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Introduction

Bone marrow-derived mesenchymal stem cells (MSCs) are multi-
potent stem cells with the capacity to self renew and differentiate
into mesodermal lineages that include adipocytes, osteoblasts,
and chondrocytes (1, 2). Disrupting the balance between adipo-
cyte and osteoblast differentiation with enhanced adipogenesis
underlies the adaptations of aging (3, 4) and numerous bone and
metabolic diseases, including osteoporosis (5). Distorting this bal-
ance by increasing osteogenesis leads to progressive osseous het-
eroplasia, characterized by ectopic bone formation (6). Neverthe-
less, the regulation of MSC lineage bifurcation into adipocytes and
osteoblasts remains poorly understood, and in this regard, PPARy
is a prominent regulatory candidate (7, 8).

PPARYy belongs to the nuclear receptor family of ligand-induc-
ible transcription factors. As a key regulator of both adipogenesis
and osteogenesis, PPARy is controlled at both transcriptional and
translational levels. Upon ligand binding, PPARy undergoes con-
formational changes and recruits multiple cofactors, leading to the
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Bone marrow-derived mesenchymal stem cells (MSCs) are a common precursor of both adipocytes and osteoblasts. While it
is appreciated that PPARY regulates the balance between adipogenesis and osteogenesis, the roles of additional regulators
of this process remain controversial. Here, we show that MSCs isolated from mice lacking S-nitrosoglutathione reductase,

a denitrosylase that regulates protein S-nitrosylation, exhibited decreased adipogenesis and increased osteoblastogenesis
compared with WT MSCs. Consistent with this cellular phenotype, S-nitrosoglutathione reductase-deficient mice were
smaller, with reduced fat mass and increased bone formation that was accompanied by elevated bone resorption. WT

and S-nitrosoglutathione reductase-deficient MSCs exhibited equivalent PPARy expression; however, S-nitrosylation of
PPARy was elevated in S-nitrosoglutathione reductase-deficient MSCs, diminishing binding to its downstream target fatty
acid-binding protein 4 (FABP4). We further identified Cys 139 of PPARY as an S-nitrosylation site and demonstrated that
S-nitrosylation of PPARYy inhibits its transcriptional activity, suggesting a feedback regulation of PPARy transcriptional
activity by NO-mediated S-nitrosylation. Together, these results reveal that S-nitrosoglutathione reductase-dependent
maodification of PPARY alters the balance between adipocyte and osteoblast differentiation and provides checkpoint
regulation of the lineage bifurcation of these 2 lineages. Moreover, these findings provide pathophysiological and therapeutic
insights regarding MSC participation in adipogenesis and osteogenesis.

activation of its target genes. Another layer of control over PPARy
involves posttranslational modifications. Bone marrow cells from
mice with Pparg haploinsufficiency have diminished adipogenic dif-
ferentiation capacity and increased osteogenesis (7). However, the
role of potential regulators of PPARy activity in this differentiation
shift remains unknown.

One potential regulatoris nitric oxide (NO), which is synthesized
by 3 isoforms of NO synthases (NOSs), neuronal (nNOS, NOS1),
inducible (iNOS, NOS2), and endothelial NOS (eNOS, NOS3). NO
enhances adipogenesis of human preadipocytes while decreasing
their proliferation (9). Adipogenic differentiation of mesenchymal
cells is also inhibited by the suppression of NO production (10). In
addition, NO is a crucial regulator of osteoblast proliferation and
differentiation. Studies in mice with a targeted deletion of Nosl,
Nos2, or Nos3 show a manifestation of distinct bone effects. Nos17~
mice have higher bone mass with decreased bone remodeling but
normal osteoblast proliferation or differentiation, suggesting a non-
cell-autonomous mechanism (11). NOS2 modulates cytokine secre-
tion and thereby affects osteoblast differentiation (12). Osteoblasts
from Nos37~ mice have lower proliferation and alkaline phosphatase
expression, consistent with decreased bone mass (13). These obser-
vations suggest that NO plays an important role in regulating the
balance between adipocyte and osteoblast differentiation.

NO bioactivity is based not only on production by NOSs, but
also by protein S-nitrosylation, a posttranslational modification
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Figure 1. GSNOR~- MSCs have impaired adipogenic differentiation. (A) ORO staining of WT and GSNOR™ cells. Scale bars: 100 um. n = 6. (B) ORO staining
was quantified and normalized to baseline staining. ***P < 0.001. n = 6. (C) Expression of adipogenic genes in WT and GSNOR~- MSCs grown in adipogenic
medium, analyzed by 1-way ANOVA (overall P < 0.0001). n = 5-7. *P < 0.05; ***P < 0.001, compared with WT, analyzed by Bonferroni's multiple comparison
test. (D) Expression of Cd36 in WT and GSNOR- MSCs grown in adipogenic medium. *P < 0.05. n = 6. (E and F) Expression of Pparg (E) (2-way ANOVA;

for strain, P = 0.0313; for drug, P = 0.5547) and Fabp4 (F) (2-way ANOVA,; for strain, P < 0.00071; for drug, P = 0.2736) after GSNOR inhibitor treatment.

