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new target to modulate bone anabolism.

Introduction

Nitric oxide (NO) is an important signaling molecule that influ-
ences a wide range of physiological processes, including bone
metabolism. Bone is a highly dynamic tissue thatis maintained by
the balance between bone-degrading osteoclasts, bone-forming
osteoblasts, and mechanosensing osteocytes. The study of NO
metabolism in bone is clinically important because NO supple-
ments have been reported to improve bone formation, increase
bone strength, and prevent estrogen-deficiency osteoporosis in
preclinical models (1-4). Furthermore, anecdotal studies have
shown that this may be relevant in humans, as use of NO sup-
plementation has been shown to be associated with decreased
fracture risk (5, 6). However, the treatment effects of NO supple-
ments on bone mass have been controversial, and much like the
action of NO itself, context dependent. For example, one clinical
trial failed to demonstrate a beneficial effect of NO supplements
on bone loss (7). Collectively, while there is a substantial amount
of data supporting an anabolic function of NO to promote bone
formation, the mechanisms underlying NO-mediated action in
vivo are unclear.
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Previous studies have shown that nitric oxide (NO) supplements may prevent bone loss and fractures in preclinical

models of estrogen deficiency. However, the mechanisms by which NO modulates bone anabolism remain largely unclear.
Argininosuccinate lyase (ASL) is the only mammalian enzyme capable of synthesizing arginine, the sole precursor for nitric
oxide synthase-dependent (NOS-dependent) NO synthesis. Moreover, ASL is also required for channeling extracellular
arginine to NOS for NO production. ASL deficiency (ASLD) is thus a model to study cell-autonomous, NOS-dependent NO
deficiency. Here, we report that loss of ASL led to decreased NO production and impairment of osteoblast differentiation.
Mechanistically, the bone phenotype was at least in part driven by the loss of NO-mediated activation of the glycolysis
pathway in osteoblasts that led to decreased osteoblast differentiation and function. Heterozygous deletion of caveolin

1, a negative regulator of NO synthesis, restored NO production, osteoblast differentiation, glycolysis, and bone mass in

a hypomorphic mouse model of ASLD. The translational significance of these preclinical studies was further reiterated by
studies conducted in induced pluripotent stem cells from an individual with ASLD. Taken together, our findings suggest that
ASLD is a unique genetic model for studying NO-dependent osteoblast function and that the NO/glycolysis pathway may be a

Metabolic programming in progenitor cells influences cell
fate and differentiation capacity (8-12). Accumulating evidence
suggests that osteoblasts utilize glucose metabolism via glycoly-
sis as their main energy source (13, 14). Importantly, the anabolic
response of bone to parathyroid hormone and Wnt proteins, such
as Wnt7b and Wnt3a, has been shown to be due in part to the stim-
ulation of aerobic glycolysis in osteoblast lineage cells (15-17). At
the same time, physiological (i.e., low) levels of NO have been
reported to promote glycolysis in a variety of cell types, such as
skeletal muscle cells, neurons, and adipocytes (18-21). However, it
is not known whether NO enhances glucose metabolism to facili-
tate osteoblast differentiation.

NO is generated from L-arginine by 3 nitric oxide synthase
(NOS) enzymes. All 3 NOS isoforms (NOS], -2, and -3) have been
identified in bone cells (22-24). NOS-knockout (NOS-KO) mice
have been used to examine the role of NO in bone homeosta-
sis. Mice with KO of endothelial NOS (eNOS, or NOS3) demon-
strate decreased bone mass due to reduced osteoblast activity and
decreased mineralization (25, 26). Mice with KO of neuronal NOS
(nNOS, or NOS1) exhibit increased bone mass with decreased osteo-
clast and osteoblast numbers in vivo; however, in vitro assays have
shown that more osteoclasts are formed from these KO mice, sug-
gesting a non-cell-autonomous mechanism (27). The studies evalu-
ating the effects of loss of inducible NOS (iNOS, or NOS2) on bone
have yielded inconsistent results. iNOS-KO mice have been reported
to have no bone abnormalities (28), and to also have increased bone
mass in association with reduced osteoclast-mediated bone resorp-
tion (29). Triple-NOS-KO mice with deletion of all 3 NOS isoforms
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Figure 1. Deletion of As/ in osteoblast lineage cells leads to decreased NO production, osteo-
blast differentiation, and mineralization. (A) NO level was measured by DAF-FM fluorescence

eNOS leads to the inhibition of eNOS activity
(33, 35, 42-44). Hence, changing the balance of
the positive versus negative regulators involved

intensity in ST2 cells after siRNA-mediated As/ knockdown. n = 8. (B) mRNA levels of Asl, Runx2,
Osx, Alp, and Collal by gPCR in ST2 cells. Asl-knockdown ST2 cells were differentiated in osteo-
genic medium for 3 days. n = 4. (C) mRNA levels of Asl, Runx2, Osx, Alp, Col1al, and osteocalcin
(Ocn) by gPCR in BMSC-derived osteoblasts from WT and As/"*°/N¢ mice. BMSCs were cultured in
osteogenic medium for 14 days. n = 3. (D) Alizarin red staining of BMSC-derived osteoblasts from
WT and As/"®’"e> mice. BMSCs were cultured in osteogenic medium for 14 days. n = 3. Data are
presented as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.005 by Student’s t test.

in NO synthesis may regulate dynamic NO pro-
duction. Therefore, in the present study, we
tested the hypothesis that inhibiting Cav-1 may
be a potential therapeutic strategy to restore
NO production in the context of ASL deficiency
(ASLD), while also testing the NO-specific con-

:

have been shown to exhibit higher bone mass (30). In these mice,
high bone mass was attributed to high bone turnover, with increased
bone formation and resorption, which is different from each of the
single-NOS-KO models (30). Together, murine models that global-
ly lack NOS isoforms (nNOS, iNOS, and eNOS) exhibit contrasting
bone phenotypes, in part due to the non-cell-autonomous effects as
well as potential compensation by the other NOS isoforms.

One of the key obstacles in understanding the role of NO in
osteoblasts and bone anabolism is that the currently available
models are limited by non-cell-autonomous sources of NO and

tribution to the ASLD phenotype.

