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Introduction
Mammals, including humans, are characterized by the presence 
of a bony skeleton that not only provides structure and protection, 
but also regulates mineral homeostasis and whole body metabo-
lism (1). Osteoblasts are the chief bone-making cells responsible 
for producing the large amount of collagen I–rich bone matrix as 
well as ectoenzymes such as ALPL (also known as AKP2), which 
controls matrix mineralization. Thus, a defining characteristic of 
osteoblasts is the ability to produce and secrete copious extracellu-
lar proteins. However, little is understood about the mechanisms 
endowing osteoblasts with such robust anabolic capacity.

WNTs are secreted glycoproteins that critically regulate osteo-
blast differentiation and activity. WNT ligands bind to a receptor 
complex consisting of a member of the Frizzled family and a core-
ceptor of the LRP5/6, RYK, or ROR family (2, 3). In humans and 
mice, loss- and gain-of-function mutations of the WNT corecep-
tor LRP5 cause osteoporosis-pseudoglioma and high–bone-mass 
disorders, respectively (4–6). High bone mass caused by LRP5 
gain-of-function mutations is driven by increased osteoblast num-
ber and activity; however, the molecular mechanisms underly-
ing WNT regulation of bone formation are not fully understood. 
WNT ligands activate both β-catenin–dependent and –indepen-
dent pathways. The importance of β-catenin–dependent WNT 
signaling in bone formation has been well documented in both 
embryonic and postnatal mice (7–13). Likewise, β-catenin–inde-
pendent WNT– mammalian target of rapamycin complex 1 (WNT/
mTORC1) signaling also promotes bone formation (14, 15). Acti-

vation of mTORC1 is known to stimulate protein synthesis and is 
therefore well suited for promoting osteoblast activity (16). How-
ever, a question remains as to how cells respond to the increased 
demand for energy and translational capacity.

Eukaryotic cells respond to increased protein synthesis by 
activating the integrated stress response (ISR) to ensure a proper 
balance between synthetic capacity and demand. At the core of 
ISR is the α subunit of the eukaryotic translation initiation factor 
2 (eIF2α), which can be inactivated through phosphorylation by 
several kinases including protein kinase RNA-like endoplasmic 
reticulum kinase (PERK) (also known as eIF2αk3) and general 
control nonderepressible 2 (GCN2) (also known as eIF2αk4) (17–
19). Whereas PERK is activated upon accumulation of unfolded 
proteins in the ER, GCN2 responds to uncharged transfer RNA 
(tRNA) when free amino acids are limited. Activated PERK or 
GCN2 phosphorylates serine 51 of eIF2α, preventing efficient 
translational initiation of most mRNAs. Remarkably, eIF2α phos-
phorylation activates translation of the transcription factor ATF4, 
which together with its transcriptional target DNA damage-induc-
ible transcript 3 (DDIT3) (also known as CHOP), activates a host 
of genes that support further increase in protein synthesis, includ-
ing those encoding amino acid transporters (e.g., glycine trans-
porter [GLYT1]) and amino acid synthases (e.g., asparagine syn-
thase [ASNS]) (20). Indeed, ATF4 has been shown to play a critical 
role in supporting protein synthesis in osteoblasts (21). Moreover, 
Perk-knockout mice exhibit osteopenia partly due to the inability 
to process type I procollagen in the ER, and BMP2-induced osteo-
blast differentiation has been linked with mild ER stress in vitro 
(22–25). However, it is not known whether ER stress is the princi-
pal mechanism activating ISR in osteoblasts or whether physiolog-
ic bone anabolic signals stimulate ISR through specific pathways.
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Results
WNT/mTORC1 signaling stimulates protein synthesis during osteoblast 
differentiation. We have previously shown that mTORC1 signaling 
is partially responsible for WNT-mediated bone formation (33). To 
gain insights about the molecular mechanism downstream of WNT/
mTORC1 signaling during osteoblast differentiation, we interro-
gated the effects of this signaling pathway using the cell line ST2, a 
mouse bone marrow stromal cell line that undergoes osteoblast dif-
ferentiation in response to WNT (34). Consistent with our previous 
finding, WNT3A acutely activated mTORC1, as evidenced by phos-
phorylation of both S6 and eIF4EBP1 in ST2 cells (Figure 1A). The 
stronger signal for the total eIF4EBP1 protein in response to WNT3A 
was likely due to a greater affinity of the antibody for the phosphory-
lated forms. The active site mTOR inhibitor Torin1 abolished phos-
phorylation of both S6 and eIF4EBP1 in response to WNT3A (Figure 
1A). Because mTORC1 is a known stimulator of protein synthesis, 
we examined the rate of protein synthesis in response to WNT3A. 
Metabolic labeling with [35S] cysteine/methionine revealed a sig-
nificant increase in the rate of protein synthesis at both 24 and 48 
hours of WNT3A treatment (Figure 1B). This effect was mTORC1 
dependent, as Torin1 abolished the induction by WNT3A, but rictor 
knockdown had no effect (Figure 1C and Supplemental Figure 1A; 
supplemental material available online with this article; doi:10.1172/
JCI78470DS1). Because protein synthesis is among the most ener-
getically costly processes in the cell, WNT-induced protein synthe-
sis is expected to increase energy demand. To monitor the energy 
status, we evaluated AMPK phosphorylation and found a consistent 
increase after 1 and 6 hours of WNT3A treatment, but the increase 
was transient and no longer obvious by 12 hours (Figure 1D). Impor-
tantly, this phenomenon was mTORC1 dependent, as Torin1 treat-
ment abolished AMPK phosphorylation in response to WNT3A (Fig-
ure 1A). Thus, WNT/mTORC1 signaling induces a transient energy 
deficiency that is rapidly resolved during osteoblast differentiation.