*P < 0.05, compared with WT, analyzed by Bonferroni's multiple comparison test. n = 3. (G) ORO staining of WT and GSNOR~- MSCs grown in adipogenic
medium and treated with 50 uM or 100 uM GSNOR inhibitor (GSNORi) for 2 weeks. Scale bars: 100 um. n = 3. (H) ORO staining was quantified (2-way
ANOVA; for strain, P < 0.0007; for drug, P = 0.0014). **P < 0.01; ***P < 0.001, compared with WT, analyzed by Bonferroni's multiple comparison test. n = 3.
Statistical significance between 2 groups was determined by unpaired Student'’s t test (2-tailed) and presented as mean + SEM.

where NO forms S-nitrosothiols (SNOs) by binding to the cysteine
thiols of proteins (14). S-nitrosoglutathione reductase (GSNOR),
a denitrosylase, regulates S-nitrosylation through the degradation
of S-nitrosoglutathione (GSNO), resulting in decreased protein
SNOs. Impaired denitrosylation, as manifested in GSNOR”" mice,
alters multiple stem cell characteristics, including hematopoietic
stem cell number and MSC endothelial differentiation (15, 16).
Here, we demonstrate that GSNOR-mediated PPARy S-nitro-
sylation could be a pivotal, yet previously unrecognized, check-
Volume 125  Number 4
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point regulator that balances MSC differentiation into adipocytes
and osteoblasts. GSNOR”~ mice have decreased body weight and
increased bone formation. MSCs isolated from GSNOR”" mice
exhibit decreased adipogenesis and enhanced osteogenesis,
accompanied by decreased transcriptional activity of PPARy attrib-
uted to increased PPARy S-nitrosylation. Furthermore, we identi-
fied Cys 139 as the principle site of PPARy inhibition by S-nitrosyl-
ation. This study identifies GSNOR-mediated denitrosylation as a
mediator of MSC differentiation and body composition.
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Results

GSNOR loss of function impairs adipogenesis of murine MSCs. MSCs
were isolated and characterized as described previously (16) and
were subjected to adipocyte differentiation conditions in vitro.
GSNOR™~ cells grown in adipogenic medium had significantly less
oil red O (ORO) staining, indicating a lower propensity to form
fat droplets than WT cells (Figure 1, A and B). Expression of the
adipogenic marker Pparg increased in both WT and GSNOR”~
cells following differentiation, but this increase was attenuated
in GSNOR”" cells (Figure 1C). Expression of multiple adipogenic
transcription factors, such as CCAAT/enhancer-binding protein
B (Cebpb), an upstream regulator of PPARy, was decreased in
GSNOR7- MSCs (Figure 1C) as was expression of the downstream
adipogenic effector of PPARy fatty acid-binding protein 4 (Fabp4)
(Figure 1C). CD36, a membrane-bound fatty acid translocase
and downstream target of PPARy, was also markedly decreased
(87-fold) in GSNOR”~ MSCs (Figure 1D). Expression of adiponec-
tin (Adipog), another adipogenic marker, was unaffected (Supple-
mental Figure 1A; supplemental material available online with this
article; doi:10.1172/JC173780DS1).

To further probe the impact of GSNOR signaling, we incu-
bated GSNOR”- and WT MSCs with the GSNOR inhibitor
4-[[2-[[(2-cyanophenyl)methyl]thio]-4-oxothieno-[3,2d] pyrim-
idin-3(4H)-yl]methyl]-benzoic acid (50 uM and 100 puM) (17).
GSNOR™" cells were not affected by the inhibitor. In contrast, WT
MSCs exhibited significantly decreased expression of Pparg and
Fabp4, mimicking the knockout genotype (Figure 1, E and F). Fur-
thermore, the GSNOR inhibitor decreased ORO staining in WT
cells (Figure 1, G and H). Treatment with the NO donor GSNO (100
uM) inhibited fat-droplet formation in WT cells without affecting
Pparg expression (Supplemental Figure 1, B-D). Surprisingly, fat-
droplet formation in WT cells was also reduced after treating with
the pan-NOS inhibitor Nw-nitro-L-arginine methyl ester hydro-
chloride (L-NAME, 30 uM) (Supplemental Figure 1, B-D), sug-
gesting that a physiological level of NO is crucial for maintaining
adipogenic capacity. Adipogenic differentiation of GSNOR”" cells
was not affected by treatment with 30 uM L-NAME (Supplemental
Figure 1, B-D). Together, these results indicate that loss of GSNOR
function inhibits adipogenic differentiation of MSCs.

GSNOR loss of function enhances osteogenic differentiation
and MSC-mediated bone regeneration. We next examined the role
of GSNOR in the osteogenic differentiation of MSCs. WT and
GSNOR”~ MSCs were grown in osteogenic medium for 2 weeks,
and Alizarin red-S (ALS) staining, indicative of calcium depo-
sition, was quantified. GSNOR”" cells produced significantly
more calcium compared with WT cells (Figure 2A) and showed
increased expression of the late osteogenic marker osteocalcin
(Bglap) (Figure 2B). However, expression of the early osteogenic
markers Runx2 and osteopontin (Sppl) was not different between
WT and GSNOR” cells at this time point (Supplemental Figure 2,
A and B), likely due to osteogenic differentiation having already
reached the late mineralization stage (Figure 2A and ref. 18).
Therefore, we examined early osteogenic markers in MSCs prior
to differentiation and found higher expression levels of Runx2
(Figure 2C), Spp1 (Figure 2D), and Bglap (Figure 2E) in GSNOR”
cells compared with WT. Treatment of WT MSCs with the GSNOR
inhibitor significantly increased osteogenic differentiation as
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measured by ALS staining and gene expression, while no effect
was seen in GSNOR”" cells (Figure 2, F-]). Osteogenic differentia-
tion of GSNOR”- MSCs was reduced by L-NAME, but osteogenic
differentiation of WT cells was not affected by either L-NAME or
GSNO (Supplemental Figure 2, C-E). Taken together, these results
suggest that increased SNO bioavailability enhances the osteo-
genic potential of MSCs and that GSNOR”~ MSCs are more com-
mitted toward the osteoblast lineage.

Next, we assessed the impact of GSNOR on MSC differentia-
tion in vivo and compared the in vivo bone regeneration capac-
ity of WT and GSNOR”- MSCs following subcutaneous implanta-
tion of cells within a GelFoam plug (ref. 19 and Figure 2K). After
7 weeks, MSC-mediated bone formation was significantly greater
in GSNOR”" cell implants (Figure 2, L and M). These data dem-
onstrate that the enhanced osteogenic differentiation capacity of
GSNOR”- MSCs directly causes higher bone regeneration in vivo.

