia-
tion experiments were carried out using MEFs at passage no.
3—4. MEFs were cultured to confluence in a 6-well cluster plate.
Two days later, these cells were treated with differentiation-
inducing medium containing 0.5 mm 3-isobutyl-1-methylxan-
thine (IBMX), 1 um dexamethasone, 10 pg/ml insulin, 10 um
troglitazone, and 10% FBS for 4 days followed by culturing in
insulin medium for another 6 days, with the medium being
renewed every other day.

For adipogenic differentiation of C3H10T1/2 cells, cells at 2
days post-confluence were treated with induction medium
containing 1 uM dexamethasone, 0.5 uM rosiglitazone, 0.5 mm
IBMX, 5 ug/ml insulin, and 10% FBS for 3 days followed by
insulin plus rosiglitazone for an additional 4 days.

For adipogenic differentiation of 3T3-L1 cells, cells at 2 days
post-confluence (in DMEM with 10% calf serum) were changed
to induction medium containing 1 uM dexamethasone, 0.5 mm
IBMX, 10 pg/ml insulin, and 10% FBS for 2 days followed by
insulin medium (10 pg/ml insulin and 10% FBS in DMEM) for
an additional 4 days.

For osteogenic differentiation, C3H10T1/2 cells were cul-
tured in growth medium to confluency, followed by treatment
with 50 ug/ml ascorbic acid, 10 mm B-glycerophosphate, and
50 ng/ml BMP2. Osteoblastic phenotypes were observed over a
2-3-week period, and the intensity of alkaline phosphatase
activity per dish of cells was evaluated by BCIP/NBT staining
(BCIP®/NBT Liquid Substrate System, Sigma).

Oil Red O staining

Frozen liver sections of 8 mm thickness were fixed in forma-
lin, washed with water, rinsed with 60% isopropyl alcohol, and
stained with freshly prepared Oil Red O working solution as
described previously (64). To stain adipocytes, cells were fixed
in 4% paraformaldehyde for 30 min, rinsed, and incubated
with Oil Red O working solution for 50 min. All images were
visualized under a Lumar version 12 epifluorescence stereo-
scope (Carl Zeiss) or scanned on an Epson Perfection 4490
photoscanner.

gRT-PCR

Total RNA was extracted from cells using the RNeasy mini
kit (Qiagen). RNA extraction from WAT was performed using
TRIzol reagent (Life Technologies, Inc.) according to the man-
ufacturer’s instructions. cDNA was produced by reverse tran-
scription (SuperScript III; Invitrogen). qRT-PCR was per-
formed with the ABI 7300 (Applied Biosystem) per the
manufacturer’s instruction. All PCRs were performed in tech-
nical duplicate in three independent experiments. Primers used
for qRT-PCR are listed in Table S1.

Statistical analysis

All data are presented as means * S.D. Statistical signifi-
cance between groups was determined using the two-tailed
unpaired Student’s ¢ test or one-way analysis of variance
(Newman-Keuls multiple comparison test) with Prism 5
software. p values are shown when relevant (*, p < 0.05; **,
p <0.01; ***, p < 0.001).
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