Results

Deletion of Asl in osteoblast lineage cells leads to decreased NO pro-
duction, osteoblast differentiation, and mineralization. We and
others have shown that deletion of As/ leads to decreased NO pro-
duction in various cell types, including endothelial cells, neurons,
and enterocytes (32, 45, 46). To test whether downregulation of
Asl also results in decreased NO production in osteoblast lineage
cells, we used small interfering RNA-mediated (siRNA-mediated)
knockdown of Asl in ST2 cells, a mouse bone marrow-derived
stromal cell line. NO production was measured by the DAF-FM

J Clin Invest. 2021;131(5):e138935 https://doi.org/10.1172/)C1138935
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Figure 2. Deletion of As/ in osteoblast lineage cells leads to downregulation of glycolysis pathway. (A) Heatmap of the top 200 differentially expressed
transcripts (100 upregulated and 100 downregulated) detected using RNA-seq in BMSC-derived osteoblasts from WT and As/¢/¥¢> mice. BMSCs were cul-
tured in osteogenic medium for 14 days. n = 3. (B) Heatmap of downregulated glycolysis pathway-related genes in BMSC-derived osteoblasts from WT and
As/Neo/Nee mice, (C) Protein levels of PFKFB3, PKM, and LDHA by Western blot and (D) quantification of Western blot from WT and As/eo/Nee BMSC-derived
osteoblasts. n = 3. (E) Protein levels of PFKFB3, PKM, and LDHA by Western blot and (F) quantification of Western blot from WT and As/"¢/"¢e mouse
long-bone protein extracts. n = 4. (G and H) Seahorse assay of glycolytic activity (ECAR) in As/-knockdown ST2 cells (siRNA mediated) with 5 uM NO donor
S-nitroso-N-acetylpenicillamine (SNAP) or 5 uM DMSO (vehicle) 18-hour treatment (n = 6-10; data are representative of 3 independent experiments). 2-DG,
2-deoxyglucose. Data are presented as mean + SD. Student’s t test (D and F) and 2-way ANOVA followed by Tukey’s multiple-comparison test (H). *P < 0.05;

**P < 0.01; ***P < 0.005. NS, not significant (P > 0.05).

diacetate (4-amino-5-methylamino-2',7'-difluorofluorescein dia-
cetate) assay, which is based on the fluorescence intensity of a
fluorescent dye that reacts with NO autoxidation products. NO
production was significantly decreased after knockdown of As/ in
ST2 cells (Figure 1A). To determine the role of NO in osteoblast
differentiation, we induced osteoblastic differentiation in ST2

J Clin Invest. 2021;131(5):e138935 https://doi.org/10.1172/)C1138935

cells. Knockdown of Asl resulted in decreased expression of osteo-
blast-marker genes, including Runx2 (Runt-related transcription
factor 2), Osx (osterix), Alp (alkaline phosphatase), and Collal (col-
lagen type I o 1 chain) as shown by real-time quantitative RT-PCR
(qPCR) (Figure 1B). The same effect was found to be reproduced
in knockdown of Asl in MC3T3 cells, another osteoblast precursor
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Figure 3. Heterozygous deletion of Cav-1 restores NO production and glycolytic ability. (A) Schematic figure of As/ and Cav-1in the regulation of NO
synthesis. (B) mMRNA and (C and D) protein levels of Cav-1in BMSC-derived osteoblasts from WT and As/"*/" mice. BMSCs were cultured in osteogenic
medium for 14 days. n = 3-4. (E) DAF-FM fluorescence intensity of BMSCs derived from WT, As/N/Neo, and As/[M*/N*o;Cay-1+/- mice. n = 12 wells/mouse. Data
are representative of 2 independent experiments. (F) mRNA levels of glycolytic genes Sic2al, Pfkfb3, Aldoc (aldolase, fructose-bisphosphate C), and Ldha
from BMSC-derived osteoblasts from WT, As/Veo/Neo and As[Neo/Neo, Cay-1+/- mice. BMSCs were cultured in osteogenic medium for 14 days. n = 3-4. (G and H)
Seahorse assay of ECAR from WT, As/Neo/Neo, and As/[Veo/Neo; Cgy-1+/- mouse BMSC-derived osteoblasts. n = 12 wells/mouse. 2-DG, 2-deoxyglucose. Data are
representative of 3 independent and biological repeats and are presented as mean + SD. Student’s t test for 2 groups or 1-way ANOVA followed by Tukey’s
multiple-comparison test for multiple groups. **P < 0.01; ***P < 0.005. NS, not significant (P > 0.05).

cell line derived from mouse calvaria cells (Supplemental Figure 1;
supplemental material available online with this article; https://
doi.org/10.1172/JCI138935DS1).

To determine whether Asl-deficient osteoblasts have an intrin-
sic defect in differentiation and mineralization, primary bone
marrow stromal cells (BMSCs) were generated from the bone
marrow of WT and As/¥/¥ mice, a hypomorphic mouse model of
ASLD. As/Ne/Neo mice have approximately 25% residual As/ expres-
sion (31). BMSCs were cultured in osteogenic medium for 14 days
and expression of osteoblast-marker genes and staining for miner-
alization were evaluated. Consistent with the results from in vitro

differentiation of ST2 cells and MC3T3 cells, the ability of BMSCs
to differentiate into osteoblasts and mineralization capacity of
cells derived from Asi™Ne mice were significantly reduced as
compared with WT mice (Figure 1, C and D).

Deletion of Asl in osteoblast lineage cells leads to downregulation
of glycolysis pathway. To further investigate the possible molecular
mechanisms underlying osteoblast differentiation, we performed
RNA sequencing (RNA-seq) in BMSC-derived osteoblasts from
WT and As/¥Ne mice. A heatmap depicting the top 100 upreg-
ulated and downregulated genes is shown in Figure 2A. Several
canonical pathways were enriched in a core analysis in Ingenuity

J Clin Invest. 2021;131(5):e138935 https://doi.org/10.1172/)C1138935
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Figure 4. Heterozygous deletion of Cav-1 partially rescues low bone mass in As/'*/Ne> mice. (A) Alizarin red staining and (B) mRNA levels of Ocn and Collal
by gPCR of BMSC-derived osteoblasts from WT, As/o/Ne, and As/Ve/Neo;Cay-1+/- mice. BMSCs were differentiated in osteogenic medium for 14 days. n = 3-4. (C)
uCT analysis of distal femur from WT, Cav-7+/-, As["eo/Neo, and As/Nee/Neo; Cqy-1+/- mice (n = 5-7). Male, postnatal days 21-23. BV/TV, bone volume/tissue volume
ratio; Th.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Conn.D, connectivity density; Cort.Th, cortical thickness. Data are
presented as mean + SD. One-way ANOVA followed by Tukey’s multiple-comparison test. *P < 0.05; **P < 0.01; ***P < 0.005. NS, not significant (P > 0.05).

