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SUMMARY

Skeletal stem cells (SSCs) are postulated to provide a
continuous supply of osteoblasts throughout life.
However, under certain conditions, the SSC popula-
tion can become incorrectly specified or is not main-
tained, resulting in reduced osteoblast formation,
decreased bone mass, and in severe cases, osteo-
porosis. Glutamine metabolism has emerged as
a critical regulator of many cellular processes in
diverse pathologies. The enzyme glutaminase (GLS)
deaminates glutamine to form glutamate—the rate-
limiting first step in glutamine metabolism. Using
genetic and metabolic approaches, we demonstrate
GLS and glutamine metabolism are required in SSCs
to regulate osteoblast and adipocyte specification
and bone formation. Mechanistically, transaminase-
dependent a-ketoglutarate production is critical for
the proliferation, specification, and differentiation
of SSCs. Collectively, these data suggest stimulating
GLS activity may provide a therapeutic approach
to expand SSCs in aged individuals and enhance
osteoblast differentiation and activity to increase
bone mass.

INTRODUCTION

Osteoporosis is a prevalent human disease characterized by low

bone mass and deterioration of the bone microarchitecture, re-

sulting in increased fracture susceptibility (Eisman et al., 2012;

U.S. Department of Health and Human Services, 2004). Osteo-

porosis affects approximately 10 million Americans over the

age of 50 and is estimated to cost upwards of 20 billion dollars

per annum (Becker et al., 2010). Adult bone is a dynamic tissue

undergoing constant remodeling, which is regulated by both

the number and cellular activity of the bone-forming osteoblasts

and bone-resorbing osteoclasts. Skeletal stem cells (SSCs), also

termed bone marrow mesenchymal stromal cells (BMSCs), are
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critical regulators of postnatal bone homeostasis by providing

a reservoir of osteoblasts throughout life (Bianco and Robey,

2015; Mizoguchi et al., 2014; Zhou et al., 2014). Originally,

SSCs were defined by multiple characteristics, including adher-

ence to plastic, ability to generate fibroblastic colonies (CFU-F)

in culture, and the capability to differentiate into adipocytes, os-

teoblasts, and chondrocytes in vitro (Bianco and Robey, 2015;

Owen and Friedenstein, 1988; Friedenstein et al., 1966). Recent

studies have demonstrated SSCs arise postnatally, are tightly

associated with the vasculature in vivo, and can be targeted in

mouse using various Cre lines, including Prx1Cre and LeprCre

(Mizoguchi et al., 2014; Zhou et al., 2014; Ding and Morrison,

2013; Greenbaum et al., 2013). Under normal physiological con-

ditions, SSCs are quiescent but rapidly proliferate and can differ-

entiate into adipocytes, osteoblasts, and chondrocytes in

response to injury (Zhou et al., 2014; Park et al., 2012). With

age, SSC numbers decline. This results in decreased osteoblast

generation, leading to decreased bone mass and diminished

regeneration potential over time. Moreover, the differentiation

potential of SSCs shifts to favor adipogenesis with age, further

decreasing osteoblast generation and bone formation (Moerman

et al., 2004; Justesen et al., 2001; D’Ippolito et al., 1999; Nishida

et al., 1999). Recent studies have identified many extrinsic sig-

nals that regulate SSC lineage commitment and differentiation

(Fairfield et al., 2018; Balani et al., 2017; Fan et al., 2017; Wu

et al., 2017; Yue et al., 2016; Li et al., 2013). However, the intrinsic

mechanisms governing SSC commitment to the osteogenic

rather than adipogenic lineage remain to be elucidated.

Glutamine metabolism is emerging as an intriguing regulatory

node frequently altered in many pathological conditions (Still and

Yuneva, 2017; Zhang et al., 2017; Karner et al., 2015). Glutamine

is the most abundant non-essential amino acid in circulation and

has multiple metabolic uses in the cell (Stein and Moore, 1954).

Glutamine metabolism is initiated by the enzyme glutaminase

(GLS), which deaminates it to form glutamate, an important inter-

mediate metabolite that has many biosynthetic uses in the cell.

The physiological role of glutamine metabolism during embry-

onic and postnatal development is unknown as mice deficient

forGls die within 24 h of birth because of defects in glutamatergic

neural transmission (Masson et al., 2006). However, no other

phenotypes were reported in these mice, suggesting glutamine
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metabolism is not important physiologically. On the contrary,

much is known about the importance of glutamine metabolism

in pathological conditions. For example, some tumor cells utilize

glutamine metabolism to provide NADPH and better utilize

glucose carbons to generate biomass (DeBerardinis et al.,

2007). In other tumors, glutamine metabolism provides carbon

for lipid and glutathione (GSH) biosynthesis as well as nitrogen

for nucleotide biosynthesis to control oxidative stress and

support proliferation (Le et al., 2012; Metallo et al., 2011; Mullen

et al., 2011; Wise et al., 2011; Wise and Thompson, 2010;

DeBerardinis et al., 2007). It is unknown if SSCs utilize glutamine

metabolism, and if so, what it is used for.

Here, we define the role of glutamine metabolism during phys-

iological bone formation and homeostasis. We describe the

distinct requirement for glutamine metabolism in SSCs to main-

tainbonehomeostasis.Usinggenetic andmetabolicapproaches,

we demonstrate GLS activity and glutaminemetabolism regulate

SSC proliferation and appropriate lineage allocation in mice.

Collectively, our data highlight the previously unknown role for

glutamine metabolism in SSCs regulating physiological bone

formation.

RESULTS

Differential Requirements for Glutamine Metabolism
during Mesenchymal Stem Cell Differentiation
Upon examination of the metabolic needs of SSCs in culture, we

observed a significant increase in glutamine consumption dur-

ing osteoblast differentiation (Figures 1A, 1C, and S1A). Like-

wise, GLS activity was markedly increased during osteoblast

differentiation (Figure 1D). Conversely, during adipocyte differ-

entiation, neither glutamine consumption nor GLS activity

were altered relative to undifferentiated SSCs (Figures 1B–1D

and S1B). To determine if exogenous glutamine is required for

SSC differentiation, we cultured SSCs under osteogenic or adi-

pogenic conditions in the presence or absence of glutamine

supplementation. SSCs underwent robust differentiation into

either osteoblast or adipocyte lineages when cultured in the

presence of exogenous glutamine (Figures 1E, 1F, S1C, and

S1D). Glutamine withdrawal reduced SSC differentiation into

the osteoblast lineage as exemplified by reduced matrix miner-

alization and decreased marker gene expression (Figures 1E

and S1C). Conversely, glutamine withdrawal increased adipo-

cyte marker gene expression and lipid accumulation during

adipocyte differentiation (Figures 1F and S1D). These data sug-

gest SSCs utilize glutamine disparately during differentiation

into osteoblast and adipocyte lineages.