GSNOR” mice have reduced body weight and bone mass. We fur-
ther sought to address the impact of altered MSC differentiation
of GSNOR”" cells on the phenotype of intact animals. Two-month-
old male GSNOR”" mice were smaller and weighed less than corre-
sponding WT mice (Figure 3, A and B). GSNOR” mice had a lower
percentage of fat mass (Figure 3C) and a higher percentage of
lean mass, but lower lean mass weight (Figure 3D). Over the next
11 months, GSNOR”" mice maintained this relatively lower body
weight (Supplemental Figure 3A). Food intake was not altered in
GSNOR”~ mice (Supplemental Figure 3B). We also measured adi-
pocyte size, since weight gain is caused largely by adipocyte hyper-
trophy, a process that contributes to the enlargement of adipose
tissue (20). GSNOR”~ epididymal adipocytes were, on average,
significantly smaller than WT adipocytes (Figure 3E). In contrast
to MSCs, expression of Pparg and its downstream target Fabp4
were unchanged in GSNOR”~ white adipose tissue (WAT) (Figure
3F). Interestingly, expression of Cebpd, an upstream regulator of
PPARy, was increased in GSNOR”- WAT, but that of Cebpb was not
(Figure 3F). Together, these results show that intact GSNOR”" ani-
mals have a phenotype consistent with impaired adipogenesis.

We next performed histological and pCT analyses of bone
samples to assess bone formation and resorption in intact animals,
testing the prediction that the GSNOR”" mice exhibit increased
bone formation. Analysis of calcein double labeling demonstrated
a higher dynamic of bone formation rate (BFR) in GSNOR”" mice
relative to WT (Figure 4A). Consistent with these histological
findings, parameters of bone formation and mineralization were
increased in GSNOR”" mice (Figure 4, B and C, and Supplemen-
tal Table 1), including osteoblast surfaces per bone surface (Ob.S/
BS), mineralization apposition rate (MAR), and BFR/BS. Serum
alkaline phosphatase, a bone formation marker, was not altered in
GSNOR”- mice (Supplemental Figure 3C).

Surprisingly and paradoxically, GSNOR”" mice had lower over-
all bone mineral density (BMD) compared with WT mice (Figure
4D and Supplemental Figure 3D). pCT imaging of the vertebrae
and femur demonstrated that the GSNOR”- mice had reduced
amounts of trabecular bone compared with WT mice (Figure 4,
E and F). More specifically, GSNOR”- mice had significantly less
trabecular bone volume per total volume (BV/TV), trabecular
thickness (Tb.Th), and trabecular number (Tb.N; Figure 4G). Tra-
becular separation (Tb.Sp), a measurement of average thickness
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was quantified. **P < 0.01. n = 6. (B) Expression of Bglap (osteocalcin) in MSCs grown in osteogenic medium. *P < 0.05. r1 = 6. (C-E) Expression of Runx2
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of the marrow cavities, was higher in GSNOR”- mice (Figure 4H). Bone histomorphometric analysis of the femur indicated that
Toluidine blue staining showed that GSNOR”" mice had lower tra-  GSNOR”" mice had significantly increased osteoclast surfaces
becular bone mass (Figure 41). BMD of cortical bone was also sig- ~ (Oc.S/BS) and eroded surfaces (ES/BS), indicative of increased
nificantly reduced (Supplemental Table 2). bone resorption (Figure 4] and Supplemental Table 1). The
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increased rate of bone formation and bone resorption seen in
GSNOR”~mice indicated higher bone turnover, with a net result of
lower bone volume and reduced BMD.

To evaluate whether morphological phenotypes of the
femur in GSNOR” mice actually caused mechanical fragility, we
performed a 3-point bending test. In GSNOR”" mice, maximum
load and stiffness were both decreased (Figure 4, K and L), indi-
cating mechanical weakness in the femur of GSNOR”" mice. In
addition, Young’s module and resiliency were lower in GSNOR”-
mice (Figure 4, M and N).

GSNOR”~ bone marrow mononuclear cells exhibit enhanced
osteoclastogenesis. To address the paradoxical findings of over-
all BMD in the context of increased osteoblast formation, we
assessed the impact of GSNOR deficiency on osteoclasts. First,
we verified our findings of increased bone resorption by mea-
suring osteoclast number per bone perimeter (N.OC/B.Pm) in
GSNOR”~ mice (Supplemental Table 1). We obtained bone mar-

row mononuclear cells (BMMNCs) from WT and GSNOR”" mice
and grew them in osteoclast differentiation medium for 6 days.
Osteoclast differentiation was characterized by the presence of
tartrate-resistant acid phosphatase-positive (TRAP-positive)
cells containing more than 3 nuclei. The number of TRAP-positive
osteoclasts was significantly increased in cultures of GSNOR”~
compared with WT BMMNCs (Supplemental Figure 4, A and B),
suggesting that GSNOR loss of function promotes osteoclasto-
genesis. This result is consistent with the enhanced bone resorp-
tion phenotype observed in GSNOR”" mice.