Pathway Analysis (IPA) (Supplemental Figure 2). Notably, the gly-
colysis pathway was indicated to be inhibited in As/¥° mouse-
derived osteoblasts (z score of -2.1). Most of the genes in the gly-
colysis pathway were significantly downregulated (Figure 2B and
Supplemental Excel file). These expression data were confirmed
by immunoblotting of several enzymes of the glycolysis pathway
including PFKFB3 (6-phosphofructo-2-kinase/fructose-2,6-bi-
phosphatase 3), PKM (M2 isoform of pyruvate kinase), and LDHA
(lactate dehydrogenase A) in BMSC-derived osteoblasts from WT
and As/¥e/Nee mice (Figure 2, C and D). Furthermore, protein lev-
els of PFKFB3, PKM, and LDHA were also reduced in long-bone
protein extracts from As/N¥ mice as compared with WT mice
(Figure 2, E and F).

Many studies have suggested that glucose metabolism
through aerobic glycolysis is the predominant source of energy
that promotes osteoblast differentiation (13, 14). Thus, we exam-
ined whether changes in the level of glycolytic gene expression
actually affected glycolytic function. We quantified the extracel-
lular acidification rate (ECAR, which measures glycolysis) in Asl-

J Clin Invest. 2021;131(5):e138935 https://doi.org/10.1172/)C1138935

deficient cells using the Seahorse XFe96 Analyzer. Both the basal
and capacity for glycolysis, as indicated by ECAR, were signifi-
cantly reduced with As/ knockdown in ST2 cells (Figure 2, G and
H). Importantly, the basal level of glycolysis was partially restored
and the capacity for glycolysis was fully restored with the addition
of the NO donor S-nitroso-N-acetylpenicillamine (SNAP) (Fig-
ure 2, G and H). In contrast, N-acetylpenicillamine (NAP) (nega-
tive control compound of SNAP) did not increase ECAR levels in
Asl-knockdown ST2 cells (Supplemental Figure 3). Collectively,
these data suggest that NO is important for maintaining a normal
glycolytic state during osteoblast differentiation.

NO also plays important roles in regulating mitochondrial
biogenesis and function. We did not observe alterations in mito-
chondrial DNA copy number after knockdown of Asl in ST2 cells
(Supplemental Figure 4A). We further evaluated mitochondrial
function by measuring oxygen consumption rate (OCR, an indica-
tor of oxidative phosphorylation) via Seahorse assay. We observed
decreased OCR levels in BMSCs and BMSC-derived osteoblasts
from Asi/Ne mice as compared with WT mice (Supplemental
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Figure 5. Asl deletion in osteoblast lineage cells leads to decreased bone mass due to decreased bone formation. (A) uCT analysis of distal femur of WT
(AsIf')y and Ocn-Asl-cKQ mice. Bone parameters from distal femur of 3-month-old male mice. (B-D) Histomorphometric analysis of the distal femur of
3-month-old male WT (As//f) and Ocn-Asl-cKO mice. (B) Osteoblast number/bone surface (N.Ob/BS). (C) Dynamic bone formation by double calcein label-
ing. BFR/BS, bone formation rate; MAR, mineral apposition rate. (D) Parameters osteoclast surface/bone surface (Oc.5/BS) and osteoclast number/bone
surface (N.Oc/BS). n = 6-8/group. Data are presented as mean + SD. Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.005. NS, not significant (P > 0.05).

Figure 4, B-E). Because glycolysis contributes to the majority of
ATP production in osteoblast lineage cells (47), we focused on the
potential role of NO in enhancing glycolysis.

Heterozygous deletion of Cav-1 restores NO production and gly-
colytic ability. The overall production of NO is determined by a
balance between positive and negative regulators. ASL is a posi-
tive regulator of NO; in contrast, Cav-1 has been reported to be a
negative regulator of NO production (refs. 33, 35; and Figure 3A).
We thus hypothesized that deletion of Cav-1 may restore NO pro-
duction and rescue the As/ deficiency-induced phenotype, there-
by also supporting the NO specificity of the ASLD phenotype. To
investigate the role of ASL and Cav-1 in the regulation of NO pro-
duction and bone mass in vivo, we crossed Asl”/N;Cav-1"/- mice
with As/*/Y mice to generate Asi¥/N mice and As/NNo;Cay-17-
mice. As complete absence of Cav-1 in mice results in systemic
manifestations including abnormal lipid metabolism, pulmo-
nary hypertension, and cardiomyopathy (48-50), we compared
As[Neo/Nee mijce to AsINe/Ne Cay-17/~ mice.

First, we measured Cav-1 expression in BMSC-derived osteo-
blasts. Cav-1 mRNA and protein levels were upregulated in BMSC-
derived osteoblasts from As¥ mice compared with WT mice (Fig-
ure 3, B-D), indicating an accumulation of the negative regulator of
NO synthesis in the absence of ASL. NO production was decreased
in BMSCs from Asl¥Ne mice compared with WT mice; however,
with heterozygous loss of Cav-1, NO synthesis was restored (Figure
3E). Consistently, compared with WT mouse-derived osteoblasts,
AslNeoNee mouse-derived osteoblasts had decreased expression of

glycolytic genes, as well as decreased glycolytic ability as shown by
ECAR (Figure 3, F-H). In addition, we found that genes in the glycol-
ysis pathway were expressed at higher levels in osteoblasts derived
from AsiN/Neo;Cqy-1+/- mice as compared with AsP~ mice (Figure
3F). Furthermore, glycolytic rate and glycolytic capacity in BMSC-
derived osteoblasts from Asi~;Cav-17- mice were higher as com-
pared with Asi/¥ mice (Figure 3, G and H).