GLS is the primary enzyme responsible for glutamine catab-

olism. GLS activity is encoded by two protein isoforms, kid-

ney-type glutaminase A (KGA, encoded by Gls) and liver-type

glutaminase (LGA, encoded by Gls2). qPCR analyses demon-

strated that SSCs express Gls at much higher levels than

Gls2 in both the undifferentiated and differentiated conditions

(Figures 1G and S1E). Moreover, Gls2 expression was negli-

gible, suggesting Gls encodes the majority of GLS activity in

SSCs. To test this hypothesis, we inhibited KGA using the small

molecule inhibitor Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-

2-yl)ethyl sulfide (BPTES) (Thangavelu et al., 2012). BPTES

treatment significantly reduced 3H-glutamate production from
L-[2,3,4-3H] glutamine, confirming Gls encodes the primary

GLS isoform expressed in SSCs (Figure 1H).

We next sought to understand how glutamine is utilized during

osteoblast differentiation. First, we determined the effect of GLS

inhibition on downstreammetabolites using mass spectrometry.

GLS inhibition significantly diminished intracellular glutamate

and a-ketoglutarate (aKG) as well as the downstream products

aspartate and alanine (Figure 1I). Conversely, GLS inhibition

had no effect on other products of glutamine metabolism (e.g.,

proline) (Figure 1I). Next, we used stable isotopically labeled

glutamine to trace the relative metabolic fluxes of glutamine.

Briefly, SSCs precultured in growth or osteogenic media for

7 days were incubated with a glutamine tracer uniformly labeled

with 13C ([U-13C]glutamine) for 1 h and contribution of the tracer

to downstream metabolites was determined by measuring the

mass isotope-labeling pattern (Figure 1J). As a control, SSCs

were cultured in BPTES for 1 h prior to the 1-h incubation with

[U-13C]glutamine. As expected, a significant amount of gluta-

mate was derived from glutamine (Figures 1K and S1F). Like-

wise, glutamine carbon contributed to the tricarboxylic acid

(TCA) cycle (e.g., citrate) and was used for amino acid (e.g., pro-

line, aspartate, and alanine) and GSH biosynthesis (Figures

S1G–S1J). Importantly, glutamine contribution to citrate, amino

acid, and GSH biosynthesis was prevented by BPTES treatment

(Figures S1F–S1J). We next evaluated glutamine metabolism in

SSCs during osteoblast differentiation. Glutamine contributed

to citrate both through oxidation (M+4) and reductive carboxyla-

tion (M+5) in undifferentiated SSCs (Figure 1L). Glutamine contri-

bution to citrate (bothM+4 andM+5) was significantly reduced in

differentiated SSCs (Figure 1L). This is likely the result of higher

glucose flux associated with osteoblast differentiation, which

dilutes the labeling from glutamine. Conversely, glutamine

contribution to aspartate and other amino acids remained

consistent during differentiation (Figures 1M and S1M). These

data suggest that in differentiated SSCs, glutamine carbon is

used primarily to provide aKG, which contributes to amino acid

biosynthesis in SSCs.

Gls Is Required for Bone Formation In Vivo

To determine the role of Gls during bone formation directly, we

deleted a conditionally null (floxed) allele of Gls (Glsfl) in the

mesenchymal progenitor cells of the limb bud using the Prx1Cre

deleter mouse (Masson et al., 2006; Logan et al., 2002). Prx1Cre

is expressed throughout the limb bud mesenchyme, beginning

at embryonic day 9.5 and is expressed in chondrocytes and dur-

ing all stages of osteoblast differentiation (Figures S2A and S2E).

Prx1Cre;Glsfl/fl mice were born at Mendelian ratios and were

indistinguishable from wild-type littermates at birth despite

loss of GLS protein expression (Figures S2B–S2D). X-ray ana-

lyses of 4-month-old mice demonstrate the long bones from

Prx1Cre;Glsfl/fl mice are overtly normal with no defects in length,

growth, or morphology relative to wild-type littermates (Fig-

ure S2F). These analyses did identify a reduction in overall

bone mass in Prx1Cre;Glsfl/fl mice relative to wild-type litter-

mates (Figure S2F). Microscopic computed tomography (mCT)

analyses confirmed that Gls deletion resulted in a significant

reduction in bone mass (Figures 2A and 2B). Quantification of

the mCT analyses demonstrated that Gls deletion resulted in sig-

nificant reductions in trabecular bone volume per tissue volume
Cell Metabolism 29, 966–978, April 2, 2019 967



Figure 1. Skeletal Stem Cells Increase Glutamine Consumption and Metabolism during Osteoblast Differentiation

(A) Alizarin Red staining of SSCs induced to undergo osteoblast differentiation for 14 days.

(B) Oil Red O staining of SSCs induced to undergo adipocyte differentiation for 7 days.

(C and D) Tukey box and whisker plot of measurements of glutamine uptake (C) or GLS activity (D) in SSCs after 7 days of differentiation. Median and mean are

represented by the line and cross, respectively. n = 5.

(E and F) Effect of glutamine withdrawal on osteoblast (E) or adipocyte (F) differentiation in SSCs.

(G) qRT-PCR analyses of gene expression in SSCs cultured for 7 days in osteogenic media.

(H) Effect of BPTES on GLS activity in SSCs.

(I) Effect of BPTES on metabolite concentration measured by mass spectrometry.

(J) Graphical depiction of tracing glutamine metabolism using [U-13C]glutamine. Black filled circles indicate 13C, whereas black open circles and red open circles

denote 12C and 14N, respectively. OAA, oxaloacetate; aKG, a-ketoglutarate; ac-CoA, acetyl-CoA.

(K andM) Fractional contribution of [U-13C]glutamine to glutamate (K), citrate (L), and aspartate (M). Error bars in (G)–(I) and (K)–(M) depict SD. **p% 0.005, ***p%

0.0005, ****p % 0.00005.

See also Figure S1.
(BV/TV), trabecular number (Tb.N), and bone mineral density

(BMD), while increasing trabecular separation (Tb.Sp) in both

males and females at 4 months of age (Figures 2A and 2B; Table

S1). Gls deletion also affected cortical bone, highlighted by

decreased cortical thickness (Ct.Th) with no change in total

bone area (T.Ar) (Figures 2C and 2D; Table S1). Histological

analyses confirmed a significant reduction in trabecular bone

underneath the growth plate (Figures 2E and 2F). These analyses
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highlighted a partially penetrant sex-dependent increase in

marrow adiposity evident in 75% of Prx1Cre;Glsfl/fl female mice

compared to wild-type littermates at this time point (Figures 2E

and 2F; p = 0.0022, binomial test). OsO4-enhanced mCT analyses

confirmed the presence of increased adiposity in the distal fe-

murs of Prx1Cre;Glsfl/fl female mice (Figures 2G and S2G).

Because adipocytes and osteoblasts share a common pro-

genitor, we next evaluated if Gls ablation affected osteoblast



Figure 2. Gls Ablation Reduces Bone Mass In Vivo

(A–D) Representative mCT images of a 4-month-old Prx1Cre;Glsfl/+ (wild-type) or Prx1Cre;Glsfl/fl mutant mouse. BV, bone volume; TV, tissue volume; Ct.Th,

cortical thickness.

(E and F) Representative H&E-stained distal femur of 4-month-old female mice.

(G) Representative OsO4 mCT images of a 4-month-old female mice. Ad.V, adipose volume; TV, tissue volume.

(H) Representative H&E-stained section used to quantify osteoblasts (arrows).