Altered calcium and phosphate homeostasis in GSNOR” mice.
To gain additional insights into the paradoxical phenotype of
enhanced bone resorption in the face of increased bone forma-
tion, we assessed calcium and phosphate homeostasis in the
GSNOR”" mice, as extracellular calcium and phosphate are
required for matrix mineralization and the maintenance of nor-
mal bone structure. GSNOR”" mice have lower BMD and a higher
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Figure 5. GSNOR- MSCs have enhanced constitutive S-nitrosylation of PPARy with decreased transcriptional activity. (A) SNO-PPARy in MSCs of WT
versus GSNOR™- mice was measured by SNO-RAC assay. UV, UV light; Asc, ascorbic acid. Pretreatment with UV light and omission of ascorbic acid were
used as negative controls. *P < 0.05. n = 3. Statistical significance between 2 groups was determined by Student’s t test. Representative blots show
S-nitrosylated and total PPARY. The relative ratio of S-nitrosylated PPARY to total PPARy in WT mice is arbitrarily defined as 1. The lanes were run on the
same gel, but were noncontiguous. (B) PPARy luciferase activity in HEK-293T cells treated with GSNO in the presence or absence of rosiglitazone (Rosi)

(1 uM). 2-way ANOVA, *P < 0.05, compared with PPARy CTL; #P < 0.05, compared with PPARY rosiglitazone, analyzed by Bonferroni's multiple comparison
test. n = 5. (C) ChIP analysis of PPARy binding for the promoter region of FABP4 in WT and GSNOR™- MSCs. *P < 0.05, compared with corresponding 1gG;
#P < 0.05, compared with WT PPARy Ab group, analyzed by 2-way ANOVA Bonferroni's multiple comparison test. n = 4. (D) ChIP analysis of PPARy binding
to the promoter region of the Fabp4 gene in WT MSCs treated with 500 pM GSNO. The lanes were run on the same gel, but were noncontiguous. *P < 0.05,
compared with IgG without GSNO treatment; *P < 0.05, compared with PPARy Ab without GSNO treatment, analyzed by Bonferroni’s multiple comparison

test (2-way ANOVA). n = 4. Data are presented as mean + SEM.

mineralization rate (Figure 4, C and D). We first examined levels
of parathyroid hormone (PTH), a key regulator of calcium and
phosphate efflux from bone; indeed, PTH levels were higher in
GSNOR”" mice (Figure 40). Despite this, both total and ionized
calcium serum levels were not altered in GSNOR”" mice (Supple-
mental Figure 5, A and B). While serum phosphate levels were
equivalent in GSNOR” and WT mice (Supplemental Figure 5C),
the urinary phosphate/creatinine ratio was higher in GSNOR”"
mice (Supplemental Figure 5D), consistent with elevated PTH
levels. Paradoxically, GSNOR”~ mice also had an increased urine
calcium/creatinine ratio (Supplemental Figure 5E), counter to the
expected effect of elevated PTH. FGF23, a phosphaturic hormone
secreted by osteocytes to enhance urinary calcium reabsorption
(21, 22), was also increased in GSNOR”" mice (Figure 4P). We
attributed the increased urine calcium/creatinine ratio to the
indirect effects of FGF23 to inhibit PTH. Thus, elevations of uri-

nary calcium and phosphate excretion have the potential to con-
tribute to the low bone mass phenotype of GSNOR”" mice.

To test the association of the changes in calcium and phos-
phate metabolism to alterations in PPARy in the GSNOR”"mice, we
treated mice with the PPARy agonist rosiglitazone. While 1 week
of rosiglitazone treatment did not alter the serum total calcium,
ionized calcium, serum phosphate levels, or urinary calcium/cre-
atinine ratio (Supplemental Figure 5, A-C, and E) in either mouse
strain, rosiglitazone did increase the urinary phosphate/creatinine
ratio in WT but not in GSNOR”" mice (Supplemental Figure 5D).
Importantly, rosiglitazone reduced elevated PTH levels toward
normal, yet further increased FGF23 levels in the GSNOR”" mice
(Supplemental Figure 5, F and G). Additional experiments to mea-
sure PTH in fasting mice revealed similar findings. Our results
suggest that GSNOR deficiency alters the balance of PTH-FGF23
crosstalk, contributing to the high bone turnover and bone loss.
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Constitutive PPARy S-nitrosylation is increased in GSNOR”
MSCs. We next evaluated the potential mechanism of impaired
adipogenesis and enhanced osteogenesis seen in GSNOR”~ MSCs.
PPARy is a transcriptional master regulator of adipogenic differ-
entiation and stimulates adipogenesis while inhibiting osteogen-
esis (23). We hypothesized that GSNOR loss of function increased
PPARy S-nitrosylation and decreased PPARy function under basal
conditions similarly to what occurs when PPARy is S-nitrosylated
in murine mesangial cells (24), consistent with PPARy being a reg-
ulator of adipogenesis and osteogenesis. To test this hypothesis,
we performed SNO resin-assisted capture (SNO-RAC) assays on
undifferentiated MSCs from WT and GSNOR”"~ mice (25). S-nitro-
sylated proteins were captured by thiol-reactive resin, and PPARy
S-nitrosylation status was assessed by immunoblotting. Although,
as previously mentioned, Pparg mRNA expression from GSNOR”~
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Figure 6. Identification of Cys 139 as a site of PPARY S-nitrosylation. (A)
A 3D structure of PPARy showed the 10 cysteines in red, with white arrows
labeling the 3 mutated ones. The 3D structure was derived from ref. 50.
(B) A topology map of PPARy with 3 mutated cysteines in red. DBD, DNA-
binding domain; LBD, ligand-binding domain. (C) PPARYy luciferase activity
in HEK-293T cells overexpressed with WT and mutants, in the presence or
absence of the PPARy agonist rosiglitazone (1 uM). *P < 0.05, compared
with WT CTL, analyzed by Bonferroni's multiple comparison test (2-way
ANOVA). n = 4. (D) SNO-PPARY in HEK-293T cells overexpressed with WT
and mutant 1(Cys 139), measured by SNO-RAC. Omission of ascorbic acid
was used as a negative control. *P < 0.05, compared with WT without
GSNO treatment, analyzed by Bonferroni’s multiple comparison test
(2-way ANOVA). n = 3. Data are presented as mean + SEM.