Heterozygous deletion of Cav-1 partially rescues low bone mass in
AslNeoNeo jce, Because heterozygous Cav-1 deletion restored NO pro-
duction and glycolytic capacity in cells derived from As/N mice,
we next tested whether osteoblast differentiation ability and mineral-
ization were also rescued in Asl¥/N; Cav-1*/- mice. Alizarin red stain-
ing showed that the mineralization capacity was restored in As/Nev/Neo;
Cav-17- as compared with AsfNe BMSC-derived osteoblasts
(Figure 4A). mRNA levels of osteoblastic marker genes Collal and
Ocn (osteocalcin) were higher in BMSC-derived osteoblasts from
AsNeoNeo, Cqy-1*~ mice as compared with Asi¥ mice (Figure 4B).
Micro-computed tomography (LCT) analysis of femurs revealed
that As/N/N mice exhibited a low-bone-mass phenotype compared
with WT mice (Figure 4C). Heterozygous Cav-I deletion in As/Neo/Ne;
Cav-1"~ mice partially rescued the low bone mass in As/N* mice
(Figure 4C). Specifically, the parameters bone volume/total volume
(BV/TV), trabecular number (Tb.N), and trabecular separation (Tb.
Sp) were completely rescued, and connectivity density (Conn.D) was
partially rescued, while trabecular thickness (Tb.Th) and cortical
thickness (Cort.Th) were not rescued (Figure 4C). The fact that Cav-
17~ mice did not have any obviously altered bone phenotype reiter-
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Figure 6. Effect of ASL deficiency on osteoblast function and bone mineral density in humans with ASLD. (A) Schematic figure of correction of each of the
variants of the compound heterozygous mutations of an individual with ASLD. (B) Alizarin red staining of ASLD and 2 isogenic control iPSC lines, differentiated
in osteogenic medium for 21 days. n = 3. (C) mRNA levels of osteoblast marker genes Runx2, Collal, and (D) glycolytic genes Slc2al, Hk1, Hk2, Pfkfb3, Pkm, and
Ldha by gPCR, before (iPSCs) and after iPSCs were differentiated in osteogenic medium to osteoblasts (iPSCs—0Bs) for 14 days. n = 3. (E) GLUT1 protein levels
by Western blot. n = 3. iPSCs were differentiated in osteogenic medium for 14 days. n = 3. (F) mRNA levels of glycolytic genes Slc2a1, Hk1, Hk2, Pfkfb3, Pkm, and
Ldha by gPCR. iPSCs from an individual with ASLD were differentiated in osteogenic medium and treated with 5 uM DMSO or 5 uM SNAP for 12 days. n = 3. Data
are presented as mean + SD. Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.005. (G) Dot plot of aBMD z scores of lumbar spine (LS) regions L1-L4 in 12 individ-
uals with ASLD. Two individuals had low bone density (L1-L4 z scores less than -2.0).

ates the notion that partially inhibiting Cav-1in the context of ASLD  vivo, Asl”/" mice were crossed with Ocn-Cre-transgenic mice to
could be of therapeutic benefit (Figure 4C). obtain Asl"#;0cn-Cre* conditional KO (Ocn-Asi-cKO) mice. Ocn-

Asl deletion in the osteoblast lineage leads to decreased bone mass ~ Cre deletes the floxed alleles in differentiated and mature osteo-
due to impaired osteoblast differentiation and function. To inves-  blasts. pCT analysis in 3-month-old mice showed that Ocn-Asl-
tigate the osteoblast-specific function of ASL-dependent NO in ~ ¢KO mice exhibited lower bone mass as compared with the control
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mice (Asl”f) (Figure 5A). BV/TV, Tb.N, Tb.Th, and Conn.D were
all reduced, while Tb.Sp was increased, and Cort.Th was unaltered
in Ocn-Asl-cKO mice compared with control mice (Figure 5A).

To determine the in vivo cellular phenotype caused by loss of
Asl in the osteoblast lineage, we performed bone histomorpho-
metric analyses for both osteoblasts and osteoclasts in WT and
Ocn-Asl-cKO mice. Static bone histomorphometry showed that
osteoblast number (N.Ob/BS) was lower in Ocn-Asl-cKO mice
compared with WT mice (Figure 5B). Dynamic histomorphom-
etry using double calcein labeling showed that Ocn-Asl-cKO
mice exhibited lower bone formation rate (BFR/BS) and mineral
apposition rate (MAR) (Figure 5C). In addition, histomorphome-
try demonstrated that osteoclast surface (Oc.S/BS) and number
(N.Oc/BS) were unaltered in Ocn-Asl-cKO mice compared with
WT mice (Figure 5D). Taken together, these results show that the
low-bone-mass phenotype in the Ocn-Asl-cKO mice is primari-
ly due to decreased osteoblast-mediated bone formation. These
results also support a critical role of cell-autonomous NO in the
maintenance of in vivo bone formation.

Effect of ASL deficiency on osteoblast function and bone mineral
density in humans with ASLD. To evaluate the effect of loss of ASL
on human osteoblasts, we generated induced pluripotent stem cells
(iPSCs) from an individual with ASLD (pathogenic variants in ASL
¢.557G>A or p.Argl86GIn and ¢.857A>G or p.GIn286Arg, NCBI
reference sequence NM_001024943.1; ref. 32). This individual
was diagnosed with ASLD at 3 years of age, with hypertension at 5
years of age, and has not had any documented episodes of hyperam-
monemia (i.e., plasma ammonia levels >100 umol/L; ref. 51). We
also established 2isogenic control iPSC lines from this parental line,
each with a heterozygous variant in ASL (c.557G>A or ¢.857A>G) by
correcting 1 of the 2 variants (Figure 6A), using a helper-dependent
adenovirus system to mediate homologous recombination (ref. 52;
Supplemental Methods, and Supplemental Figures 5 and 6).