(I) Tukey box and whisker plot of the quantification of osteoblast numbers (Ob.N) per bone surface.

(J) Representative TRAP-stained section used to quantify osteoclast numbers.

(K) Tukey box and whisker plot of the quantification of osteoclast numbers (Oc.N) per bone surface.

(L) Representative calcein double labeled sections of the distal femur from 4-month-old mice.

(M–O) Tukey box andwhisker plots of the quantification ofmineralized surface per bone surface (MS/BS) (M), mineral apposition rate (MAR) (N), or bone formation

rate (BFR) (O) derived from calcein double labeling. Median and mean are represented by the line and cross, respectively. n = 5. *p % 0.05.

See also Figure S2 and Table S1.
endowment using static histomorphometry (Figures 2H and 2I).

Quantification of the histomorphometric data identified a signif-

icant reduction in the overall number of osteoblasts per bone

surface (Ob.N/BS) in both males and females (Figures 2H and

2I). Similarly, we observed a significant reduction in osteoblast-

specific gene and protein expression in bone extracts from

Prx1Cre;Glsfl/flmice (Figures S2H and S2I). Importantly,Gls dele-

tion did not affect bone resorption as we observed no change in
TRAP-stained osteoclasts per bone surface (Figures 2J and 2K).

We next used dynamic histomorphometry to evaluate bone for-

mation directly (Figures 2L–2O). Prx1Cre;Glsfl/fl mice have a sig-

nificant reduction in osteoblast coverage as exemplified by the

mineralized surface per bone surface (MS/BS) (Figure 2M). Not

only were there fewer osteoblasts in Prx1Cre;Glsfl/fl mice, but

they displayed less bone-forming activity as both the mineral

apposition rate (Korangath et al., 2015) and bone formation
Cell Metabolism 29, 966–978, April 2, 2019 969



rate (BFR) were significantly decreased in Prx1Cre;Glsfl/fl mice

relative to littermate controls (Figures 2N and 2O). Thus, Gls-

dependent glutamine metabolism is required for normal mesen-

chymal lineage allocation, osteoblast endowment, and bone

mass accrual in vivo.

Glutamine Metabolism Is Required for Appropriate
Specification of SSCs
Wenext determined howGlsdeletion affectedosteoblast endow-

ment. We first evaluated if Gls deletion affected SSC mainte-

nance and specification by performing colony-forming efficiency

(CFE) assays in 2-month-old Prx1Cre;Glsfl/+ (wild-type) and

Prx1Cre;Glsfl/fl mice. Prx1Cre;Glsfl/fl mice displayed normal

CFE, indicating the SSC population of the bone marrow was

normal (Figures 3A–3C). We next stained colonies for alkaline

phosphatase expression (CFU-AP) to evaluate osteoblastic

specification of SSCs.Glsdeletion resulted in reduced osteoblast

specification of SSCs as we observed a significant reduction in

alkaline-phosphatase-positive colonies relative to overall CFE

(Figures 3D–3F). To test if the change in specification was func-

tional, we treated colonies from wild-type and Prx1Cre;Glsfl/fl

mice with either osteogenic or adipogenic media for an additional

14 days and evaluated differentiation potential. There was a sig-

nificant reduction in the numbers of Von Kossa-stained osteo-

blastic colonies (CFU-Ob) from Prx1Cre;Glsfl/fl mice (Figures

3G–3I). Conversely, colonies isolated from Prx1Cre;Glsfl/fl mice

demonstrated a significant increase in adipogenic potential as

shown by increased Oil Red-O staining (CFU-Ad) (Figures 3J–

3L). These data indicate that Gls and glutamine metabolism are

required for normal SSC specification and appropriate lineage

allocation. To test if Gls ablation affects differentiation ability

directly, we performed high-density SSC cultures isolated from

either wild-type or Prx1Cre;Glsfl/fl littermates. SSCs isolated

from Prx1Cre;Glsfl/fl mice were able to undergo osteoblast differ-

entiation but displayed diminished matrix mineralization as well

as reduced osteoblast marker gene expression (Figures S3A

and S3B). GLS knockout did not affect viability in SSCs as we

observed no increase in cleaved Caspase 3, suggesting the

reduction in osteoblast marker gene expression and mineraliza-

tion is the result of reducedosteoblast differentiation (FigureS3C).

Conversely, Prx1Cre;Glsfl/fl SSCs underwent normal adipogenic

differentiation shown by Oil Red O staining and marker gene

expression (Figures S3D and S3E). Unexpectedly, when cultured

in media containing both adipogenic and osteogenic cues,

Prx1Cre;Glsfl/fl SSCs displayed enhanced adipocyte differentia-

tion in vitro with increased Oil Red O staining and adipogenic

gene expression (Figures 3M and 3N). Conversely, wild-type

SSCs preferentially differentiated into osteoblasts (Figures 3M

and 3N). Thus, Gls and glutamine metabolism are critical for line-

age specification and differentiation of bone marrow SSCs.

Collectively, our data indicate Gls and glutamine metabolism

regulate osteoblast specification, differentiation, and bone for-

mation. Because Prx1Cre;Glsfl/fl mice lack a bone phenotype

prior to 2 months of age, despite deletion of Gls in all osteoblast

lineage cells, we hypothesized Gls is required directly in the

SSCs. Consistent with this hypothesis, deletion of Gls in mature

osteoblasts using BglapCre had no effect on either bone mass

or osteoblast or osteoclast numbers at 4months of age, suggest-

ingGls is dispensable inmature osteoblasts (FigureS4; Table S2).
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To test the role of Gls in SSCs directly, we deleted Gls using the

LeprCre deleter strain that is active in SSCs that give rise to oste-

oblasts postnatally (Figure S5) (Mizoguchi et al., 2014; Zhou et al.,

2014). mCT analyses demonstrated that while LeprCre;Glsfl/fl

mice had no bone phenotype at 2 months, they had a significant

decrease in bone mass in both males and females at 4 months

(Figures 4A and 4B; Table S3; data not shown). The decreased

bone mass in LeprCre;Glsfl/fl mice was mainly attributed to

decreased trabecular numbers and increased trabecular separa-

tion (Table S3). Decreased bone mass was not the result of

increased bone resorption as we found no change in the number

of TRAP-positive osteoclasts in LeprCre;Glsfl/flmice (Figures 4C–

4E). Conversely, LeprCre;Glsfl/fl mice had significantly fewer

osteocalcin (OCN)-positive osteoblasts compared to wild-type

littermates (Figures 4H–4J). Dynamic histomorphometry revealed

a significant decrease inMS/BS,MAR, andBFRspecifically in the

trabecular and endosteal but not periosteal compartments of

LeprCre;Glsfl/fl mice (Table S3). Importantly, we did not observe

increased apoptosis in LeprCre-expressing cells or their deriva-

tives (Figure S5E).

The bone phenotype of LeprCre;Glsfl/fl mice was reminiscent

of the Prx1Cre;Glsfl/fl phenotype. We next sought to determine

if there was a similar marrow adiposity phenotype in these

mice. Histological analyses highlighted a partially penetrant

sex-dependent increase in marrow adiposity evident in 67% of

LeprCre;Glsfl/fl females compared to littermate controls at

4 months of age (n = 7, p% 0.00001, binomial test) (Figure S5C).