MSCs was higher following adipogenic differentiation (Figure
1C), there was no difference in the protein expression of PPARy
in undifferentiated MSCs (Figure 5A, total input lane). Impor-
tantly, GSNOR”- MSCs demonstrated approximately 50% greater
S-nitrosylation compared with WT cells under basal conditions
(Figure 5A, upper lane; the relative density ratio of S-nitrosylated
PPARy/total PPARy in GSNOR”" mice was 1.57-fold * 0.33-fold
compared with WT mice). The identification of endogenous SNO
in the SNO-RAC assay was validated by the elimination of signals
by UV irradiation applied prior to the assay (which cleaves the SNO
bond) and the omission of ascorbate, which prevents SNOs from
being reduced (26). These data demonstrate increased S-nitrosyl-
ation of PPARy as a potential mechanism for the decreased adipo-
genesis and enhanced osteogenesis of GSNOR”~ MSCs.

S-nitrosylated PPARy has decreased transcriptional activity. To
determine whether enhanced S-nitrosylation of PPARy affects its
transcriptional activity, we used a luciferase reporter assay. 293T
cells were cotransfected with firefly luciferase under the control
of a PPARy response element (PPRE) (27) plus either a plasmid-
encoding PPARy or the empty vector control. Cells were treated
with vehicle or the NO donor GSNO for 5 hours (50 or 250 uM).
GSNO treatment resulted in an increase of PPARy S-nitrosyl-
ation without affecting PPARy protein expression (Supplemen-
tal Figure 6) and also significantly decreased PPARy luciferase
activity (Figure 5B). These results suggest that PPARy transcrip-
tional activity is decreased upon GSNO-induced S-nitrosylation.
Interestingly, GSNO-induced downregulation of PPARy tran-
scriptional activity was not rescued by rosiglitazone (Figure 5B),
suggesting a ligand-independent mechanism.

GSNOR”- MSCs exhibited decreased expression of Fabp4
compared with WT MSCs following adipogenic differentiation
(Figure 1C). PPARy is found in the cytoplasm, but nuclear trans-
location of PPARy is crucial for its function (28). No difference in
PPARy nuclear localization was observed in WT and GSNOR”~
MSCs (Supplemental Figure 7). To assess whether S-nitrosylation
of PPARYy affects transcription of its target gene, Fabp4, we per-
formed ChIP assays. Histone 3 (H3) Ab-treated samples acted as
positive controls. At baseline, the binding affinity of PPARy for the
promoter region of Fabp4 was decreased in GSNOR”- MSCs (Fig-
ure 5C). Furthermore, WT MSCs treated with 500 uM GSNO for
5 hours were found to have decreased PPARy-binding affinity for
the Fabp4 promoter region compared with vehicle-treated cells
(Figure 5D). This decrease in PPARy-binding affinity was accom-
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panied by an increase in PPARy S-nitrosylation without altering
its expression (Supplemental Figure 8). These data are consistent
with the decreased adipogenesis seen in WT cells treated with
GSNO and suggest that S-nitrosylated PPARy has decreased affin-
ity for the promoter of FABP4. Together, our results suggest that
increased protein S-nitrosylation due to a lack of GSNOR reduces
the transcriptional activity of PPARy.

Identification of Cys 139 as a site of PPARy S-nitrosylation. To
determine which cysteines are S-nitrosylation targets, we gener-
ated 2 cysteine-to-alanine mutations by site-directed mutagen-
esis: Cys 139 single mutation and Cys 156/159 double mutation
(Supplemental Figure 9). PPARy has 10 cysteines, and a 3D struc-
ture of PPARy shows the 10 cysteines in red, with white arrows
indicating the 3 mutated residues (Figure 6A). A topology map of
PPARy indicated that the 3 mutated cysteines are located within
the first zinc-finger structure of the regulatory domain (Figure 6B).
Cys 139 was identified by GPS-SNO 1.0 software and conforms
to an acid-base nitrosylation conservative motif (14, 29). The Cys
156/159 double mutation was first characterized by the Spiegel-
man group, who found that this mutation could cause diminished
adipogenesis in preadipocytes (30). We first characterized the
cellular localization of these mutants in HEK-293T cells to deter-
mine whether cysteine mutations lead to a disruption of protein
3D structure. All the mutants localized primarily to the nucle-
us of the cells in a pattern similar to that of WT PPARy protein
(Supplemental Figure 10). Furthermore, the luciferase activity of
the 2 PPARy mutants was diminished and could not be rescued
by rosiglitazone, possibly due to a disruption of the zinc-finger
structure (Figure 6C). We overexpressed WT and mutant PPARy
in HEK-293T cells. Cells were exposed to vehicle or GSNO, and
PPARy S-nitrosylation was measured by SNO-RAC. Mutation of
Cys 139 to alanine eliminated the robust S-nitrosylation induced
by GSNO (Figure 6D). However, the double PPARy mutation
(Cys 156 and 159) exhibited an S-nitrosylation response to GSNO
similar to that of WT PPARy (Supplemental Figure 11). These data
suggest what may be a novel mechanism of PPARy transcriptional
regulation: S-nitrosylation of cysteine 139 induced alteration of
the zinc-finger motif. Our data suggest that the decreased PPARy
transcriptional activity seen in GSNOR”- MSCs can be attributed
to higher levels of PPARy S-nitrosylation, leading to the disrup-
tion of the first zinc-finger structure.

Discussion

Bone marrow-derived MSCs are a common precursor to adipo-
cytes and osteoblasts (31). Although lineage-fate specification
is controlled by crosstalk between multiple key transcription
factors, higher order regulation of this process remains poorly
understood. While PPARy (7) and NO signaling participate in
fate decisions between bone and fat lineages, the interaction
between these control mechanisms has not yet been estab-
lished. Here, we used MSCs derived from mice deficient in the
prototypic denitrosylase GSNOR to show that excessive S-nitro-
sylation of PPARy contributes to diminished adipogenic and
increased osteoblastic differentiation. This phenotype is asso-
ciated with decreased PPARy transcriptional activity, as illus-
trated by diminished binding to Fabp4. We further identified
S-nitrosylation of Cys 139 as a principle mechanism of PPARy
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transcriptional inhibition. Together, these findings offer insights
into the regulation of cell fate decisions in adult mesenchymal
tissue homeostasis and provide potential therapeutic strategies
to offset disorders of bone loss.