The energetics of osteoblasts are also poorly understood. 
Because protein synthesis is among the most energetically costly 
processes in the cell, osteoblasts are expected to increase energy 
demand upon differentiation (26). Although glucose is a major ener-
gy source for most mammalian cells, we previously observed that 
glucose was diverted to the less energy-efficient glycolysis instead 
of the tricarboxylic acid (TCA) cycle during WNT-induced osteo-
blast differentiation (27). A similar switch in glucose metabolism is 
often seen in cancer cells, commonly known as the Warburg effect 
(28, 29). In some cancer cells, the Warburg effect is associated with 
an increase in glutamine (Gln) consumption through the TCA cycle 
(30). In those cases, Gln is converted to glutamate by glutaminase 
(GLS) and then to α-ketoglutarate, which replenishes the TCA met-
abolic intermediates (anaplerosis) to maintain mitochondrial activ-
ity while supplying metabolic intermediates for active biosynthesis. 
Whether such changes of Gln metabolism occur during osteoblast 
differentiation has not been explored. In fact, there have been few 
studies about Gln metabolism in bone, although active Gln metabo-
lism does occur in bone tissue (31). More recently, Gln was shown 
to be necessary for bone matrix mineralization (32). However, it 
is not known whether Gln is used as an energy source or for other 
anabolic needs in bone. Here, we report that WNT/mTORC1 sig-
naling stimulates protein synthesis, which coincides with increased 
Gln catabolism during osteoblast differentiation. The increased Gln 
catabolism not only provides ATP through the TCA cycle, but also 
activates GCN2-dependent ISR, which stimulates a transcriptional 
program that enhances the translational capacity of the cell. Impor-
tantly, inhibition of the Gln catabolism/GCN2-dependent ISR-
signaling axis either genetically or pharmacologically rescues the 
high–bone-mass phenotype caused by hyperactive WNT signaling 
in the mouse. These data identify Gln catabolism as a key regulatory 
step in fulfilling both energetic and synthetic requirements associ-
ated with WNT-induced bone anabolism.

Figure 1. WNT/mTORC1-dependent protein synthesis induces a transient energy deficit during osteoblast differentiation. (A) Effect of Torin1 on WNT-
induced mTORC1 signaling and AMPK phosphorylation assayed by Western blot. Phospho-proteins normalized to respective total protein. Fold change ± 
SD for WNT3A over vehicle in 3 independent experiments. (B and C) Metabolic labeling of protein synthesis in response to WNT3A (B) and the effect of 
Torin1 (C). Cyclohexamide (Chx) used to inhibit protein synthesis as a control in B. Error bars indicate SD. *P < 0.05, Student’s t test. n = 3. (D) Effect of 
WNT3A on AMPK phosphorylation at 1, 6, and 12 hours. Fold change ± SD from 3 independent experiments.
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incubated ST2 cells with L-[2,3,4-3H] glutamine after 6 hours of 
pretreatment with or without WNT3A and found that WNT3A 
only slightly increased the amount of 3H-glutamine in the cell, but 
markedly increased the level of 3H-glutamate and its metabolites. 
Thus, WNT3A increases total GLS activity in the cell, consistent 
with the upregulation of GLS protein levels (Figure 2E). Overall, 
WNT/mTORC1 signaling likely stimulates energy production 
through increased Gln utilization via the TCA cycle.

To test directly whether WNT stimulates Gln-dependent 
anaplerosis, we used stable isotopically labeled Gln to determine 
the fraction of citrate derived from Gln. Briefly, cells precultured 
with or without WNT3A for 6, 12, or 24 hours were incubated with 
a Gln tracer uniformly labeled with 13C ([U-13C5] glutamine) for 1 
hour, and contribution of the tracer to citrate through oxidation 
in the TCA cycle ([13C4] citrate, m+4 isotopomer) was determined 
by measuring the mass isotopomer–labeling pattern of intracel-
lular citrate (Figure 2F). Similar results were obtained at all 3 
time points, but only data from 12-hour treatment are reported 
here. WNT3A slightly increased the intracellular fractional abun-
dance of [U-13C5] glutamine (m+5) from the control level of 10.4% 
(±0.1%, SD) to 11.8% (±0.2%, SD), possibly because WNT3A 
treatment caused a reduction in the Gln concentration prior to the 
addition of labeled Gln to the culture medium. However, WNT3A 
caused a greater increase in the fractional abundance of [13C4] 
citrate, from 1.39% (±0.17% SD) to 2.04% (±0.18%, SD) (P = 0.01). 

WNT/mTORC1 signaling enhances Gln-dependent anaplerosis. 
We next investigated how cells resolved the energy deficit despite 
a rapid increase in protein synthesis during osteoblast differentia-
tion. We have previously demonstrated that glucose is diverted to 
the less energy-efficient, lactate-producing glycolysis instead of 
the TCA cycle during WNT-induced osteoblast differentiation 
(27). Therefore, glucose metabolism is unlikely to fulfill energy 
demand. In a metabolomics study designed to identify intracel-
lular metabolite changes in ST2 cells in response to WNT3A, we 
discovered that after 24 hours, WNT3A markedly reduced the lev-
els of Gln (to 36% of control) without affecting any other amino 
acids (Figure 2A and Supplemental Figure 2). As an important 
function of Gln is to support energy production through anaple-
rosis of TCA intermediates, Gln is likely a major energy source 
activated during osteoblastogenesis. A hallmark of cells undergo-
ing Gln-dependent anaplerosis is increased consumption of Gln. 
Direct measurements of Gln in the cell-culture media revealed 
that WNT3A-treated cells consumed more Gln at 24 and 48 hours 
(Figure 2B). Importantly, the WNT-induced increase in Gln con-
sumption was mTOR-dependent, as Torin1 blocked the effect 
(Figure 2C). The enzyme GLS catabolizes Gln into glutamate at 
the first step of Gln-dependent anaplerosis. Indeed, we found that 
WNT3A significantly increased GLS protein levels independently 
of changes in mRNA at as early as 6 hours (Figure 2D and data not 
shown). To determine whether WNT3A affected GLS activity, we 

Figure 2. WNT induces Gln-dependent anaplerosis during osteoblast differentiation. (A) Relative intracellular Gln levels in response to WNT3A determined 
by mass spectrometry. Welch’s 2-sample t test. n = 5. Box denotes upper and lower quartiles, while line denotes the median. The whiskers denote the maxi-
mum and minimum values of the distribution. (B and C) Measurements of Gln uptake from the medium in response to WNT3A without (B) or with Torin1 
(C). Error bars indicate SD. *P < 0.05, Student’s t test. n = 3. (D) Effect of WNT3A on GLS protein levels at 6 hours. Fold change ± SD from 3 independent 
experiments. (E) Effect of WNT3A on GLS activity by measuring the conversion of 3H[2,3,4] Gln to glutamate (Glu). 3H cpm ± SD. *P < 0.05, Student’s t test. 
n = 5. (F) Graphical depiction of Gln-dependent anaplerosis into the TCA cycle. Red circles indicate 13C, whereas black and green circles denote 12C and 14N, 
respectively. [U-13C5] glutamine–derived αKG generates [13C4] citrate (M+4) through oxidation, but [13C5] citrate (M+5) via reductive carboxylation.
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lation at S473 (Supplemental Figure 1B). Moreover, a dominant 
negative TCF4 (dnTCF4) that cannot interact with β-catenin did 
not impair the induction of eIF2α phosphorylation or ATF4 levels 
by WNT3A, although it expectedly blocked the induction of Lef1, a 
known β-catenin target gene (Figure 3E and Supplemental Figure 
4A). Thus, mTORC1 activation appears to be the primary mecha-
nism mediating the induction of ISR by WNT3A.