OsO4-enhanced mCT analysis confirmed the presence of

increased marrow fat in tibiae isolated from LeprCre;Glsfl/fl

female mice (Figures 4F, 4G, and S5D). Immunofluorescent

staining for the adipocyte marker perilipin (PLIN) confirmed the

presence of adipocytes in the bone marrow of LeprCre;Glsfl/fl fe-

malemice (Figures 4K and 4L). Importantly, in bothwild-type and

LeprCre;Glsfl/flmice, almost all PLIN+ adipocytes also expressed

tdTomato (88.1% ± 16.9% versus 97.8% ± 2.6%, wild-type

versus LeprCre;Glsfl/fl, respectively) indicating they were derived

from LeprCre-expressing SSCs (Figures 4K and 4L). These data

suggest Gls and glutamine metabolism are required cell autono-

mously for appropriate lineage allocation and osteoblast differ-

entiation in SSCs.

Gls Is Required for SSC Proliferation
We next evaluated the CFE of LeprCre;Glsfl/fl mice. Surprisingly,

LeprCre;Glsfl/fl mice displayed a significant reduction in CFE

(Figures 5A and 5B). It is important to note that although the over-

all number of colonies containing at least 50 cells was signifi-

cantly reduced in LeprCre;Glsfl/fl mice, there was no difference

in the number of colonies containing at least 10 cells (Figure 5C).

Indeed, there was a significant bias toward smaller colonies with

fewer cells in LeprCre;Glsfl/fl mice (Figure 5D; p < 0.0005, bino-

mial test, n R 213 colonies for each genotype). To determine if

Gls and glutamine metabolism in SSCs regulate overall SSC

numbers or proliferation, we performed CFE assays on cells iso-

lated from C57Bl/6 mice in media containing either 2 or 0 mM

glutamine. Importantly, either glutamine withdrawal or GLS inhi-

bition significantly reduced the number of colonies containing at

least 50 cells and decreased the number of cells per colony (Fig-

ures 5E–5H, S6A, and S6B). These data indicate thatGls ablation

does not affect overall SSC numbers in the bonemarrow butmay



Figure 3. Gls Is Required for Osteoblast Specification and Differentiation from SSCs

Representative images and quantification of colony-forming unit (CFU) assays stained with Crystal Violet (A–C), alkaline phosphatase (D–F), Von Kossa (G–I), or

Oil Red O (J–L).

(C, F, I, and L) Tukey box and whisker plots displaying colonies containing at least 50 cells. n = 13 or 14 for wild-type or Prx1Cre;Glsfl/fl, respectively.

(M and N) Functional assays (M) or qRT-PCR analyses (N) of the effect ofGls deletion on cell fate decision in primary SSCs cultured in osteogenic and adipogenic

media for 14 days. Error bars depict SD. n = 4 mice. *p % 0.05, **p % 0.005, ****p % 0.00005.

See also Figure S3.
govern SSC proliferation. To test this hypothesis, we cultured

SSCs isolated from C57Bl/6 mice in the presence or absence

of exogenous glutamine and evaluated proliferation. SSCs

cultured without exogenous glutamine displayed a significant

reduction in EDU incorporation (Figure 5I). Similarly, GLS inhibi-

tion significantly reduced both overall cell numbers and EDU
incorporation in SSCs (Figures 5J and S5C–S5E). Western blot

analyses demonstrate that inhibiting GLS activity significantly

reduces both cyclin D1 and D3 expression (Figures 5K and

5L), indicating GLS activity is required for SSC proliferation.

In support of this, we observed decreased BrdU incorporation in

both Prx1Cre;Glsfl/fl and LeprCre;Glsfl/fl mice relative to wild-type
Cell Metabolism 29, 966–978, April 2, 2019 971



Figure 4. Gls Acts in SSCs to Regulate Lineage Allocation

(A and B) Representative mCT image of trabecular bone from a 4-month-old LeprCre;Glsfl/+ (wild-type) or LeprCre;Glsfl/fl mutant mouse. BV, bone volume; TV,

tissue volume.

(C and D) Representative TRAP-stained section used to quantify osteoclast numbers.

(E) Tukey box and whisker plot of the quantification of osteoclast numbers (Oc.N) per bone surface.

(F and G) Representative OsO4 mCT images of the tibia from 4-month-old mice. Ad.V, adipose volume; TV, tissue volume. n = 8 or 12 for wild-type or

LeprCre;Glsfl/fl, respectively.

(H–J) Representative immunofluorescent staining for osteocalcin (OCN) used to quantify osteoblast numbers (Ob.N/BS) in (J).

(K) Anti-Perilipin (PLIN) and anti-tomato immunofluorescent staining of 4-month-old LeprCre;R26tdTomato/+;Glsfl/+ (wild-type) or LeprCre;R26tdTomato/+;Glsfl/fl

hindlimbs. Inset images of boxed region show individual channels (K0, K00, K%, L0, L00, and L%). Quantification of PLIN, tomato double-positive cells shown in (K%

and L%). n = 3. *p % 0.05, Student’s t test.

See also Figure S4 and Table S3.
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Figure 5. Gls Activity Is Required for SSC Proliferation and Expansion

(A) Colony-forming unit (CFU) assay of 4-month-old LeprCre;Glsfl/+ (wild-type) or LeprCre;Glsfl/fl mutant littermates.

(B and C) Tukey box and whisker plots of the number of colonies per mouse containing greater than 50 cells (B) or greater than 10 cells (C).

(D) Prevalence of colonies binned for cell number. n R 208 colonies from 6 animals.

(E–H) CFU assay (E and G) or Tukey box and whisker plots (F and H) showing the effect of glutamine withdrawal (E and F) or GLS inhibition treatment (G and H) on

the number of colonies containing at least 50 cells isolated from 4-month-old C57Bl/6 wild-type mice. n = 6 mice.

(I and J) Effect of glutamine withdrawal (I) or (J) GLS inhibition on EDU incorporation in SSCs. Error bars depict SD.

(K) Western blot analyses of the effect of GLS inhibition on cell cycle protein expression in ST2 cells.

(L) Western blot analyses of cell cycle markers in SSCs cultured in mineralization media for up to 7 days. Phosphorylated-histone H3 normalized to total histone

H3; others normalized to b-actin. Fold change ± SD relative to control for 3 independent experiments. *p % 0.05, **p % 0.005, ***p % 0.0005, ****p % 0.00005.

See also Figure S6.
controls (Figure S6F). Taken together, our data indicate GLS ac-

tivity and glutamine metabolism are required for appropriate

SSC proliferation.