We evaluated osteoblast differentiation and mineralization
capacity using iPSCs from the individual with ASLD as compared
to the 2 corrected, isogenic cell lines. The mineralization capac-
ity was markedly increased in both corrected, isogenic cell lines
compared with the ASLD parental line, when iPSCs were cultured
in osteogenic medium for 21 days followed by alizarin red stain-
ing (Figure 6B). The osteoblast differentiation capacity was also
increased in the 2 isogenic, corrected iPSC lines as compared
with the parental ASLD iPSCs, as assessed by expression of the
osteoblast markers Runx2 and Collal after culturing in osteogenic
medium for 14 days (Figure 6C).

We also assessed mRNA levels of genes in the glycolysis path-
way, before and after iPSCs were differentiated in osteogenic medi-
um for 14 days. We found that mRNA levels of the glycolytic genes
Slc2al (solute carrier family 2 member 1), HKI (hexokinase 1), HK2,
Pfkfb3, Pkm, and Ldha were significantly higher in the 2 isogenic,
corrected cells compared with ASLD iPSCs after differentiation in
osteogenic medium, indicating that correcting 1 of the 2 As/ variants
was sufficient to restore glycolytic ability (Figure 6D). This is consis-
tent with the recessive inheritance of ASLD and absence of an appar-
ent clinical phenotype in carriers of ASLD. In addition, the protein
level of glucose transporter 1 (GLUT1) was dramatically upregulat-
ed in the 2 isogenic, corrected iPSCs compared with parental ASLD
iPSC-derived osteoblasts (Figure 6E). Importantly, when the iPSCs
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from the ASLD subject were treated with SNAP during osteoblast
differentiation, the mRNA levels of glycolytic genes were upregu-
lated (Figure 6F). These results suggest that iPSCs derived from the
individual with ASLD also have decreased osteoblast differentia-
tion ability, which is associated with impaired glycolysis.
ASLDisarare Mendeliandisorder;thus,toassessboneturnover
markers and areal bone mineral density (aBMD) in humans with
ASLD, we leveraged an ongoing clinical study (NCT03064048)
that was being conducted at Texas Children’s Hospital and Bay-
lor College of Medicine. In this sample, 12 individuals (9 males, 3
females) with ASLD were evaluated (Supplemental Table 2). The
median age of participants was 9 years (range, 6-21). Seven par-
ticipants had history of hyperammonemia and 3 had undergone
liver transplantation. In these 12 individuals, plasma markers that
are representative of bone formation (i.e., OCN and bone-specific
alkaline phosphatase [BSALP]), bone resorption (C-terminal telo-
peptide [CTX]), and aBMD using dual-energy X-ray absorptiom-
etry were assessed. The bone turnover markers were within the
age-specific normative values (Supplemental Table 3). The pro-
portion of individuals with ASLD with low bone density defined
by a z score of less than -2.0 at the lumbar spine (0.166; n = 2) was
statistically higher when compared with the expected proportion
(0.0228) from the age- and gender-matched general population
data (Figure 6G). The 2 individuals with low bone density did not
have any history of fractures. Three individuals with lumbar spine
aBMD above a z score of -2.0 had history of fractures after trauma.

Discussion

The role of NO in bone metabolism has been studied in NOS-KO
mice as well as a few clinical trials. Murine models that globally
lack each isoform of NOS (nNOS, iNOS, and eNOS) and the triple-
NOS-KO mice exhibit contrasting bone phenotypes, likely due to the
redundancy among the NOS isoforms in these single-KO mice as well
as the non-cell-autonomous effects of NO in all the models. Given
that ASL is essential for all cell-autonomous, NOS-dependent NO
production, we utilized models with the loss-of-function of ASL as
an approach to study NO signaling in osteoblasts. We used multiple
model systems including ASL knockdown in osteoblastic cell lines, a
hypomorphic mouse model of ASLD, an osteoblast-specific KO mod-
el of ASLD, and human osteoblasts generated from iPSCs from an
individual with ASLD, as well as clinical bone data from a convenient
sample of individuals with ASLD. We show that loss of ASL in osteo-
blastsleads to a decrease in NO production, impairment of osteoblast
differentiation and function, and a decrease in bone mass.

The results from the clinical study of bone turnover markers
and aBMD in individuals with ASLD have to be interpreted within
the context of limitations of the data set. The study sample size was
small and the aBMD scores as presented represent the results com-
pared with age- and gender-matched individuals from the general
population, although they do serve to correlate with the significant
findings of preclinical data generated by a variety of approaches.
Multiple factors can influence the overall bone health and aBMD
in individuals with ASLD including protein restriction, insufficient
intake of micronutrients, repeated hospitalizations, neurocognitive
and motor deficits, and concomitant medications, to name a few.
With a small sample size, we were unable to control for all of these
important clinical covariates. Given the complexity in the clinical
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presentations, we tested the clinical significance of our preclinical
findings utilizing iPSCs from an individual with ASLD as a mod-
el of congenital human NO deficiency (32). To support the results
from the mouse studies, iPSCs from the individual with ASLD also
showed decreased osteoblast differentiation ability, decreased
mineralization capacity, and decreased glycolytic gene expression
as compared with the 2 isogenic control iPSC lines.

ASL is responsible for de novo synthesis of arginine. It is pos-
sible that arginine-derived metabolites such as urea, polyamine,
and glutamate may contribute to potential pathomechanisms.
However, we believe that NO is the major downstream media-
tor. ASL forms a complex with the arginine transporter CAT1 and
NOS, and directs arginine to the NOS-NO synthetic complex. In
the absence of ASL, this leads to selective loss of arginine sub-
strate for NOS-dependent NO production. Moreover, ASLD cells
are not arginine deficient in the presence of adequate extracellular
arginine, which continues to be transported into other compart-
ments within the cell by multiple mammalian plasma membrane
transporters. Loss of ASL disrupts channeling of extracellular
arginine to NOS via the CAT1 transporter, but not arginine trans-
port into the cytoplasm in general (31). In support of this, patients,
mice, and cells with ASLD still have NO deficiency when arginine
is supplemented (31, 53, 54).