WNT/mTORC1 ISR signaling activates protein anabolism genes. 
ISR activation is known to induce a transcriptional program 
downstream of ATF4 and CHOP that promotes robust protein 
synthesis in the cell. To test whether this is the case during osteo-
blast differentiation, we used reverse-transcription quantitative 
PCR (RT-qPCR) to examine the expression of a number of known 
targets of ATF4 and/or CHOP (20, 35). Indeed, a large number 
of genes encoding for amino acid synthases (e.g., ASNS), tRNA-
charging enzymes (e.g., leucyl-tRNA synthetase [LARS] and 
threonyl-tRNA synthetase [TARS]), amino acid transporters (e.g., 
GLYT1), and molecular chaperones involved in oxidative protein 
folding (e.g., ERO1L and HSPA5) were induced in ST2 cells by 
WNT3A after 72 hours (Figure 4A). Similar to WNT3A, virally 
expressed WNT7B and WNT10B, both previously shown to 
induce osteoblast differentiation in ST2 cells, also induced these 
genes (Supplemental Figure 3B). Thus, WNT signaling induces 
ISR, which activates the expression of genes that promote protein 
anabolism during osteoblast differentiation.

We next tested the importance of ISR in WNT-induced osteo-
blast differentiation. ATF4 knockdown with shRNA blocked the 
induction of CHOP, protein anabolism genes (e.g., GLYT1), and 
osteoblast markers (e.g., IBSP) by WNT3A (Figure 4B). Likewise, 
GCN2 knockdown completely abrogated WNT3A-induced eIF2α 
phosphorylation, Chop mRNA expression, and anabolic gene induc-
tion (Figure 4, C and D). Moreover, GCN2 knockdown abolished 
WNT-induced matrix mineralization, a readout for osteoblast activ-
ity, even though it did not affect the induction of Akp2 or several oth-

From the ratio of the relative abundance of [13C4] citrate to [U-13C5] 
glutamine, it is estimated that WNT3A increased the fraction of 
[13C4] citrate derived from labeled Gln from 13.4% (±1.6%, SD) to 
17.3% (±1.3%, SD) (P = 0.03) during the 1-hour labeling period. In 
contrast, the fraction of [13C5] citrate (m+5 isotopomer) derived 
from labeled Gln was not significantly different with or without 
WNT treatment (4.1% ± 1.0% vs. 3.8% ± 1.0%, SD, respectively, 
P = 0.76), indicating that production of citrate from Gln via reduc-
tive carboxylation was not affected by WNT treatment. Thus, 
WNT signaling enhances TCA anaplerosis from Gln via oxidation.

Gln catabolism activates ISR via GCN2 in response to WNT/
mTORC1 signaling. Uncharged tRNA caused by amino acid defi-
ciency is known to activate a signal transduction cascade known 
as the ISR via activation of GCN2. ISR is characterized by the phos-
phorylation of eIF2α and induction of ATF4 and DDIT3. We there-
fore investigated whether WNT-induced Gln deficiency activated 
ISR. Indeed, WNT3A significantly increased the phosphorylation 
of GCN2 at T898, indicative of GCN2 activation, after 72 hours of 
treatment (Figure 3A). Likewise, WNT3A induced phosphorylation 
of eIF2α at Serine 51 after 72 hours of treatment, coinciding with 
increased expression of both ATF4 and CHOP protein (Figure 3A). 
Like WNT3A, virally expressed WNT7B also induced eIF2α phos-
phorylation and increased ATF4 and DDIT3 in ST2 cells (Supple-
mental Figure 3A). Importantly, daily supplementation of 2 mM Gln, 
but not other amino acids, to the culture media partially suppressed 
eIF2α phosphorylation as well as ATF4 and CHOP induction (Figure 
3, B and C, and Supplemental Figure 5). Thus, WNT-induced intra-
cellular Gln deficiency causes GCN2-mediated ISR in cells.

We next evaluated the relevance of mTOR to WNT-induced 
ISR. Torin1 abolished phosphorylation of both S6 and 4EBP1, but 
more importantly, eliminated eIF2α phosphorylation and ATF4 
accumulation (Figure 3D). In contrast, knockdown of rictor, a spe-
cific component of mTORC2, had no effect on WNT3A-induced 
eIF2α phosphorylation, even though it blocked AKT phosphory-

Figure 3. WNT induces ISR via 
mTORC1. (A–E) Western blot analyses 
of ISR in response to WNT3A at 72 
hours. Images in (A) are derived from 
samples run on parallel gels. (B and 
C) Effect of daily supplementation 
of Gln (B) or other amino acids (all 
except alanine and Gln) (C) on eIF2α 
phosphorylation. (D and E) Western 
blot analyses of Torin1 (D) or dnTCF4’s 
(E) effect on ISR induction by WNT3A. 
Phospho-proteins normalized to 
respective total protein; others nor-
malized to β-actin. Fold change ± SD 
for WNT3A over vehicle in 3 indepen-
dent experiments.
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cursor. DM-α-KG is expected to bypass the energy requirement 
from Gln, resulting in a higher intracellular Gln level. Indeed, 
DM-α-KG suppressed WNT3A-induced Gln consumption, phos-
phorylation of GCN2, and expression of protein anabolism genes 
(e.g., Asns) (Figure 5, E–G). Importantly, DM-α-KG severely 
impaired WNT-induced osteoblast differentiation, as indicated by 
the loss of mineralization activity (Figure 5H). Thus, intracellular 
Gln deficiency, by activating ISR and downstream protein anabo-
lism gene expression, contributes to osteoblast differentiation.

GLS inhibition suppresses WNT-induced bone formation in vivo. 
Our data so far have demonstrated that WNT signaling activates 
Gln-dependent anaplerosis and subsequent GCN2-mediated ISR 
necessary for osteoblast differentiation in vitro. To test the physi-
ological relevance of this mechanism in vivo, we first examined 
the expression levels of ISR targets and other anabolic genes in 2 
mouse models with the WNT coreceptor LRP5 either deleted or 
hyperactivated. Lrp5–/– and the Lrp5A214V/+ mice have been shown 
to recapitulate human osteoporosis pseudoglioma and high–bone-
mass syndrome, respectively (4, 36). Real-time PCR experiments 
revealed that the levels of anabolic genes (e.g., Ddit3, Glyt1, and 

er osteoblast marker genes (Figure 4E and data not shown). Thus, 
WNT regulates osteoblast activity in part through GCN2-mediated 
ISR, and the regulation is integral to osteoblast differentiation inde-
pendent of the commonly known osteoblast marker genes.