Ourmetabolic analyses indicated thataKG is a primary product

of glutamine metabolism in SSCs (Figure 1I). To test if glutamine

derived aKG is important for colony expansion, we performed

rescue experiments. aKG supplementation, but not other metab-

olites (e.g., nucleotides or GSH), rescued colony expansion in

the absence of exogenous glutamine (Figures 6A and 6B). We

next sought to understand how SSCs generate aKG from

glutamine. The amino acid transaminases utilize the a nitrogen

from glutamate for the biosynthesis of amino acids such as

aspartate and alanine,whereas glutamate dehydrogenase deam-
inates glutamate to form ammonia. To determine if the transam-

inases are active in SSCs, we incubated SSCs with a glutamine

tracer labeled with 15N on the a nitrogen (15Na-glutamine) for

1 h, and the contribution of the tracer to glutamate, aspartate,

and alanine was determined by measuring the mass isotopo-

log-labeling pattern (Figure 6C). The glutamine a nitrogen is highly

enriched in glutamate (M+1) as well as in both aspartate (M+1)

and alanine (M+1), suggesting SSCs have high amino acid trans-

aminase activity (Figure 6D). Importantly, GLS inhibition pre-

vented glutamine-derived nitrogen contribution to glutamate,

aspartate, or alanine (Figure 6D). Functionally, inhibiting amino

acid transaminase activity using the drug AOA significantly

reduced colony formation similar to GLS inhibition (Figures 6E
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Figure 6. Transaminase-Dependent aKG Production Is Critical for SSC Proliferation

(A and B) CFU assay (A) or Tukey box and whisker plots (B) showing the effect of glutamine withdrawal and supplementation with downstream metabolites on

colony formation in 4-month-old C57Bl/6 wild-type mice. n = 5 mice.

(C) Graphical depiction of tracing glutamine metabolism using 15Na-glutamine. Red filled circles denote 15N, whereas black and red open circles denote 12C and
14N, respectively. OAA, oxaloacetate.

(D) The effect of BPTES treatment on the fractional contribution of 15Na-glutamine to glutamate, aspartate, and alanine. Error bars depict SD.

(E and F) CFU assay (E) or Tukey box and whisker plots (F) showing the effect of BPTES, AOA, or bithionol on colony formation. n = 5 mice.
and 6F) (Korangath et al., 2015; Kauppinen et al., 1987).

Conversely, glutamate dehydrogenase inhibition using bithionol

had no effect on colony formation (Figures 6E and 6F) (Li et al.,

2009). Collectively, these data indicate that amino acid transam-

inase-dependent aKG production is critical for SSC proliferation

and colony expansion.

DISCUSSION

We show here that glutamine metabolism is a critical regulator of

SSC proliferation, lineage allocation, and osteoblast differentia-

tion. SSCs consume and metabolize a significant amount of

glutamine as they undergo differentiation into the osteoblast

but not adipocyte lineage. Genetically inhibiting glutamine

metabolism in SSCs results in decreasing bone mass with age,

a hallmark of age-associated osteoporosis. Mechanistically,

decreased bone mass is the result of multiple factors: first, a

reduction in overall osteoblast numbers. This is likely the result

of decreased proliferation and altered lineage allocation favoring
974 Cell Metabolism 29, 966–978, April 2, 2019
the adipocyte lineage in Gls-deficient SSCs. Second, GLS-defi-

cient osteoblasts have reduced bone formation. Collectively,

these data provide the first example of the critical role of gluta-

mine metabolism in SSCs to regulate lineage allocation and

bone homeostasis in mice.

SSCs give rise to both osteoblasts and adipocytes throughout

life. Interestingly, bone mass and marrow adiposity are known to

be negatively correlated. The loss of Gls in SSCs resulted in

decreased bone mass in both males and females and increased

marrow adiposity apparent only in female mice. It is unclear from

these experiments if males have a similar adiposity phenotype as

we only evaluated mice at 4 months of age; thus, it is possible

male mice at older time points also have increased adiposity.

However, marrow adiposity, much like bone mass, is a sexually

dimorphic trait. Female mice have lower bone mass and are re-

ported to have over ten times more marrow adipocytes in the

proximal tibia relative to male mice (Lecka-Czernik et al.,

2017). Thus, it is plausible that extrinsic factors disparately influ-

ence marrow adiposity in male and female mice. Importantly,



SSCs from male Gls knockout mice were more receptive to adi-

pogenic cues in vitro—supporting an intrinsic role for glutamine

metabolism in lineage specification (Figure 3). Future studies

are needed to understand this phenomenon.

SSCs metabolize glutamine to support both proliferation and

osteoblast specification. Glutamine has long been recognized

as an important nutrient in proliferating cells in culture (Eagle

et al., 1956; Eagle, 1955). Glutamine is essential to progress

through the G1 restriction point as well as exit S phase to begin

cell division (Colombo et al., 2011). Consistent with these data,

inhibition of GLS in SSCs reduced the expression of cell markers

cyclin D1 and D3 as well as EDU incorporation (Figures 5I–5L).

This is consistent with a recent report demonstrating glutamine

metabolism is required to support endothelial cell proliferation

in vivo (Huang et al., 2017; Kim et al., 2017). Our data demon-

strate that amino-acid-transaminase-derived aKG is the critical

downstream metabolite regulating proliferation in SSCs (Figures

1I and 6). Aspartate biosynthesis was reported to be critical for

proliferation by providing carbon and nitrogen for synthetic reac-

tions necessary for proliferation (Birsoy et al., 2015; Sullivan

et al., 2015). Future studies are warranted to determine if gluta-

mine-dependent aspartate biosynthesis contributes to prolifera-

tion in SSCs.

During our CFU analyses comparing the Prx1Cre;Glsfl/fl and

LeprCre;Glsfl/fl mice, we uncovered an apparent disparity in

the CFE between mutant genotypes. One would predict that

the CFE would be similar between these mutant genotypes;

however, LeprCre;Glsfl/fl mutants exhibit fewer CFU-F while

Prx1Cre;Glsfl/flmutants show no significant difference compared

to controls. There are two possible explanations for this. First,

based on the expression of both Prx1Cre and LeprCre (Figures

S2 and S4), Gls deletion using LeprCre might place Gls null

SSCs at a competitive disadvantage relative to surrounding

wild-type cells able to utilize glutamine to support proliferation

(Zhou et al., 2014; Logan et al., 2002). By comparison, Prx1Cre

is more broadly expressed in the bone marrow, resulting in

less of a competitive disadvantage forGls null SSCs andminimal

effect on proliferation. Second, SSCs may be addicted to gluta-

mine metabolism to support proliferation similar to some cancer

cells (Wise and Thompson, 2010). However, if SSCs are derived

from cells unable to metabolize glutamine, they avoid the gluta-

mine addiction and can proliferate and function normally.

Prx1Cre is active beginning at embryonic day 9.5 in cells that

give rise to the SSC population, whereas LeprCre is not active

until the SSC forms (Greenbaum et al., 2013; Logan et al.,

2002). In this scenario, Prx1Cre;Glsfl/fl SSCs have never been

able tometabolize glutamine and have overcome this deficiency,

whereas LeprCre;Glsfl/fl SSC are unable to overcome the acute

loss of glutamine metabolism. Our data support this hypoth-

esis, as glutamine withdrawal and GLS inhibition both phe-

nocopied the LeprCre;Glsfl/fl CFE phenotype despite inhibiting

glutamine metabolism in all plated cells (Figures 5A–5G). It is

important to note Prx1Cre;Glsfl/fl SSCs had diminished prolifera-

tion when induced to undergo osteoblast differentiation, sug-

gesting they are unable to compensate for the loss of glutamine

metabolism in certain instances (Figure 5L).