Given the diverse effects of NO on bone metabolism, it is
important to dissect distinct biological effects and identify the
precise roles of downstream mediators. In this study, we explored
the possible pathways by comparing WT and Asl-deficient mouse-
derived osteoblasts. RNA-seq revealed that many genes in the gly-
colysis pathway were downregulated in Asl-deficient osteoblasts.
Accumulating evidence supports the notion that upregulation of
glucose metabolism through aerobic glycolysis is a major metabol-
ic pathway to meet energy demand and promote osteoblast-medi-
ated bone formation (13). Moreover, some of the anabolic agents
used to increase bone mass have been shown to drive glycolysis
during osteoblast differentiation, thus underscoring an essential
role of glycolysis in bone anabolism (14). It has been reported that
NO can enhance glycolysis in a variety of cells, such as muscle cells
and adipocytes (18-21). To our knowledge, this is among the first
reports that NO enhances glycolysis in osteoblasts. It is likely that
NO modulates glycolysis by multiple mechanisms. For example,
we have shown that the mechanism of metabolic regulation by NO
involves the transcriptional upregulation of Slc2al as well as multi-
ple glycolytic genes in osteoblasts. GLUT1 has been reported to be
the main glucose transporter to mediate glucose uptake in osteo-
blasts (55). In muscle cells and adipocytes, NO has been reported
toincrease glucose transporter 4 (GLUT4) expression and enhance
glucose uptake (56-58). The specific mechanisms by which NO
activates glycolysis are not well understood. Some studies have
shown that the canonical soluble guanylyl cyclase (sGC)/cyclic
guanosine monophosphate (cGMP) pathway is involved in glucose
uptake in skeletal muscle cells; however, others have shown that
sGC/cGMP-independent regulation is also involved (59).

In addition to activating the cGMP-dependent pathway, NO
can directly modify protein thiols through the posttranslational
modification S-nitrosylation. S-nitrosylation leads to changes in
protein activity, protein-protein interactions, or subcellular loca-
tion of the target proteins (60-62). Although a substantial number
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of enzymes in glycolysis pathways that can be S-nitrosylated have
been identified in S-nitrosoproteomic analysis, for example in
both plants and mammalian tissues (63-65), little is known about
the consequences of this modification in physiological or patho-
logical conditions. In the Seahorse assay, we observed that SNAP
treatment partially rescued the glycolytic rate in Asl-knockdown
ST2 cells. We also tested a different class of NO donor: NONOate
(which releases NO with minimal S-nitrosylation effects), and we
did not observe a rescue of glycolysis (data not shown). These data
support the idea that S-nitrosylation may play an important role in
enhancing glycolysis. Therefore, the identification and functional
validation of S-nitrosylation in glycolytic proteins in osteoblasts
may provide new insights into NO signaling in bone anabolism.
In addition to the defective glycolytic phenotype, we observed
that ASLD led to impaired oxygen consumption in BMSCs and
BMSC-derived osteoblasts from As/¥N mice. It has been demon-
strated that NO exerts diverse effects on mitochondrial functions,
depending on the cellular context (66-69). Our data suggest that
cell-autonomous and physiological levels of NO may promote
mitochondrial oxygen consumption in osteoblast lineage cells.

In the present study, we confirmed the hypothesis that genetic
alteration of positive and negative regulators in the NOS-NO syn-
thetic complex could modulate NO production and subsequently
influence in vivo bone mass. We showed that heterozygous dele-
tion of Cav-I resulted in increased NO production, overcoming
the NO deficiency in the context of ASLD. We demonstrated
partial restoration of bone mass in As/NN;Caqv-1*/- mice, accom-
panied with reversal of glycolytic gene expression. This strongly
suggests that manipulating the balance of negative versus positive
regulators of NO production could be a therapeutic way to modu-
late NO-mediated bone metabolism. However, Cav-1 downstream
NO-independent pathways may also contribute to the rescue of
the low bone mass in As/¥N mice. In addition, beyond support-
ing NO specificity of the ASLD phenotype here, targeting Cav-1
function may be a viable approach for treating ASLD and NO pro-
duction in vivo. Together, our results address the contribution of
ASLD as a nonredundant regulator of cell-autonomous NO pro-
duction in bone metabolism.

Methods

Human studies. To evaluate bone turnover and bone mineral density in
individuals with ASLD, we leveraged an ongoing clinical trial that was
being conducted at Texas Children’s Hospital (TCH) and Baylor College
of Medicine (BCM) (NCT03064048). When participants were enrolled
in the parent clinical study, ancillary study procedures to measure
aBMD and plasma markers of bone turnover were implemented.

The inclusion criteria for enrollment were the following: (a) age
between 6 and 50 years, (b) diagnosis of ASLD based on presence of
argininosuccinic acid in plasma or urine or reduced ASL enzymatic
activity from fibroblasts or red blood cells or 2 pathogenic or likely
pathogenic variants in ASL, and (c) history of compliance with diet
and treatment regimens. Individuals with the following characteris-
tics were excluded: (a) clinical or laboratory abnormality of grade 3 or
greater according to the Common Terminology Criteria for Adverse
Events (CTCAE, version 4.0; https://evs.nci.nih.gov/ftpl/CTCAE/
CTCAE_4.03/Archive/CTCAE_4.0_2009-05-29_QuickReference_
8.5x11.pdf); (b) clinical or laboratory abnormalities not covered by the
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CTCAE, but representing a severe or severe or life-threatening condi-
tion; (c) known hypersensitivity to nitrite; and (d) inability to lie still
for measurement of bone density. All females of child-bearing poten-
tial had to have a negative pregnancy test and were required to use
an acceptable birth control method for the duration of the study. All
males who had the potential to father children were required to use an
acceptable form of birth control for the duration of the study. Infor-
mation regarding the diagnosis of ASLD, history of hyperammonemia,
prescribed diet, and concomitant medications including the use of
nitrogen-scavenging medications was collected by review of medical
records and interview of the participant and/or their parent(s). The
presence of a history of hyperammonemia in a participant was defined
by a plasma ammonia level greater than 100 pmol/L at least once
during their lifetime. The prescribed protein intake from diet and sup-
plemental formulae in each participant was collected based on review
of the medical records. The percentage of the total protein intake per
day as compared with the recommended daily intake (RDI) was calcu-
lated using the age- and stature-specific RDI data available from the
United States Department of Agriculture (https://www.nal.usda.gov/
fnic/dri-calculator/). Height and weight were measured by trained
research staff at the Clinical Research Center of TCH. The z scores for
height and weight were calculated using growth data from the Cen-
ters for Disease Control. Markers of bone turnover in plasma (i.e.,
BSALP, OCN, and CTX) were measured by the CLIA- and CAP-cer-
tified clinical diagnostic laboratory of TCH. aBMD was measured by
dual-energy X-ray absorptiometry using a Hologic Discovery A densi-
tometer that has been validated for clinical use. The aBBMD measure-
ments were performed by qualified technologists and interpreted by
radiologists who were not involved in the design or implementation
of the study. The lumbar spine aBMD 2 scores were generated using a
software from Hologic as per the manufacturer’s protocol. Here, only
cross-sectional results from the baseline study visit are presented. The
comparison between the proportion of individuals with ASLD who
had low bone density (z score less than -2.0 at the lumbar spine) with
expected proportions from the general population was assessed using
a 1-sample test of proportions. A P value of less than 0.05 was consid-
ered statistically significant.