Gln catabolism is required for osteoblast differentiation in vitro. We 
next directly examined the role of Gln catabolism in WNT-induced 
osteoblastogenesis. As expected, the GLS inhibitor bis-2-(5-phen-
ylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES) blocked 
Gln consumption in response to WNT3A (Figure 5A). Importantly, 
BPTES abolished the induction of the osteoblast marker gene Ibsp, 
the protein anabolism genes (e.g., Asns), and matrix mineralization 
in response to WNT3A (Figure 5, B–D). Thus, GLS-dependent Gln 
catabolism is required for WNT-induced osteoblast differentiation.

Our data so far indicate that WNT-induced Gln catabolism 
not only provides additional ATP via the TCA cycle, but also acti-
vates GCN2-dependent ISR by lowering intracellular Gln levels. 
This finding predicts that any permutation to Gln catabolism that 
increases intracellular Gln concentrations would suppress ISR 
induction. To test this prediction, we supplemented the cells with 
dimethyl-α-ketoglutarate (DM-α-KG), a cell-permeable α-KG pre-

Figure 4. GCN2/eIF2α/ATF4 pathway is required for WNT-induced osteoblast differentiation. (A) RT-qPCR analyses of anabolic genes in ST2 cells treated 
with WNT3A for 72 hours. (B) RT-qPCR analyses of ATF4 knockdown effect on WNT-induced anabolic genes. shRNA for RFP used as negative control. Error 
bars indicate SD. *P < 0.05, Student’s t test. n = 3. (C) Effect of GCN2 knockdown on ISR assayed by Western blot. Phospho-eIF2α normalized to total 
protein; GCN2 normalized to α-tubulin. Fold change ± SD for WNT3A over vehicle in 3 independent experiments. (D and E) Effect of GCN2 knockdown on 
gene expression assayed by RT-qPCR. shRNA for RFP used as negative control. Error bars indicate SD. *P < 0.05, Student’s t test. n = 9. (E) Effect of GCN2 
knockdown on alkaline phosphatase induction (AKP2) and mineralization (von Kossa).



The Journal of Clinical Investigation   R e s e a R c h  a R t i c l e

5 5 6 jci.org   Volume 125   Number 2   February 2015

Asns) were higher in the bones of Lrp5A214V/+ mice, but lower in 
Lrp5–/–, when each was compared with littermate controls (Figure 
6, A and B). Western blot analyses detected higher phosphoryla-
tion levels for both GCN2 and eIF2α in the Lrp5A214V/+ bone extracts 
than in the controls (Figure 6C). Thus, similar to the in vitro stud-
ies, hyperactive WNT signaling stimulates ISR and anabolic gene 
expression that positively correlates with bone formation in vivo.

To determine the role of GCN2-dependent ISR in WNT-
induced bone anabolism in vivo, we examined the effect of Gcn2 
deletion on the high–bone-mass phenotype caused by the Lrp5A214V 
mutation in mice. According μCT analyses, Gcn2 deletion in the 
WT background had no discernible effect on trabecular bone mass 
(BV/TV) in either sex at 55 days of age, although it mildly reduced 
the trabecular thickness (Tb.Th) specifically in females (Figure 6D 
and Table 1). However, Gcn2 deletion in the Lrp5A214V/+ background 
(Lrp5A214V/+ Gcn2–/–) markedly reduced BV/TV, Tb.Th, and bone min-
eral density (BMD) in both males and females, even though those 
parameters remained higher than levels in WT or Gcn2–/– (Figure 
6D and Table 1). On the other hand, GCN2 removal did not affect 
the cortical bone in either the WT or Lrp5A214V/+ background (Table 
1). Moreover, Gcn2 deletion did not affect overall bone resorption in 
either background, as indicated by serum C-terminal telopeptide 
type I collagen (CTX) levels, a direct readout of osteoclast activity 

(Table 1). Thus, GCN2 contributes to the excessive trabecular bone 
formation in response to hyperactive LRP5 signaling.

We next evaluated the effect of GCN2 ablation on trabecular 
osteoblast number and activity by histomorphometry. We chose to 
focus on the male mice in these studies. Consistent with previous 
findings, Lrp5A214V/+ animals had significantly greater osteoblast 
coverage (Ob.S/BS) than the WT control. GCN2 ablation signifi-
cantly reduced Ob.S/BS in the Lrp5A214V/+ background (compare 
Lrp5A214V/+ Gcn2–/– with Lrp5A214V/+), even though it did not have an 
effect on its own (compare Gcn2–/– with WT) (Table 1). Addition-
ally, consistent with more active osteoblasts, the trabecular bone 
surface in Lrp5A214V/+ animals exhibited greater osteoid surface 
(OS/BS) and osteoid thickness (O.Th) when compared with the 
WT control (Figure 6E and Table 1). Importantly, both osteoid 
parameters were significantly decreased in Lrp5A214V/+ Gcn2–/– mice 
(Figure 6E and Table 1). Furthermore, Gcn2 deletion significantly 
decreased both mineral apposition rate (MAR) and bone forma-
tion rate (BFR) in Lrp5A214V/+ mice, even though both parameters 
remained higher than those in the WT or Gcn2–/– mice (Figure 6F 
and Table 1). Thus, GCN2 is required for robust osteoblast activity 
in response to hyperactive WNT signaling in vivo.

Finally, to test the role of Gln catabolism in WNT-induced 
bone anabolism in vivo, we treated WT or Lrp5A214V/+ mice with the 

Figure 5. GLS-dependent Gln catabolism is required for WNT-induced ISR and osteoblast differentiation. (A–D) Effect of BPTES treatment on WNT-
induced Gln consumption (A), gene expression (B and C), or AKP2 and von Kossa staining (D). (E–H) Effect of DM-α-KG on WNT-induced Gln consumption (E), 
GCN2 phosphorylation (F), anabolic gene expression (G), or AKP2 and von Kossa staining (H). Error bars indicate SD. *P < 0.05, Student’s t test. n = 3.
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GLS inhibitor BPTES for 30 days (starting at postnatal day 15) and 
evaluated the effect on bone mass accrual. BPTES treatment did 
not affect the body weight of the mice with either genotype, nor 
did it affect bone mass in the WT animals (Figure 7, A and B, and 
Table 2). However, BPTES notably decreased bone mass in both 
trabecular and cortical compartments of the Lrp5A214V mice, as evi-
denced by x-ray and μCT imaging (Figure 7, A and B, and Table 2). 
Quantification of the μCT data confirmed that BV/TV and BMD 
were significantly reduced by BPTES, coupled with lower trabecu-
lar numbers and increased trabecular spacing (Table 2). Similarly, 
BPTES suppressed cortical BV/TV, thickness, and TMD (Table 
2). Decreased bone mass was not due to changes in bone resorp-
tion, as the number of TRAP-positive osteoclasts (N.Oc), osteo-
clast surface (Oc.S), and serum CTX levels were all unchanged by 
BPTES (Table 2). In contrast, BPTES significantly reduced osteo-

blast activity, as evidenced by decreased MAR and BFR (Figure 7C 
and Table 2). Furthermore, BPTES markedly reduced the mRNA 
expression of a host of anabolic genes, including Ddit3, Glyt1, and 
Tars, indicating suppression of bone anabolic capacity (Figure 7D). 
In contrast, BPTES did not affect the expression of Sp7, a critical 
osteogenic transcription factor. Overall, the data support a model 
wherein WNT signaling stimulates Gln-dependent anaplerosis 
that, in addition to providing energy, activates GCN2-dependent 
ISR to increase the translational capacity necessary for bone anab-
olism (Figure 7E).