Cellular metabolism is emerging as a critical regulator of stem

cell maintenance, cell fate determination, and differentiation in

various contexts (Oburoglu et al., 2014; Knobloch et al., 2013;
Ito et al., 2012). For example, alterations in glucose metabolism

promote osteoblast fate at the expense of adipocyte fate

through epigenetic regulation of gene expression (Karner et al.,

2016). Similarly, our data indicate glutamine metabolism is

required for appropriate lineage allocation in SSCs. The precise

mechanism by which glutamine metabolism acts is unknown.

Lineage commitment and differentiation likely present SSCs

with diverse energetic, biosynthetic, and antioxidant demands.

For example, osteoblasts increase protein synthesis and secre-

tion during differentiation, both energetically demanding pro-

cesses. Conversely, adipocytes are known to store energy in

the form of lipids. In SSCs, glutamine does not appear to be a

major energetic substrate as glutamine contribution to citrate

declined during osteoblast differentiation, and GLS inhibition

did not induce energetic stress (Figures 1L and S1K). We postu-

late glycolysis offsets this as recent reports indicate that

glycolysis increases during osteoblast differentiation and that

osteoblasts derive most of their ATP from glycolysis (Guntur

et al., 2014; Komarova et al., 2000; Borle et al., 1960). Metabolic

flexibility is likely important to allow SSCs to best utilize available

nutrients to respond to diverse cellular demands associated with

proliferation, specification, and differentiation. In contrast to

energetics, glutamine contribution to GSH increased during

osteoblast differentiation (Figure S1K). This may be important

to offset reactive oxygen species (ROS) known to be detrimental

to the osteoblast fate (Wang et al., 2015; Tormos et al., 2011;

Chen et al., 2008; Almeida et al., 2007; Bai et al., 2004; Mody

et al., 2001). In the case of adipocyte differentiation, glutamine

may be less important given the positive role of ROS (Wang

et al., 2015; Tormos et al., 2011).

Osteoblasts are known toexpress anarrayofSIBLING (e.g., os-

teopontin), GLA (e.g., osteocalcin), and acidic glycoproteins (e.g.,

osteonectin and sialoprotein II) that function to regulate collagen

mineralization. These proteins are significantly enriched for both

aspartate and glutamate residues. Glutamine metabolism is crit-

ical to maintain levels of both glutamate and aspartate in SSCs

as glutamine contributes both carbon and nitrogen for glutamate

and aspartate biosynthesis. It is intriguing to speculate that

glutamine metabolism fulfills this unique synthetic requirement

of osteoblasts and thus promotes collagen mineralization and

bone formation. Another possibility is that glutamine metabolism

epigenetically regulates lineage allocation in SSCs. aKG is a

cofactor for both Jumonji-domain-containing histone demethy-

lases and the TET family of DNA demethylases (McDonough

et al., 2010; Schofield and Zhang, 1999). A reduction in gluta-

mine-derived aKG is predicted to reduce DNA and histone deme-

thylation—potentially biasing lineage commitment. Indeed, Tet1

andTet2arenecessary forSSCself-renewalandosteoblastdiffer-

entiation (Yang et al., 2018). Our data demonstrate GLS, and thus

glutamine, is at the apexof a complex regulatory network inSSCs.

Future studies will be necessary to elucidate the precise mecha-

nisms by which glutamine metabolism impacts SSCs through

the epigenetic regulation of osteogenic factors, the generation

of amino acids critically important to specific osteoblast and

bone-forming proteins, and the regulation of ROS.

Limitations of Study
In summary, while our study demonstrates the critical role of GLS

and glutamine metabolism in the regulation of SSC proliferation
Cell Metabolism 29, 966–978, April 2, 2019 975



and osteoblast endowment, the precisemolecular details remain

to be resolved. Our data highlight aKG as a critical regulator of

SSC proliferation; however, the mechanism by which aKG regu-

lates proliferation is unclear. Similarly, the roles of aKG during

lineage allocation and osteoblast differentiation remain to be

elucidated. It is important to note our data do not exclude the

possibility that multiple downstream metabolites are required

for osteoblast specification and differentiation in SSCs. Regard-

less, our data highlight a previously unknown role for glutamine

metabolism in regulating bone homeostasis.
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Anti-Cyclin D1 Cell Signaling Technology RRID: AB_2228523

Anti-Cyclin D3 Cell Signaling Technology RRID: AB_2070801

Anti-a-tubulin Cell Signaling Technology RRID: AB_2210548

Anti-AMPK Cell Signaling Technology RRID: AB_330331

Anti-P-T172 AMPK Cell Signaling Technology RRID: AB_330330

Anti-Eif2a Cell Signaling Technology RRID: AB_10692650

Anti-P-S51 Eif2a Cell Signaling Technology RRID: AB_2096481

Anti-Chop Cell Signaling Technology RRID: AB_2089254

Anti-Atf4 Santa Cruz RRID: AB_2058752

Anti-b-actin Cell Signaling Technology RRID: AB_330288

Anti-HRP goat anti-rabbit Cell Signaling Technology RRID: AB_2099233

Anti-HRP anti-mouse Cell Signaling Technology RRID: AB_330924

Chemicals, Peptides, and Recombinant Proteins

OsO4 Polyscience Cat#23311-10

Ascorbic acid Sigma Cat#A4544

b-glycerophosphate Sigma Cat#G9422

Insulin Sigma Cat#I3536

Dexamethasone Sigma Cat#D2915

IBMX Sigma Cat#I7018

Rosiglitazone Sigma Cat#R2408

L-glutamine Sigma Cat#G7513

BPTES Sigma Cat#SML0601

O-(carboxymethyl)hydroxylamine hemihdrate (AOA) Sigma Cat#C13408

Bithionol Sigma Cat#SML1440

glutathione reduced ethyl ester Sigma Cat#G1404

dimethyl a-ketoglutarate Sigma Cat#34963

(U-13C)glutamine Sigma Cat#605166

(15Na)glutamine Sigma Cat#486809

L-(2,3,4-3H)-Glutamine American Radiolabeled Chemicals, INC Cat#ART0149a

Critical Commercial Assays

in-situ Cell Death Detection Kit, Fluorescein Roche Cat#11684795910

one-step NBT/BCIP solution Thermofisher Cat#PI34042

Clarity ECL substrate BioRad Cat#1705060

SuperSignal West Femto substrate ThermoFisher Cat#PI34095

Experimental Models: Cell Lines

Mouse: ST2 http://cellbank.brc.riken.jp RRID: CVCL_2205

Experimental Models: Organisms/Strains

Mouse: Glsfl/fl: Glstm2.1Sray/J The Jackson Laboratory RRID: IMSR_JAX:017894

Mouse: Prx1Cre: B6.Cg-Tg(Prrx1-cre)1Cjt/J The Jackson Laboratory RRID: IMSR_JAX:005584

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: BglapCre: B6N.FVB-Tg(BGLAP-cre)1Clem/J The Jackson Laboratory RRID: IMSR_JAX:019509

Mouse: LeprCre: B6.129(Cg)-Leprtm2(cre)Rck/J The Jackson Laboratory RRID: IMSR_JAX:008320