NO regulates adipocyte and osteoblast differentiation (32,
33); all 3 NOS isoforms are expressed in osteoblasts, and all
except NOSI are expressed in adipocytes (34, 35). With regard
to downstream effects, NO has a biphasic effect on bone, where
low concentrations of NO produced by NOS3 are essential for
bone formation, while high concentrations of NO produced by
NOS2 are inhibitory (36, 37). While WT and GSNOR”~ MSCs
constitutively express NOS1 and NOS2, but not NOS3, GSNOR”~
MSCs have elevated NOS1 expression (16). The use of mice
with a targeted deletion of GSNOR circumvents the dispari-
ties caused by varied NOS expression in MSCs and allows us
to define the role of S-nitrosylation in NO-regulated adipocyte
and osteoblast differentiation.

PPARy regulates adipogenesis and osteogenesis by mul-
tiple posttranslational modifications, including phosphorylation,
ubiquitination, and SUMOylation (38). Here, we show that the
posttranslational modification S-nitrosylation participates funda-
mentally in PPARy transcriptional activity. PPARy regulates tran-
scription via PPRE-dependent and -independent mechanisms.
However, the transcriptional regulation of PPARy in MSCs has
heretofore been unknown. Our results reveal that S-nitrosylation
of PPARy inhibits its transcriptional activity at the Fabp4 pro-
moter in MSCs. Our findings in GSNOR”~ MSCs fully recapitulate
the differentiation phenotypes of bone marrow cells from mice
with Pparg haploinsufficiency (7), providing further confirma-
tion that S-nitrosylation inhibits PPARy activity. Lower expres-
sion of CEBPp observed in GSNOR”~ MSCs indicates that events
upstream of PPARy were altered, providing an additional mecha-
nism for decreased adipogenesis.

Our data indicated that Cys 139 of PPARy is a primary S-nitro-
sylation target of exogenously supplied SNO. The amino acids
surrounding Cys 139 conform to an acid-base motif previously
described as a conservative S-nitrosylation domain (14), while the
locations of Cys 156 and Cys 159 do not conform to this motif. The
acid-base motif structure provides the thiolate anion with a more
ionizable environment, thus making the cysteine more accessible
to SNOs due to cysteine stabilization (39). The acid-base struc-
ture can either be adjacent to the cysteine in primary sequence
or in proximity due to the 3D structure. In the PPARy primary
sequence, Cys 139 is flanked by glutamic acid and arginine. Our
finding of Cys 139, but not Cys 156 and 159, as a PPARy S-nitro-
sylation target provides additional evidence of the existence of a
conservative S-nitrosylation motif.

The mechanism of PPARy- and NO-signaling interaction is
not well established. PPARy stimulates NO production by enhanc-
ing NOS3 expression (40). PPARy can also increase NOS2 activity
and modulate immune reaction (41). Here, we provide what we
believe to be a novel feedback regulation of PPARy transcriptional
activity by NO-mediated S-nitrosylation. NO is an important reg-
ulator of zinc-finger transcription factors (42, 43). SNOs inhibit the
DNA-binding activity of the zinc-finger transcription factors, such
as EGR-1 and SP1 (39). It has been proposed that this inhibition is
due to the S-nitrosylation of a thiolate group within the zinc fin-
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ger. This posttranslational modification changes the coordination
of zinc ion with cysteines, thus disrupting the zinc-finger structure
(39). Our data provide further support to this theory, suggesting
that in GSNOR”~ MSCs, a higher level of PPARy S-nitrosylation
leads to disruption of the first zinc-finger structure and decreased
PPARy transcriptional activity.

Our studies also reveal a complex phenotype with regard to
osteoblast differentiation of MSCs. Here, we showed that osteo-
genic differentiation was augmented in GSNOR”- MSCs, and this
finding was confirmed by experiments with the GSNOR inhibitor.
In the intact animal, however, while there is evidence of increased
bone formation, this effect is offset by augmented bone resorp-
tion due to enhanced formation of osteoclasts that arise from
BMMNCs. Thus S-nitrosylation signaling participates in the for-
mation of both osteoblasts and osteoclasts.

We further performed a detailed analysis of calcium/phos-
phate metabolism to gain additional insights into the skeletal
phenotype of GSNOR-deficient animals (Supplemental Figure
12). GSNOR” mice had higher serum levels of PTH and FGF23
and increased urinary loss of phosphate and calcium, which
together can contribute to diminished bone density. Chronic
PTH exposure increases osteoclast activity and bone resorp-
tion (44). Ongoing studies are underway to establish the relative
contributions of altered hormonal homeostasis and increased
PPARYy S-nitrosylation to stem cell differentiation and the patho-
logical bone loss phenotypes.

GSNOR”~ mice also represent an interesting model of hor-
monal regulation. The elevated PTH levels, accompanied by high
bone turnover and upregulated FGF23, partly resemble second-
ary hyperparathyroidism. The elevated FGF23 and concurrent
upregulation of PTH represent the impaired calcium-induced
inhibition of PTH in chronic kidney diseases (45). Rosiglitazone
treatment simultaneously increased FGF23 levels while reducing
PTH in GSNOR”" mice, but without significantly reducing urinary
calcium. The differential response to rosiglitazone suggests that
GSNOR loss of function alters the set point for FGF23, PTH, and
calcium phosphate sensing in multiple organs, including parathy-
roid gland and kidney. Importantly, PPARy agonists are known to
upregulate o-klotho, a necessary coreceptor of FGF23 (46). How-
ever, the absence of hypocalcemia suggests a chronic compensa-
tion effect of high PTH or normocalcemic primary hyperparathy-
roidism. Further study is needed to elucidate the role of GSNOR in
parathyroid function and calcium homeostasis.