Mice. The generation of Asl™ mice and Asl"/! mice was previous-
ly described (31). To generate osteoblast-specific Asl-KO mice, Ocn-Cre
transgenic mice (provided by Thomas Clemens, Johns Hopkins University,
Baltimore, Maryland, USA; ref. 70) were bred with As!”/ mice. Cav-1 gene-
deleted mice were purchased from The Jackson Laboratory (B6-Cg-Cavl-
tm1Mis/]). To generate Asl¥No; Cavy-1*/- mice, Asl"/N mice were bred with
Cav-17- mice to generate Asl”N;Cav-17~ mice. Asl”™;Cav-17~ mice were
bred with As/”~* mice to generate As/N™* mice and As[N/N;Cav-17- mice
for experiments. All mice were maintained on the C57BL/6] background.

Cell culture. The bone marrow-derived stromal cell line ST2 was
provided by the laboratory of Fanxin Long (University of Pennsylvania,
Philadelphia, Pennsylvania, USA). ST2 cells were maintained in o-MEM
supplemented with 10% FBS and 1% penicillin/streptomycin (1% P/S).

To generate BMSCs, bone marrow cells were isolated from mouse
long bones. Briefly, femurs and tibiae were dissected and both ends
as epiphyses were cut off. Bone marrow was flushed from the long
bones and passed through a 70-um cell strainer. Cells were cultured in
a-MEM containing 10% FBS and 1% P/S, with medium change every
other day to remove nonadherent cells. On day 7, cells were dissociat-
ed with trypsin and plated for subsequent experiments.
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For osteogenic induction, 100 pg/mL ascorbic acid (Sigma-
Aldrich) and 5 mM B-glycerophosphate (Sigma-Aldrich) were added
to a-MEM containing 10% FBS and 1% P/S with a change of medi-
um every other day. The total differentiation days are stated in the
Results section.

Osteogenic differentiation of human iPSCs. The generation of iPSCs
from an individual with ASLD was previously reported (compound
hemizygous; ASLD 1-1; ref. 32). In this study, we generated 2 isogenic
control iPSC lines by correcting each of the mutant variants using a
helper-dependent adenovirus system (Supplemental Figures 5 and 6).

iPSCs were differentiated into osteoblast-like cells as previously
described with some modifications (71). Briefly, Accutase-dissociat-
ed single iPSCs were first plated in gelatin-coated 12-well plates at a
density of 4 x 10° cells/well. Osteoblast differentiation medium was
supplemented with ROCK inhibitor (Y27632) for the first 2 days. The
osteoblast differentiation medium consisted of 20% FBS, 2 mM glu-
tamine, 1% nonessential amino acids, 0.1 mM B-mercaptoethanol,
10 mM B-glycerophosphate, 1 nM dexamethasone, and 50 pg/mL
ascorbic acid (made fresh), with Knockout DMEM (Gibco) as the basal
medium. The medium was changed every other day. The total differ-
entiation days are stated in the Results section.

Skeletal analyses and bone histomorphometry. Femurs were collect-
ed from 3-month-old male WT (Asl*/) mice and Ocn-Asl-cKO mice.
Femurs were collected on postnatal days 21-23 from male As/¥/¥ and
AslNeo/Neo; Cgy-17- mice. pnCT was performed using the Scanco pCT-40
system (Scanco Medical) to quantify bone parameters. Undecalcified
femurs were embedded in plastic for sectioning. Trichrome and tar-
trate-resistant acid phosphatase (TRAP) staining were performed for
osteoblast and osteoclast quantification (Bioquant Osteo Image Anal-
ysis System). For dynamic histomorphometry, calcein (20 mg/kg) was
injected 2 times with an interval of 7 days before bone collection.

Gene expression analysis by gPCR. RNA was extracted with TRIzol
reagent, and cDNA was synthesized using a Superscript III First-
Strand RT-PCR kit (Invitrogen). RNA expression was analyzed by
qPCR with SYBR Green I reagent (Roche). Rpl19 was used as reference
gene for normalization of mouse and cell line experiments. Hprtl was
used as reference gene for iPSC line experiments.

siRNA-mediated knockdown of Asl. ST2 or MC3T3 cells were plated
at1x 105 cells/well in 12-well plates overnight, and transfected with 10
pmol/well si-control (siGENOME Non-Targeting siRNA Pool 1; Dhar-
macon) or si-Asl (SMARTpool siRNAs; Dharmacon) using Lipofect-
amine RNAIMAX (Thermo Fisher Scientific) according to the manu-
facturer’s instructions.