Mouse: Wild Type: C57Bl/6J The Jackson Laboratory RRID: IMSR_JAX:000664

Mouse: Rosa26tdTomato: B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J The Jackson Laboratory RRID: IMSR_JAX:007909

Oligonucleotides

Primers for mouse b-actin, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Akp2, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Ibsp, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Bglap, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Pparg, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Cepba, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Sp7, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Runx2, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Fabp4, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Gls, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Gls2, see Table S4 https://www.idtdna.com/ N/A

Primers for mouse Gls2 (Gls2-1), see Table S4 Velletri et al., 2013 N/A

Software and Algorithms

Image J https://imagej.nih.gov/ij/ N/A

Graphpad Prism 6 software https://www.graphpad.com/ N/A

Other

a-MEM ThermoFisher Cat#12561-056

Glutamine Free a-MEM Corning Cat#15-012-cv

AG 1-X8 polyprep anion exchange column BioRad Cat#7316212

RNAeasy kit Qiagen Cat#79254

iScript cDNA synthesis kit BioRad Cat#1708841

SsoAdvanced SYBR Green Biorad Cat#1725275
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Courtney Karner (courtney.

karner@duke.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Strains
Glsflox (RRID: IMSR_JAX:017894), Prx1Cre (RRID: IMSR_JAX:005584), BglapCre (RRID: IMSR_JAX:019509), and LeprCre (RRID:

IMSR_JAX:008320) mouse strains are as previously described (Masson et al., 2006; Logan et al., 2002; Zhang et al., 2002; DeFalco

et al., 2001). C57Bl/6J (RRID: IMSR_JAX:000664) and Rosa26tdTomato (RRID: IMSR_JAX:007909) mouse strains were obtained

from the Jackson Laboratory. We backcrossed all mice for 5 generations onto the C57Bl/6J background prior to experiments.

Mice were housed at 23�C on a 12 hour light/dark cycle with free access to water and PicoLab Rodent Diet 20 (LabDiet #5053,

St. Louis, MO). Mice were analyzed at 4 months of age and both male and female mice were analyzed. The assessment of all animal

studies were performed in a blinded and coded manner. The Animal Studies Committee at Duke University approved all mouse

procedures.

Primary Cells and Cell Lines
Primary bone marrow skeletal stem cells (SSC) were isolated from 2–4-month-old male and female mice. The ST2 cell line (RRID:

CVCL_2205) was obtained from RIKEN. ST2 cells were originally established from long-term bone marrow cultures of BALB/c

mice, the sex of which is unknown. Cells were maintained in ascorbic acid free aMEM containing either 15% FBS for primary

SSC or 10% FBS for ST2 cells. All cell culture experiments were carried out at 37�C and 5% CO2.
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METHOD DETAILS

Mouse Analyses
Radiographs of mouse skeleton were generated using a Faxitron X-ray system (Faxitron X-ray Corp) with 20-second exposure under

25 kV. Micro computed tomography (VivaCT 80, Scanco Medical AG) was used for three-dimensional reconstruction, and quantifi-

cation of bone parameters (threshold set at 320) from 200 slices underneath the growth plate. For OsO4 mCT, bones were decalcified

in 14%EDTA for 2 weeks. Adipocytes were stained using OsO4. Micro computed tomography (VivaCT 80) was used for three-dimen-

sional reconstruction, and quantification of adiposity (threshold set at 550) from 200 slices underneath the growth plate (Scheller

et al., 2014). Bone histomorphometry was performed on femurs fixed in 10% buffered formalin overnight at 4�C followed by

2-week decalcification in 14% EDTA. Following decalcification, bones were embedded in paraffin and sectioned at 5 mm thickness.

Hematoxylin and eosin (H&E), tartrate-resistant acid phosphatase (TRAP), and Picrosirius Red/Alcian Blue (AB/PSR) staining were

performed following standard protocols. For dynamic histomorphometry, mice were injected with calcein (20mg/kg) intraperitoneally

at 7 and 2 days prior to sacrifice respectively. Freshly isolated bones were sucrose embedded in OCT for fresh unfixed frozen

sections using cryojane. Both static and dynamic histomorphometry were quantified using ImageJ (Egan et al., 2012). Briefly,

photomicrographs were used to generate image masks representing bone and non-bone tissue. The images were used to quantify

osteoblast and osteoclast numbers, bone surface, mineralizing surface, and interlabel width in Image J. Immunostaining was per-

formed on 5mm paraffin sections for osteocalcin (OCN) and BrdU or 10mm frozen non-decalcified sections for perilipin (PLIN). For

OCNandBrdU immunostaining, antigen retrieval was performed by incubating tissue sections in 10mg/ml proteinase K for 10minutes

followed by incubation in 3%H2O2 (v/v inMethanol) for 10minutes to block endogenous peroxidase activity. Antibodies against BrdU

(RRID: AB_10986341, 1:1000 dilution), OCN (RRID: AB_1587337, 1:500 dilution) or Perilipin (RRID: AB_10829911, 1:200 dilution)

were used. TUNEL staining was performed using the in-situ Cell Death Detection Kit, Fluorescein. All Image analysis was performed

in a blinded and coded manner.

Cell Culture
Primary bone marrow skeletal stem cells (SSC) were isolated as follows. Briefly, the diaphyses of the femur and tibiae were isolated

and all extemporaneous tissue was removed. The epiphyses were removed and marrow was collected by centrifugation. Red blood

cells were lysed and cells were washed one time before plating. For colony forming efficiency assays, 1x106 SSCwere plated in a T25

flask. 3 hours after plating, non-adherent cells were removed by washing vigorously with media. Cells were then cultured for 14 days

as indicated for CFU-F and CFU-Ap assays. After 14 days, colonies were switch to either adipogenic media (CFU-Ad) or osteogenic

media (CFU-Ob) for an additional 14 days. For high density cultures, SSCwere plated and washed after 3 and 6 days to remove non-

adherent cells. SSC were passaged at day 7 and all experiments were carried out at a seeding density of 21,000 cells/cm2. Osteo-

blast differentiation was initiated when cells were 95% confluent by replacing the medium with a-MEM supplemented with 50 mg/ml

ascorbic acid and 10 mM b-glycerophosphate for the indicated time period with a change of media every 48 hours. Mineralization

was assessed by von Kossa or alizarin red staining. Alkaline phosphatase staining was performed using the one-step nitro-blue tetra-

zolium (NBT) and 5-bromo-4-chloro-30-indolyphosphate p-toluidine salt (BCIP) solution. Adipocyte differentiation was initiated

3 days after cells reached confluency by replacing the medium with a-MEM supplemented with 1.7mM Insulin, 1mMDexamethasone

and 0.5 mM IBMX for three days. Media was then replaced with a-MEM supplemented with 1.7mM Insulin only for 4 days with a

change of media every 48 hours. Adipogenic media for CFU-Ad assays also contained 1mM Rosiglitazone. Lipid droplets were

visualized by Oil Red O staining. In the indicated experiments, glutamine free a-MEM was supplemented with 2mM L-glutamine,

10mM BPTES, 200mM O-(carboxymethyl)hydroxylamine hemihdrate (AOA), 7.5mM Bithionol, 1mM glutathione reduced ethyl ester,

or 1mM dimethyl a-KG.