In summary, our data reveal that GSNOR modulates PPARy
S-nitrosylation without affecting overall abundance of this tran-
scription factor. Nitrosylated PPARy has diminished transcription-
al activity, which is associated with reduced adipocyte differen-
tiation and increased osteoblast formation. Thus, S-nitrosylation
participates in lineage bifurcation between adipocytes and osteo-
blasts. These findings have important implications and offer broad
insights for understanding the regulation of lineage specification
of adult precursor cells. Our results also suggest that GSNOR
may contribute to PTH regulation and calcium urinary excretion,
which in turn can affect the phenotype of GSNOR” mice. Togeth-
er, these findings may provide mechanistic support for therapeutic
strategies designed to offset disorders characterized by pathologic
bone loss and /or excessive adipogenesis.
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Methods

Mice. GSNOR”- mice were generated as previously described (47). WT
C57BL/6] mice were purchased from the Jackson Laboratories. Two-
month-old male mice were used in this study. Mice were fed standard
normal chow containing 4% fat ad libitum unless stated otherwise. For
the rosiglitazone study, mice were fed with rosiglitazone mixed chow
(Harlan, 150 mg rosiglitazone/kg chow) for 1 week.

Bone analyses. Fat mass, lean mass, and BMD were measured
by dual-energy x-ray absorptiometry (DEXA). uCT was done as
described (48). Quantitative histomorphometric analysis was con-
ducted in a blinded fashion with the OsteoMeasure morphometry
system (Osteometrics). To label mineralization deposition, sequen-
tial subcutaneous injections of 12 mg/ml calcein (Sigma-Aldrich;
20 mg/kg body weight) and 6 mg/ml demeclocycline (Sigma-
Aldrich; 15 mg/kg body weight) in 2% sodium bicarbonate solution
were performed. Calcein and demeclocycline were injected 9 days
and 2 days, respectively, before the mice were euthanized. Static
parameters of bone formation and resorption were measured in a
defined area between 181 wm and 725 um from the growth plate. For
dynamic histomorphometry, mineralizing surface per bone surface
and mineral apposition rate were measured in unstained sections
under ultraviolet light, using a B-2A set long-pass filter consisting
of an excitation filter ranging from 450 to 490 nm, a barrier filter
at 515 nm, and a dichroic mirror at 500 nm. BFR was calculated.
The terminology and units used are those recommended by the His-
tomorphometry Nomenclature Committee of the American Society
for Bone and Mineral Research.

Plasma and urine parameters. 24-hour urine was collected from
individual mice housed in a metabolic chamber (Tecniplast). Serum
was collected from these mice by cardiac puncture followed by centrif-
ugation of the blood at 1500 g for 20 minutes. Concentrations of plas-
ma and urinary inorganic calcium and phosphate were determined
by Vitros Dry Slide Chemistry Analyzer (Ortho-Clinical Diagnostics
Inc.). Ionized calcium was measured using VetScan i-STAT 1 hand-
held analyzer (Abaxis Inc.). Concentration of urine creatinine was
determined by Vitros Dry Slide Chemistry Analyzer. Plasma FGF23
concentrations were measured using the FGF-23 ELISA Kit (Immutop-
ics Inc.). Plasma PTH concentrations were measured using the PTH
ELISA kit (Immutopics Inc.).

Three-point bending test. The left femurs and tibias were tested in
an Instron testing machine (Model 3344, Instron Corp.). Fresh-frozen
bones were thawed to room temperature (22°C). For the femurs, the
anterior cortex at the middiaphysis was placed in compression and the
posterior cortex in tension during the test; for the tibias, the postero-
lateral cortex at the middiaphysis was placed in compression and the
anteromedial cortex in tension. The lower support points were sepa-
rated by an extent of 50% of the femoral length (femur length/2) and
by 63% of the tibial length (tibia length/1.6). A constant displacement
rate of 0.03 mm/s was applied until the bone fractured. Fracture was
taken as complete loss of load-carrying ability. To stabilize the speci-
men, a small preload (5% of the average maximal load) was applied
before actual testing. During the bending test, load-displacement
data were collected by a computerized data-acquisition system at a
sampling rate of 80 Hz. The biomechanical properties evaluated were
the maximum load (a measure of the maximum force that the bone
withstood before fracture [N]), resilience (a measure of the ability of a
bone to suffer elastic deformity [J]), Young’s modulus (mPa), and stift-
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ness (N/mm) (which are measures of the extrinsic rigidity of the bone
tissue), and ductibility (a measure of the ability of bone to resist to the
propagation of cracks).

Cells. All cells were maintained under a 37°C/5% CO, atmosphere.
MSCs were harvested and characterized as described previously (16).
MSCs were grown with 20% (vol/vol) FBS (Atlanta Biologicals),
1% (vol/vol) penicillin and streptomycin, and «MEM (Invitrogen).
BMMNCs were maintained with 10% (vol/vol) FBS, 1% (vol/vol) peni-
cillin and streptomycin, and «MEM (Invitrogen). HEK-293T cells were
cultured with 10% (vol/vol) FBS, 1% (vol/vol) penicillin and strepto-
mycin, and DMEM (Invitrogen).

Ex vivo bone marrow differentiation. MSCs generated from WT and
GSNOR” mice were cultured for 14 days in adipogenic differentiation
medium (containing 1 pM dexamethasone, 10 pg/ml insulin, 100 pM,
indomethacin, and 0.5 uM 1-methyl-3-isobuthyxanthine) or osteo-
genic differentiation medium (containing 100 nM dexamethasone,
0.2 mM ascorbic acid, and 10 mM B-glycerophosphate). At the end
of differentiation, fat-droplet formation in adipogenic differentiation
was stained and quantified by ORO staining, and calcium formation
in osteogenic differentiation was analyzed by ALS staining. Baseline
staining served as negative control.