Discussion
We have uncovered a mechanism through which cells respond to 
both energetic and synthetic needs necessary for increased pro-
tein synthesis. At the core of the mechanism is Gln-dependent 

Figure 6. GCN2 mediates WNT-induced bone anabolism in vivo. (A and B) RT-qPCR analyses of anabolic genes in bones of WT (+/+), Lrp5A214V/+ (HBM) 
(A), or Lrp5–/– (–/–) (B) mice. Error bars indicate SEM. *P < 0.05, Student’s t test. n = 3. (C) Western blot analyses of ISR in bone extracts of Lrp5A214V/+ 
(HBM) mice. (D) Representative μCT images of trabecular bone from distal femur of 55-day-old male mice. BV/TV (± SD) is listed below each image.  
*P < 0.05 compared with WT; ^P < 0.05 compared with Lrp5A214V/+, Student’s t test. n = 5, 8, 8, and 8, respectively. See Table 1 for additional quantifica-
tion. (E and F) Representative plastic sections of the distal femur stained with Goldner’s trichrome (F) or unstained calcein double-labeled sections (G) 
from 55-day-old male mice. Yellow arrows denote the borders of osteoid (stained dark red).
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the protein anabolism genes is integral to the osteoblast identity, 
as disruption of this induction by ATF4 or GCN2 knockdown leads 
to failure in osteoblast differentiation in response to WNT. Thus, 
WNT/mTORC1 signaling contributes to osteoblast differentiation 
by directly increasing protein synthesis and indirectly activating 
genes responsible for more active protein synthesis.

We identify GCN2-mediated ISR as the main inducer of pro-
tein anabolism genes in osteoblasts. Gln-mediated ISR in response 
to increased protein synthesis may be an adaptive mechanism to 
improve translational fitness and to buffer against PERK-mediated 
ER stress. Our study does not exclude a role for ER stress response 
in supporting full osteoblast activity. In fact, considering that Gcn2 
deletion did not impair normal bone mass accrual in our analyses, 
but that Perk deletion was reported to cause osteopenia, it is likely 
that the 2 molecules respond to distinct physiological stimuli to 
augment the translational capacity in osteoblasts (22). Moreover, 
since Gcn2 deletion did not seem to reduce cortical bone forma-
tion in Lrp5A214V/+ mice (Table 1), it is possible that PERK plays a 
compensatory role in cortical osteoblasts.

In our system, GCN2 appears to respond mainly to the intra-
cellular deficiency of Gln. It is remarkable that an increase in 
protein synthesis leads to a disproportionately large consump-

anaplerosis, which not only provides ATP, but also activates the 
ISR pathway, resulting in the induction of genes directly contrib-
uting to protein translation. Importantly, the anabolic mechanism 
directly responds to WNT signaling during osteoblast differentia-
tion, thus providing a clear example that developmental signals 
can modulate cellular metabolism to influence cell fate.

The present work provides insights into the mechanism 
through which WNT signaling stimulates bone formation. Our 
previous studies have shown that WNT functions through mul-
tiple downstream effectors, including β-catenin and mTORC1, to 
promote bone formation (7, 10, 15). Those studies however, did 
not identify a direct link between the various signaling cascades 
and specific aspects of the osteoblast identity. In the current study, 
we provide evidence that WNT/mTORC1 signaling stimulates the 
expression of protein anabolism genes during osteoblast differen-
tiation. In this regulation, mTORC1-mediated increase in protein 
synthesis triggers greater consumption of Gln to produce more 
energy via the TCA cycle. The increased Gln metabolism reduces 
intracellular Gln levels, resulting in activation of GCN2 and ATF4. 
Consequently, many genes responsible for amino acid transport, 
synthesis, and tRNA aminoacylation are induced to support fur-
ther protein synthesis. It is important to note that upregulation of 

Table 1. Bone parameters in Lrp5A214V/+ Gcn2–/– mice

WT Gcn2–/– Lrp5A214V/+ Lrp5A214V/+ Gcn2–/–

Male (n) 5 8 8 8
Weight (g) 19.2 ± 1.6 18.7 ± 1.7 19.8 ± 1.4 19.5 ± 1.6
BV/TV 0.021 ± 0.017 0.017 ± 0.007 0.122 ± 0.010A 0.076 ± 0.016A,B

Tb.N (1/mm) 1.20 ± 0.14 1.21 ± 0.22 2.53 ± 0.17A 1.75 ± 0.42A,B

Tb.Th (mm) 0.052 ± 0.008 0.047 ± 0.007 0.073 ± 0.004A 0.070 ± 0.006A

Tb.Sp (mm) 0.84 ± 0.08 0.87 ± 0.16 0.40 ± 0.07A 0.61 ± 0.12A,B

BMD (mg HA/ccm) 144 ± 26 146 ± 18 223 ± 11A 185 ± 12A,B

Ct.BV/TV 0.36 ± 0.01 0.36 ± 0.02 0.46 ± 0.02A 0.45 ± 0.02A

Ct.Th (mm) 0.14 ± 0.01 0.14 ± 0.01 0.20 ± 0.02A 0.18 ± 0.02A

Serum chemistry
CTX 49.7 ± 5.1 42.5 ± 7.2 41.1 ± 3.7A 42.3 ± 6.7A

Dynamic histomorphometry (n = 3)
MAR (μm2/d) 1.95 ± 0.08 2.02 ± 0.07 3.16 ± 0.16A 2.69 ± 0.22A,B

MS/BS (%) 36.3 ± 8.0 37.8 ± 5.9 69.7 ± 1.8A 49.6 ± 4.5A,B

BFR (μm3/μm2/d) 0.75 ± 0.22 0.75 ± 0.08 2.18 ± 0.19A 1.31 ± 0.19A,B

Static histomorphometry (n = 3)
Ob.S/BS (%) 22.99 ± 3.37 22.29 ± 1.31 65.31 ± 11.31A 39.79 ± 7.17A,B