RNA-seq and analysis. BMSCs generated from primary bone marrow
cells were differentiated in osteogenic medium for 14 days. Total RNA
was extracted from cells using an AllPrep DNA/RNA/Protein Mini Kit
(QIAGEN). Strand-specific libraries were generated using the TruSeq
Stranded mRNA sample preparation kit according to the manufactur-
er’s instructions (Illumina, document 1000000040498 v00). Briefly,
polyadenylated RNA from 1000 ng intact total RNA was purified using
oligo-dT beads, fragmented, random primed, and reverse transcribed.
Amplified ¢cDNA was validated and quantified on an Agilent Bioana-
lyzer with the High-Sensitivity DNA chip. The purified libraries were
normalized, pooled together, denatured, and diluted according to the
manual instructions and followed by 1 x 75 bp sequencing on a NextSeq
500 (Illumina). Raw reads were aligned to a references genome (mm10,
UCSC assembly) using TopHat v2.0.14 and Bowtie v2.10 with the follow-
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ing parameters: -no-coverage-search-library-type fr-firststrand -G were
GFF file was obtained from Genome Reference Consortium Mouse Build
38, patch release 4. The distribution of alignments was analyzed using
Cufflinks v2.2.1; FPKM values were quantile normalized. Differential
expression was evaluated using Cuffdiff v2.2.1. Differentially expressed
genes with a threshold of 1.5-fold change were used for IPA core analy-
sis (Ingenuity Systems). The raw RNA-seq data were deposited in NCBI's
sequence read archive (SRA) database, with the BioProject accession
number PRJNA681756. The heatmap was generated using the online
Morpheus software (https://software.broadinstitute.org/morpheus/).

ECAR and OCR measurements with Seahorse assay. For Seahorse
(Agilent) tests using BMSC-derived osteoblasts, BMSCs generated from
primary bone marrow cells were plated in XF96 cell culture microplates
(Agilent) at a density of 3 x 10* cells/well in o-MEM supplemented with
10% FBS and 1% P/S, and differentiated in osteogenic medium for
7 days with medium change every other day. On the day of assay, for
glycolysis tests, medium was switched to Seahorse XF assay medium
(without glucose), and cells were incubated in a 37°C CO,-free incuba-
tor for 1 hour. The basal level of ECAR, and ECAR following sequential
additions of glucose (final concentration was 10 mM), oligomycin (final
concentration was 1 pM), and 2-deoxyglucose (2-DG; final concentra-
tion was 50 mM) were measured using the Seahorse XFe96 Analyzer.
On the day of assay, for mitochondrial stress test (Agilent, Seahorse
XF Cell Mito Stress Test Kit, 103015-100), medium was switched to
Seahorse XF assay medium supplemented with 1 mM pyruvate, 2 mM
glutamine, and 10 mM glucose, and cells were incubated ina 37°C CO,-
free incubator for 1 hour. The basal level of OCR, and OCR following
sequential additions of oligomycin (final concentration was 1.5 pM),
FCCP (final concentration was 0.5 uM), and rotenone and antimycin
A (final concentration was 0.5 uM) were measured using the Seahorse
XFe96 Analyzer. After the assay, total DNA amount was measured for
normalization (when BMSCs were differentiated in XF96 microplates
for 7 days). For ST2 cell Seahorse assay, 48 hours after transfection of
si-control or si-Asl, ST2 cells were differentiated in osteogenic medium
for 3 days, dissociated with trypsin, plated in XF96 cell culture micro-
plates (Agilent) at 3 x 10%cells/well the day before the assay, and treated
with vehicle control (DMSO), NAP (Cayman Chemical), or SNAP (Sig-
ma-Aldrich) 18 hours before the assay. For Seahorse assay using BMSCs,
BMSCs were plated in XF96 cell culture microplates at 3 x 10*cells/well,
1 day before the assay. This cell density ensured similar numbers and
high confluence of plated cells in each condition.

Western blot. BMSCs were differentiated in osteogenic medium
for 14 days, washed with cold PBS, and directly lysed in Laemmli buf-
fer (Bio-Rad). To extract protein from the long bone, femurs and tibiae
were dissected and soft tissue was removed, and both ends as epiph-
yses were removed. Bone marrow was removed from the long bones
and the remainder of the long bones was chopped into small pieces
and homogenized (IKA T25 Basic Ultra-Turrax Homogenizer) in RIPA
buffer (Thermo Fisher Scientific [89900] and supplemented with Pro-
tease Inhibitor from Roche [11836170001]) at maximal speed. A stan-
dard protocol was used for Western blotting. In brief, samples were
resolved in an SDS polyacrylamide gel, transferred onto a 0.45 pm
PVDF membrane (Thermo Fisher Scientific), and incubated with the
primary antibodies as follows: Cav-1 antibody (Cell Signaling Tech-
nology, 3267s), GLUT1 antibody (Cell Signaling Technology, 12939s),
PFKFB3 antibody (Cell Signaling Technology, 13123s), PKM antibody
(Abcam, ab137791), LDHA antibody (Abcam, ab47010), a-tubulin
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antibody (Invitrogen, T5168), and HRP-conjugated secondary anti-
bodies. Western blot images were quantified with Image] (NIH).

Mitochondrial DNA copy number by real-time PCR. Total DNA was
extracted from cell samples using InstaGene Matrix (Bio-Rad, 7326030)
according to the manufacturer’s instructions. The relative mitochondrial
DNA copy number was determined by real-time PCR with specific prim-
ers for the mitochondrial gene MT-ND5 (forward: 5-TTATTGAAG-
CAATTAATACCTGCAACAC-3'; reverse: 5-CGGTTTTGTTATTGT-
TACGAAGTAAATG-3'), and was normalized to the nuclear gene
GAPDH (forward: 5-GCAAGAGAGGCCCTATCCCAA-3'; reverse:
5'-CTCCCTAGGCCCCTCCTGTTATT-3').

DAF-FM test of NO. DAF-FM diacetate (Thermo Fisher Scientif-
ic) was used to detect and quantify relative NO concentrations. Equal
numbers of cells were labeled with 10 pM DAF-FM diacetate at room
temperature for 45 minutes, washed twice in PBS, incubated in PBS
for an additional 30 minutes, and NO signal was measured by fluores-
cence microplate reader.

Statistics. All results are presented as mean + SD. Statistically sig-
nificant differences between 2 groups were determined by 2-tailed Stu-
dent’s ¢ test. Comparisons between multiple groups were performed by
1-way or 2-way ANOVA followed by Tukey’s multiple-comparison test.
*P<0.05; **P < 0.01; ***P < 0.005; NS, not significant (P> 0.05).

Study approval. The study procedures were reviewed and approved
by the Institutional Review Board (IRB) of Baylor College of Medicine.
Informed written consent was obtained from all participants or their
parents. All animal care and experimental procedures were approved
by the IACUC of Baylor College of Medicine.
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