ORO and ALS quantification. ORO quantification was performed
using Image] (49). Pictures firstunderwent “split channels” to gener-
ate a clear contrast. Then the contrast between positive and negative
staining was adjusted evenly using “threshold.” The percentages of
positive staining areas were automatically produced by the “analyze
particles” function. ALS quantification was conducted by absorbing
the dye with 10% cetylpyridinium chloride buffered with 10 mM
sodium phosphate (pH 7) and measuring absorption at 550 nm
with a spectrophotometer.

In vivo osteogenic differentiation. Approximately 2.0 x 10¢ MSCs
were loaded with GelFoam (5 mm x 5 mm x 5 mm; Pfizer) as a car-
rier and subcutaneously implanted into the dorsal surfaces of 2- to
4-month-old female NOD-SCID mice as described previously (19).
At 7 weeks after implantation, the implants were harvested and H&E
staining of the histological sections was analyzed using Image].

RNA extraction and quantitative real-time PCR. MSC RNA was
extracted using the RNeasy kit (QIAGEN) according to the manufac-
turer’sinstructions. RNA from WAT was extracted using the RNAeasy
Lipid Tissue Mini Kit (QIAGEN). Gene expression was determined
using TagMan Gene Expression Assays. First-strand cDNA was pre-
pared using a high-capacity cDNA reverse transcriptase kit (Applied
Biosciences, Life Technologies). Reverse-transcribed cDNA was
used for quantitative real-time PCR (RT-PCR) using predesigned
TagMan probes for mouse adipogenic markers (Pparg, adiponectin,
Fabp4, Cd36, Cebpa, Cebpb, and Cebpd) and for osteogenic markers
(Runx2, osteopontin, and osteocalcin) as well as the internal control
Gusb. The actual number of transcripts was calculated by ACt. Fold
changes were calculated by the AACt method using endogenous con-
trols for normalization.

Western blot. For protein extraction, MSCs were homogenized in
RIPA buffer with protease inhibitors. The cell lysates were centrifuged
at 14,000 g for 15 minutes at 4°C, and the supernatant was boiled in 4x
sample buffer and analyzed by SDS-PAGE (Invitrogen), as described
in the manufacturer’s protocol. For primary Ab against PPARy (Santa
Cruz Biotechnology Inc., clone H100), an HRP-conjugated secondary
AD (Promega) was used.
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S-nitrosylation. SNO-RAC assay was performed in the dark as
described (25). Briefly, MSCs were homogenized in HEN buffer (250
mM Hepes, 1 mM EDTA, and 0.1 mM neocuproine, pH 7.7). Free cys-
teine residues were blocked with MMTS and reacted with or without
sodium ascorbate. Protein lysate was incubated with thiol-reactive
resin (Sigma-Aldrich) for 5 hours. Resin-captured proteins were elut-
ed using 50 pl elution buffer (20 mM HEPES, 100 mM NaCl, 1 mM
EDTA, 100 mM B-mercaptoethanol) and heated at 95°C for 5 minutes
in reducing SDS-PAGE loading buffer. The expression of PPARy was
determined by Western blot analysis.

ChIP assay. ChIP Fabp4 promoter sequence was provided by
F. Picard (Université Laval, Quebec, Canada). WT MSCs were
treated with increasing concentrations of GSNO for 5 hours and
then harvested for ChIP analysis, as previously described. Chro-
matin was immunoprecipitated with an anti-PPARy Ab (Santa Cruz
Biotechnology Inc., clone H100). RT-PCR amplification of the
immunoenriched DNA samples was performed using primers for
the Fabp4 promoter (5'-ATGTCACAGGCATCTTATCCACC-3" and
5-AACCCTGCCAAAGAGACAGAGG-3’) and detected by agarose
gel electrophoresis and RT-PCR.

Luciferase assay. The PPRE luciferase construct and PPARy
overexpression construct were obtained from Addgene (original-
ly provided by B. Spiegelman, Harvard Medical School, Boston,
Massachusetts, USA). Luciferase assay was performed accord-
ing to the protocol of the Dual-Luciferase Reporter Assay System
(Promega). The PPRE sequence was from the Spiegelman group:
PPRE x 3 (5-GTCGACAGGGGACCAGGACAAAGGTCACGTTC-
GGGAGTCGAG, 3 copies). Cells were lysed in 200 pl Passive Lysis
Buffer (Promega). Duplicate 20 pl samples were mixed with 100

ul of Luciferase Assay Reagent (Promega). Luciferase activity was
measured using a SIRIUS luminometer (Berthold Detection Sys-
tem, v3.1). Luminescence in each sample was normalized to Renilla
luciferase activity.

Mutagenesis. Cysteine-to-serine mutations were constructed by
GENEWIZ. HEK-293T cells were transfected with WT and mutant
PPARy by Lipofectamine 2000. 24 hours after transfection, cell
lysates were collected and SNO-RAC was performed as described
above. Cell lysates were treated with 100 uM GSNO for 10 minutes
prior to SNO-RAC.

For further information and uncut gels, see Supplemental Experi-
mental Procedures.

Statistics. Comparisons of 2 groups were performed using 2-tailed,
unpaired Student’s ¢ test and presented as mean * SEM. Means of
more than 2 groups were compared by 1-way ANOVA or by 2-way
ANOVA when 2 conditions were involved. Bonferroni’s post hoc tests
were applied when appropriate. P < 0.05 was considered significant.

Study approval. All protocols and experimental procedures with
animals were approved by the Institutional Animal Care and Use
Committee of the University of Miami.
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