OS/BS (%) 1.83 ± 0.70 2.36 ± 1.16 17.00 ± 6.28A 7.15 ± 2.24A,B

Mean O.Th (μm) 2.07 ± 1.00 1.97 ± 0.27 5.34 ± 0.26A 3.01 ± 0.56B

Female (n) 6 7 4 7
Weight (g) 16.5 ± 1.7 16.7 ± 1.3 16.4 ± 1.2 16.4 ± 1.6
BV/TV 0.018 ± 0.004 0.015 ± 0.008 0.113 ± 0.007A 0.079 ± 0.019A,B

Tb.N (1/mm) 1.06 ± 0.08 1.01 ± 0.10 2.32 ± 0.14A 2.28 ± 0.56A

Tb.Th (mm) 0.050 ± 0.003 0.044 ± 0.003A 0.077 ± 0.003A 0.065 ± 0.001A,B

Tb.Sp (mm) 0.97 ± 0.10 1.00 ± 0.10 0.46 ± 0.04A 0.47 ± 0.12A

BMD (mg HA/ccm) 133 ± 10 129 ± 15 208 ± 8A 187 ± 18A,B

Ct.BV/TV 0.37 ± 0.01 0.36 ± 0.02 0.45 ± 0.02A 0.44 ± 0.02A

Ct.Th (mm) 0.14 ± 0.01 0.13 ± 0.01 0.19 ± 0.02A 0.18 ± 0.01A

AP ≤ 0.05 compared with WT. BP ≤ 0.05 compared with Lrp5A214V/+. Tb.N, trabecular number; Tb.Sp, trabecular spacing; Ct.BV/TV, cortical bone volume/
tissue volume; Ct.Th, cortical thickness; MS/BS, mineralized surface/bone surface.
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intracellular glutamate concentration or overall glutamate con-
sumption, as would be expected if GDH activity were affected 
(Supplemental Figure 2 and not shown). On the other hand, the 
protein levels of GLS increased in response to WNT3A, impli-
cating GLS as a potential target of regulation. However, future 
experiments are necessary to test this possibility.

Our studies of WNT-induced bone anabolism have revealed 
metabolic changes strikingly similar to those observed in can-
cer cells. In cancer cells, aerobic glycolysis and hyperactive Gln 
metabolism have been proposed as providing metabolic inter-
mediates and energy necessary for cell proliferation (30, 38, 39). 
We have previously reported that WNT induces aerobic glycolysis 
during osteoblast differentiation (27). Here, we show that WNT 
stimulates Gln metabolism to fulfill the energetic and synthetic 
needs associated with increased protein synthesis. The parallel 
metabolic changes between cancer and osteoblast differentiation 

tion of a single amino acid over all the other amino acids exam-
ined. This likely reflects the unique versatility of Gln, not only 
as a carbon and nitrogen donor for biosynthesis, but also as 
an energy source through TCA metabolism. Our data indicate 
that increased Gln-dependent anaplerosis, in addition to direct 
incorporation into polypeptide chains as well as carbon and 
nitrogen donation for biosynthesis, is the main reason for the 
decrease in intracellular Gln levels. The increased anaplerosis 
is likely driven in response to a greater energy demand from 
protein synthesis, as indicated by the transient activation of 
AMPK. Others recently showed that mTORC1 stimulated Gln 
catabolism by suppressing the enzyme SIRT4, which regulates 
GDH activity through poly-ADP ribosylation (37). However, we 
found no change in Sirt4 mRNA or protein levels in response to 
WNT3A, nor did we detect any effect on GDH levels or activ-
ity (data not shown). Moreover, WNT3A did not alter either 

Figure 7. Gln metabolism mediates WNT-induced bone anabolism in vivo. (A and B) μCT images of trabecular (A) or cortical bone (B) from hind limbs of 
Lrp5A214V/+ mice treated with DMSO or BPTES. BV/TV (± SD) is listed below each image. aP < 0.05 compared with WT; bP < 0.05 compared with Lrp5A214V/+, 
Student’s t test. n = 5, 5, 7, and 9, respectively. See Table 2 for additional quantification. (C) Representative calcein double-labeled sections of the distal 
femur from 45-day-old Lrp5A214V/+ mice treated with DMSO or BPTES. (D) RT-qPCR analyses of gene expression in bones of Lrp5A214V/+ mice treated with 
DMSO or BPTES. Error bars indicate SEM. *P < 0.05, Student’s t test. n = 3. (E) Graphical representation of the model for how WNT-induced Gln metabo-
lism facilitates protein synthesis. Glc, glucose; Q, glutamine.
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The medium was changed every 72 hours. Mineralization was assayed 
by von Kossa staining. Alkaline phosphatase activity assays were per-
formed as previously described (41).

Overexpression of dnTCF4, WNT7B, or WNT10B. ST2 cells were 
infected with retroviral vectors expressing either empty vector (IE) 
or dnTCF4, WNT7B, or WNT10B for 12 hours, followed by a 12-hour 
recovery. The viruses were constructed as previously described (7, 34)

shRNA knockdowns. Lentiviral vectors were obtained from the  
shRNA consortium at Washington University School of Medicine. The 
shRNA sequences are listed in Supplemental Table 2. The lentiviral 
vector pLKOpuro was modified to express shRNAs targeting β-catenin, 
ATF4, PERK, GCN2, rictor, or LacZ or GFP as negative controls. The 
shRNA-expressing lentiviral vector was cotransfected with plasmids 
pMD2.g and psPax2 into 293 cells. Virus-containing media were collect-
ed and filtered. ST2 cells were plated at 13,000 cells/cm2 and infected for 
12 hours and then recovered for 36 hours in regular media prior to further 
treatment. Viral-infected ST2 cells displayed a delayed and blunted ISR 
induction in response to WNT3A compared with uninfected ST2 cells. 
As a result, in all knockdown experiments, anabolic gene expression and 
ISR induction were assayed after 96 hours of WNT3A treatment instead 
of the 72 hours normally done with uninfected ST2 cells. All knockdown 
results were confirmed by 2 or more unrelated shRNA constructs.