Mass Spectrometry Analysis of Glutamine Metabolism
SSC were cultured to confluency in 6cm plates prior to initiation of treatment. SSC were either treated with BPTES for 1 hour or were

cultured for 7 days in either growth media or osteogenic media prior to incubation in 2mM (U-13C)glutamine for up to one hour. At the

end of the incubation, cells were washed with cold PBS and extracted 3 times with -80�Cmethanol on dry ice. The methanol extract

was spiked with 20 nmol norvaline as an internal standard and centrifuged at 20003 g force for 30 minutes after vortex. The super-

natant was completely dried by N2 gas. A modified GC-MS method was used for small polar metabolites assay (Wang et al., 2018).

The dried residues were resuspended in 25 mL ofmethoxylamine hydrochloride (2% (w/v) in pyridine) and incubated at 40�C for ninety

minutes on a heating block. After brief centrifugation, 35 mL of MTBSTFA + 1% TBDMSwas added, and the samples were incubated

at 60�C for thirty minutes. The derivatized samples were centrifuged for five minutes at 20000 x g, and the supernatants were trans-

ferred to GC vials for GC-MS analysis. The injection volume was 1 mL, and samples were injected in split or splitless mode depending

on analyte of interest. GC oven temperature was held at 80�C for twominutes, increased to 280�C at 7�C/min, and held at 280�C for a

total run time of forty minutes.

GC-MS analysis was performed on an Agilent 7890B GC system equipped with a HP-5MS capillary column (30 m, 0.25 mm i.d.,

0.25 mm-phase thickness; Agilent J&W Scientific), connected to an Agilent 5977A Mass Spectrometer operating under ionization by

electron impact (Meister, 1975) at 70 eV. Helium flowwasmaintained at 1mL/min. The source temperature wasmaintained at 230�C,
the MS quad temperature at 150�C, the interface temperature at 280�C, and the inlet temperature at 250�C. Mass spectra were

recorded in selected ion monitoring (SIM) mode with 4 ms dwell time.
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GSH and GSSG Labeling Analysis by LC-MS/MS
The method was modified from our previous LC-MS/MS method (Kombu et al., 2009). Cell pellet samples were treated with 10 mM

N-Ethylmaleimide (NEM), sonicated for 1 minute, then add 250 ml MeOH, centrifuge for 15 minutes, dry the samples completely.

Redissolve the dried residue in 50 ml H2O and transferred to LC-MS vials for analysis.

A Sciex QTRAP 6500+ (Sciex, Ontario, Canada) equipped with trubo elextrospray ion source was operated under positive

ionization mode. The UPLC system consisted of an ExionLC AD autosampler, a column oven, and gradient pumps. A Phenomenex

Aeris PEPTIDE 1.7 mM XB-C18 column (5032.1 mm, Torrance, CA) was selected for GSH and GSSG separation. The column was

kept at 45�C. The GSSG and GSH were separated by a gradient elution. Mobile phase A was 0.1% formic acid in water-acetonitrile

(98:2, vol/vol), and mobile phase B was 0.1% formic acid in acetonitrile-water (98:2, vol/vol). The flow rate was 0.4 ml/min.

Glutaminase Activity Assay
Primary cells cultured to confluency were incubated in a-MEMmedia containing 5mMglucose and 2mM glutamine for 12 hours prior

to the experiment. Cells were washed 3 times with Hanks Buffered Saline Solution (HBSS) and cultured for 20 minutes in a-MEM

media containing 5mM glucose, 2mM Glutamine and 4 mCi/mL L (2,3,4-3H)-Glutamine. Glutaminase activity was terminated by

washing 3 times with ice cold HBSS and scraping cells in 1mL ice cold milliQ water. Cells were lysed by sonication for 1 minute

with 1 second pulses at 20% amplitude. After clarification, cell lysates were bound onto AG 1-X8 polyprep anion exchange columns.

Uncharged glutamine was eluted with three 2mL volumes of water. Glutamate and downstream metabolites were eluted with three

2mL volumes of 0.1MHCl. Eluent fractions were pooled and combinedwith 4mL scintillation cocktail and DPMwasmeasured using a

Beckman LS6500 Scintillation counter.

RNA Isolation and qPCR
Total RNA was isolated from cultured cells using the RNAeasy kit with on-column DNase treatment. Reverse transcription was per-

formed using 400ng total RNA with the iScript cDNA synthesis kit. Reactions were set up in technical and biological triplicates in a

96 well format on an ABI QuantStudio 3, using SYBR green chemistry. The PCR conditions were 95�C for 3 min followed by

40 cycles of 95�C for 10s and 60�C for 30s. Gene expression was normalized to ActbmRNA and relative expression was calculated

using the 2-(DDCt) method. Primers were used at 0.1 mM, and their sequences are listed in Table S4. PCR efficiency was optimized and

melting curve analyses of products were performed to ensure reaction specificity.

Western Blotting
Cells were scraped in lysis buffer containing 50 mM Tris (pH 7.4), 15 mM NaCl, 0.5% NP-40, and a protease inhibitor mix. Protein

concentration was estimated by the BCA method. Protein (20 mg) was resolved on 4%-15% polyacrylamide gel and subjected

to immunoblot analyses using the following antibodies. Antibodies against GLS (RRID: AB_2110382), Cyclin D1, (RRID:

AB_2228523), Cyclin D3 (RRID: AB_2070801), a-tubulin (RRID: AB_2210548), AMPK (RRID: AB_330331), P-T172 AMPK (RRID:

AB_330330), Eif2a (RRID: AB_10692650), PS51 Eif2a (RRID: AB_2096481), Chop (RRID: AB_2089254), Atf4 (RRID: AB_2058752)

and b-actin (RRID: AB_330288) were used to detect the respective protein levels. All primary antibodies were diluted 1:1000 in block-

ing solution (5%milk, 0.1% Tween in TBS). The immunoblots were blocked for one hour at room temperature in 5%milk (TBS, 0.1%

Tween) followed by an overnight incubation at 4�C in their respective diluted primary antibody solutions. Membranes were then

washed three times using TBS/Tween 0.1% and further incubated with the secondary antibody, HRP goat anti-rabbit (RRID:

AB_2099233) or HRP anti-mouse (RRID: AB_330924) in 5% milk (TBS/Tween 0.1%) for 1 hour at room temperature. All secondary

antibodies were diluted 1:2000 in blocking solution. All blots were developed using either the Clarity ECL substrate or the SuperSignal

West Femto substrate. Each experiment was repeated for a minimum of three times with three independently prepared protein

samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed usingGraphpad Prism 6 software. All data are shown asmean values ±SD. In cell culture studies,

statistical significance was determined by an unpaired 2-tailed Student’s t-test. For uCT and CFU studies statistical significance was

determine by a paired 2-tailed Student’s t-test comparing paired littermate controls. Data were normally distributed as determined

using the Komogorov-Smirnov test. A P value of less than 0.05 is considered statistically significant. Statistical parameters, including

the value of n, are noted in the figure legends. Unless otherwise noted, all experiments were performed on 3 individual samples.
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