RNA isolation and RT-qPCR. Total RNA was isolated from cultured 
cells using the RNeasy Kit with on-column DNase treatment (QIAGEN). 
For in vivo gene expression analyses, total RNA was isolated from tibia 
and femur pulverized with Dismembranator in liquid nitrogen by using 
Trizol followed by the RNeasy Kit. Reverse transcription was performed 
using either 100 ng (cells) or 300 ng (bone extracts) total RNA with the 
iScript cDNA Synthesis Kit (Bio-Rad). Reactions were set up in techni-
cal and biological triplicate in a 96-well format on an ABI StepOne Plus, 
using SYBR Green chemistry (SsoAdvanced; Bio-Rad). The PCR condi-
tions were 95°C for 3 minutes, followed by 40 cycles of 95°C for 10 sec-
onds and 60°C for 30 seconds. Gene expression was normalized to 18S 
rRNA, and relative expression was calculated using the 2–(ΔΔCt) method. 

indicate that reprogramming the use of glucose and Gln may be a 
common strategy for cells to meet increased biosynthetic needs. It 
should be noted however, that much is yet to be learned about how 
metabolic changes contribute to cell differentiation. For instance, 
increased aerobic glycolysis and TCA-cycle anaplerosis may alter 
the levels of intermediate metabolites that participate in epigen-
etic regulation of gene expression, but such metabolites are yet to 
be identified. Despite the limitations, our experiment with GLS 
inhibition has provided a proof of principle that direct manipula-
tion of cellular metabolism may represent a promising approach 
for treating bone disorders.

Methods
Mouse strains. Lrp5A214V/+, Lrp5–/–, and Gcn2–/– mouse strains are as previ-
ously described (4, 36, 40).

Cell culture. ST2 cells were cultured in α-MEM (Gibco; Life Tech-
nologies) supplemented with 10% FBS (Invitrogen), 5 mM glucose, 
and 2 mM Gln. All experiments were carried out at a seeding density 
of 13,000 cells/cm2. WNT treatments were initiated 24 hours after 
plating by replacing the medium with α-MEM supplemented with 50  
ng/ml WNT3A (R&D) or vehicle control (0.1% Chaps in PBS). In 
indicated experiments, growth medium was supplemented with 100 
nM Torin1 (Sigma-Aldrich), 5 mM DM-α-KG (Sigma-Aldrich), 10 μM 
BPTES (Sigma-Aldrich), RPMI without Gln (Gibco; Life Technolo-
gies), or 5 μg/ml cyclohexamide (Sigma-Aldrich). For experiments 
using Torin1, cells were pretreated for 30 minutes before treatment 
with 50 ng/ml WNT3A and the respective compound. For Gln or other 
amino acid supplementation experiments, every 24 hours, media were 
collected and pooled, resupplemented to the indicated concentration, 
and finally added back to the cells. For WNT3A-induced mineraliza-
tion, cells were treated with WNT3A with or without the other reagents 
as indicated for 72 hours and then further incubated in mineralization 
medium (α-MEM supplemented with 50 mg/ml ascorbic acid [Sigma-
Aldrich] and 10 mM β-glycerophosphate [Sigma-Aldrich]) for 6 days. 

Table 2. Bone parameters in DMSO- or BPTES-treated Lrp5A214V/+ mice

Lrp5+/+ Lrp5A214V/+

DMSO BPTES DMSO BPTES
Male (n) 5 5 7 9
Weight (g) 17.1 ± 0.4 17.3 ± 1.0 17.1 ± 1.6 17.2 ± 1.4
BV/TV 0.028 ± 0.01 0.029 ± 0.01 0.10 ± 0.02A 0.06 ± 0.02A,B

Tb.N (1/mm) 1.20 ± 0.13 1.26 ± 0.16 2.69 ± 0.58A 1.89 ± 0.32A,B

Tb.S (mm) 0.85 ± 0.09 0.80 ± 0.09 0.39 ± 0.08A 0.55 ± 0.09A,B

Tb.Th (mm) 0.05 ± 0.01 0.05 ± 0.01 0.07 ± 0.01A 0.06 ± 0.01A

TMD (mg HA/cm 151.3 ± 16.3 144.4 ± 22.6 217.5 ± 20.3A 174.5 ± 15.5A,B

Ct.BV/TV 0.29 ± 0.02 0.30 ± 0.01 0.43 ± 0.04A 0.40 ± 0.05A,B

Ct.Th (mm) 0.11 ± 0.01 0.11 ± 0.01 0.19 ± 0.03A 0.17 ± 0.03A,B

Dynamic
MAR (μm2/d) ND ND 3.28 ± 0.19 2.68 ± 0.01B

MS/BS (%) ND ND 47.2 ± 1.59 35.6 ± 1.17B

BFR (μm3/μm2/d) ND ND 1.33 ± 0.07 0.69 ± 0.03B

Static
N.Ob ND ND 51.39 ± 4.79 36.09 ± 3.59B

N.Oc ND ND 14.64 ± 0.92 15.52 ± 1.08
AP ≤ 0.05 compared with Lrp5+/+ DMSO. BP ≤ 0.05 compared with Lrp5A214V/+ DMSO. ND, not determined; N.Ob, osteoblast number.
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Metabolic labeling. ST2 cells were seeded at 2.5 × 105 cells in 6-cm 
plates and cultured for 36 hours prior to treatment, followed by 2 wash-
es with cysteine/methionine-free medium and incubation in labeling 
medium (10% dialyzed FBS, 165 μCi EasyTag EXPRESS 35S mix) for 30 
minutes. Cells were then washed twice with ice-cold PBS and scraped 
in RIPA buffer. Soluble lysates were spotted on Whatman paper and 
precipitated in 5% TCA followed by two 5-minute washes in 10% TCA, 
two 2-minute washes in 100% ethanol, and one 2-minute wash in ace-
tone. Filters were air-dried and 35S incorporation was measured using a 
Beckman LS6500 Scintillation counter and normalized to cell number.

Analyses of mice. Radiographs of mouse skeleton were generated 
using a Faxitron x-ray system (Faxitron X-ray Corp.) with 20-second 
exposure under 25 kV. Microcomputed tomography (μCT 40, Scanco 
Medical AG) was used for 3D reconstruction and quantification of 
bone parameters (threshold set at 200) from 100 slices underneath 
the growth plate. Serum CTX assays were conducted with mice starved 
for 6 hours with the RatLaps ELISA Kit (Immunodiagnostic Systems 
Ltd.). Bone histomorphometry was performed on femurs fixed in 10% 
buffered formalin overnight at room temperature, followed by decal-
cification in 14% EDTA with change every 2 days for 2 weeks. After 
decalcification, bones were embedded in paraffin and sectioned at 
6-μm thickness. H&E and TRAP staining were performed following 
standard protocols. For dynamic histomorphometry, mice were inject-
ed with calcein (20 mg/kg) intraperitoneally at 7 and 2 days prior to 
sacrifice. Bones were fixed overnight in 50% ethanol and dehydrated 
prior to embedding in methyl-methacrylate for plastic sections. Von 
Kossa and Goldner’s Trichrome staining were performed on methyl-
methacrylate–embedded sections following standard protocols. Both 
static and dynamic histomorphometry were performed using Bio-
quant II. Mice treated with BPTES were injected intraperitoneally with 
0.2 g/kg body weight BPTES (in DMSO) or DMSO as a control every 
other day beginning at postnatal day 15 for 30 days.

Metabolomic studies. ST2 cells cultured to confluency on 15-cm 
plates were incubated with fresh α-MEM medium containing 5 mM 
glucose, 2 mM Gln, and 50 ng/ml of recombinant WNT3A or vehi-
cle for 6 or 24 hours. At the end of incubation, cells were washed 
with and then scraped in ice-cold PBS before centrifugation. The 
cell pellets were immediately frozen and later shipped on dry ice to 
Metabolon Inc. for analyses. Five biological replicates (each approxi-
mately 8 × 106 cells) were prepared for each condition. The cells were 
extracted and subjected to GC/MS and LC/MS/MS analyses per the 
Metabolon pipeline. A total of 208 metabolites with known identity 
were detected. The relative abundance of each metabolite was nor-
malized to DNA content.

GC/MS analyses of Gln conversion to citrate. At the end of 6, 12, 
or 24 hours of WNT3A treatment, [U-13C5] glutamine was added to 
the medium at a final concentration of 0.2 mM and incubated for 1 
hour. At the end of the incubation, the cells were washed with cold 
PBS and extracted 3 times with –80°C methanol on dry ice. Duplicate 
analyses were performed with each of the triplicate samples for each 
condition. Extracts were dried in a centrifugal concentrator (Savant 
SpeedVac; Thermo Scientific) and derivatized at 70°C, 30 minutes, 
with 1:1 acetonitrile:N-methyl-N(tert-butyldimethylsilyl)-trifluoro-
acetamide to make tert-butyldimethylsilyl (tBDMS) derivatives of 
Gln and citrate. GC-MS/EI analyses were performed with Hewlett-
Packard 6890 series gas chromatograph interfaced to an Agilent 
5973N mass spectrometer, as described previously (27). Isotopomer 

Primers were used at 0.1 μM, and their sequences are listed in Supple-
mental Table 1. PCR efficiency was optimized and melting curve analy-
ses of products were performed to ensure reaction specificity.

Gln consumption assays. ST2 cells cultured to confluency were 
incubated in α-MEM medium containing 5 mM glucose and 2 mM Gln 
for 12 hours and then switched to fresh medium containing 5 mM glu-
cose and 2 mM Gln plus the indicated compounds for the indicated 
times. Gln concentration in the medium was measured using the Gln 
glutamate determination kit (Sigma-Aldrich) per the manufacturer’s 
instructions. Each experiment was repeated a minimum of 4 times.

GLS activity assay. ST2 cells cultured to confluency were incubat-
ed in α-MEM medium containing 5 mM glucose and 2 mM Gln for 12 
hours and then switched to fresh medium containing 5 mM glucose, 
2 mM Gln, and 50 ng/ml rWNT3A for 6 hours. Cells were washed 3 
times with HBSS and cultured for 20 minutes in α-MEM medium con-
taining 5 mM glucose, 2 μM Gln, and 4 μCi/ml glutamine, L (2,3,4-3H) 
(ART0149a). GLS activity was terminated by washing 3 times with ice-
cold HBSS and scraping cells in 1 ml ice-cold milliQ water. Cells were 
lysed by sonication for 1 minute, with 1-second pulses at 20% ampli-
tude. After clarification, cell lysates were bound onto AG 1-X8 poly-
prep anion exchange columns (Bio-Rad). Uncharged Gln was eluted 
with three 2-ml volumes of water. Glutamate and metabolites were 
eluted with three 2-ml volumes of 0.1 M HCl. Eluent fractions were 
collected and combined with 4 ml scintillation cocktail, and DPM was 
measured using a Beckman LS6500 Scintillation Counter.

Western blotting. ST2 cells were scraped in lysis buffer containing 50 
mM Tris (pH 7.4), 15 mM NaCl, 0.5% NP-40, 0.1% SDS, 0.1% sodium 
deoxycholate, and a protease and phosphatase inhibitor mix (Roche). 
Bone Western blot analyses were performed with extracts from tibia 
and femur that were pulverized in liquid nitrogen after the epiphysis 
was removed and the marrow flushed. Protein concentration was mea-
sured with the BCA method (Pierce). Proteins (20 μg) were resolved 
on 12% polyacrylamide gel, transferred onto a 0.45-μM pore PVDF 
Immobilon-P membrane (Millipore), and detected with specific anti-
bodies: β-actin (Cell Signaling, no. 4970), α-tubulin (Santa Cruz Bio-
technology Inc., TU-02, no. sc-8035), GCN2 (Cell Signaling, no. 3302), 
P-T898 GCN2 (Cell Signaling, no. 3301), P-S51 eIF2α (Cell Signaling, 
no. 9721), eIF2α (Cell Signaling, no. 2103), DDIT3/CHOP (Cell Signal-
ing, no. 2895), ATF4/CREB2 (Santa Cruz Biotechnology Inc., C-20, 
no. sc-200), β-catenin (Santa Cruz Biotechnology Inc., H-102, no. 
sc7199), AMPK (Cell Signaling, no. 2532), P-T172 AMPK (Cell Signal-
ing, no. 2531), GLS (ProteinTech, no. 12855-1-AP), S6 (Cell Signaling, 
no. 2217), P-S6 (Cell Signaling, no. 2211), P-S65 4EBP1 (Cell Signaling, 
no. 9451), 4EBP1 (Cell Signaling, no. 9452), rictor (Cell Signaling, no. 
2140), P-S473 AKT (Cell Signaling, no. 9271), and AKT(Cell Signaling, 
no. 9272). The membranes were blocked for 1 hour at room tempera-
ture in 5% BSA (Roche) in TBS containing 0.1% Tween, followed by an 
overnight incubation at 4°C with the primary antibody. ATF4 immu-
noblots were blocked overnight at 4°C in 7% milk (TBS, 0.1% Tween) 
followed by overnight incubation with antibody at 4°C in 5% milk. 
Membranes were then washed 3 times with TBS/Tween 0.1% and 
further incubated with the secondary antibody, HRP conjugate goat 
anti-rabbit (Santa Cruz Biotechnology Inc., no. sc-2370), or anti-mouse 
(Santa Cruz Biotechnology Inc., no. sc-2031) in 5% BSA (TBS/Tween 
0.1%) for 1 hour at room temperature. All blots were developed using 
the Clarity Substrate Kit (Bio-Rad). Each experiment was repeated with 
a minimum of 3 independently prepared protein samples.
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distributions were measured by electron impact ionization for tBD-
MS derivative of Gln (m/z 431-436, 438) and citrate (m/z 591-596). 
All isotopomer distributions were corrected for natural abundance 
and for spectral overlap (42).

Statistics. Statistical significance was determined by 2-tailed Stu-
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cantly between the groups.
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