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Summary

WNT signaling controls many biological processes including cell differentiation in metazoans.
However, how WNT reprograms cell identity is not well understood. We have investigated the
potential role of cellular metabolism in WNT-induced osteoblast differentiation. WNT3A induces
aerobic glycolysis known as Warburg effect by increasing the level of key glycolytic enzymes.
The metabolic regulation requires LRP5 but not p-catenin, and is mediated by mTORC2-AKT
signaling downstream of RAC1. Suppressing WNT3A-induced metabolic enzymes impairs
osteoblast differentiation in vitro. Deletion of Lrp5in the mouse, which decreases postnatal bone
mass, reduces mTORC2 activity and glycolytic enzymes in bone cells and lowers serum lactate
levels. Conversely, mice expressing a mutant Lsp5that causes high bone mass exhibit increased
glycolysis in bone. Thus, WNT-LRP5 signaling promotes bone formation in part through direct
reprogramming of glucose metabolism. Moreover, regulation of cellular metabolism may
represent a general mechanism contributing to the wide-ranging functions of WNT proteins.

Introduction

WNT signaling controls cell proliferation, fate decision, polarity and migration throughout
the evolution of metazoans (Croce and McClay, 2008). WNT proteins, by engaging various
receptors and coreceptors at the cell membrane, activate an intracellular signaling network
highly dependent on the cellular context, to induce diverse biological responses (van
Amerongen and Nusse, 2009). WNT signaling through p-catenin has been most extensively
studied. In this mechanism, binding of WNT to a Frizzled (Fz) receptor and a LRP5/6 co-
receptor leads to stabilization of B-catenin, which subsequently translocates to the nucleus
where it interacts with members of the TCF/LEF transcription factors to activate
transcription of downstream target genes (Clevers, 2006). In addition, WNT proteins can
activate the Rho family of small GTPases (Habas et al., 2003; Habas et al., 2001; Wu et al.,
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2008), the Ca?* pathway (Kuhl et al., 2000) and PKC8 (Kinoshita et al., 2003; Tu et al.,
2007). WNT has also been shown to activate mTORC1 (mammalian target of rapamycin
complex 1), one of the two complexes formed by mTOR (Inoki et al., 2006). Whereas
mTORC1 uniquely contains raptor and is the main target of rapamycin, mMTORC2 contains
rictor and is relatively insensitive to the drug (Laplante and Sabatini, 2012; Wullschleger et
al., 2006). Among many other functions, mTORCL is best known to control protein
synthesis through phosphorylation of the translational regulators 4E-BP1 and S6K1, the
latter of which in turn phosphorylates the ribosomal protein S6 and other substrates (Ma and
Blenis, 2009). mTORC?2 is known to activate Akt through phosphorylation at Ser473, which
is necessary for its activity towards some but not all substrates (Guertin et al., 2006; Hresko
and Mueckler, 2005; Jacinto et al., 2006; Sarbassov et al., 2005). Other targets of mMTORC2
include PKCa, FOXO3 and SGK1 (Garcia-Martinez and Alessi, 2008; Guertin et al., 2006).
Earlier studies with siRNA have implicated mTORC?2 signaling in regulating the actin
cytoskeleton (Jacinto et al., 2004; Sarbassov et al., 2004), but this function was not
confirmed in embryonic fibroblasts derived from knockout mice (Guertin et al., 2006). On
the other hand, mTORC2 has been shown to regulate whole-body glucose and lipid
metabolism through its action in the liver and the adipose tissue (Cybulski et al., 2009;
Hagiwara et al., 2012; Kumar et al., 2010; Lamming et al., 2012). Recent studies have
shown that the small GTPase RACL1 localizes mTOR to specific membranes and mediates
the activation of both mTORC1 and mTORC?2 in response to growth factors (Saci et al.,
2011). In addition, ribosomes activate mMTORC?2 through physical association (Zinzalla et
al., 2011). Whether or not WNT signaling activates mTORC2 has not been explored.

WNT signaling has emerged as an important mechanism regulating bone formation in
mammals (Long, 2012). In the mouse embryo, deletion of B-catenin, or both LRP5 and
LRP6, in the skeletogenic progenitors abolishes osteoblast differentiation, indicating that
WNT signaling through p-catenin is critical for embryonic osteoblastogenesis (Day et al.,
2005; Hill et al., 2005; Hu et al., 2005; Joeng et al., 2011; Rodda and McMahon, 2006).
Postanally, loss- and gain-of-function mutations in LRP5 cause low and high bone mass
syndromes, respectively, in humans (Boyden et al., 2002; Gong et al., 2001; Little et al.,
2002). Moreover, deficiency in SOST, a secreted inhibitor that prevents the binding of WNT
to LRP5 or LRP6, results in high bone mass in human patients (Balemans et al., 2001;
Balemans et al., 2002). In the mouse, deletion of LRP5 causes osteopenia (Cui et al., 2011;
Kato et al., 2002), whereas loss of SOST increases bone mass (Li et al., 2008). The
mechanism through which WNT signaling stimulates osteoblast differentiation, however,
remains to be elucidated.

Emerging evidence has implicated WNT signaling in the regulation of cellular metabolism.
A missense mutation in LRP6 has been linked with abnormal whole-body metabolism in
humans (Mani et al., 2007). Genomic polymorphism of TCF7L2, a transcriptional effector
of WNT/B-catenin signaling is associated with Type 1l diabetes (Grant et al., 2006). In cell
culture models, prolonged WNT treatment induced mitochondria biogenesis in a f-catenin-
dependent manner (Yoon et al., 2010). In the mouse, hepatic manipulation of B-catenin was
shown to regulate glucose and glutamine metabolism (Cadoret et al., 2002; Chafey et al.,
2009; Liu et al., 2011). However, whether WNT regulates cellular metabolism via -
catenin-independent mechanisms has not been examined. Moreover, it is not known whether
metabolic regulation by WNT contributes to cell differentiation.

Here we investigate the potential regulation of glucose metabolism by WNT during
osteoblast differentiation. We report that multiple WNT proteins acutely stimulate aerobic
glycolysis to control osteoblast differentiation. Distinct from the previous findings, the
metabolic regulation described here is independent of p-catenin signaling, but requires
mTORC?2 activation. Importantly, mouse genetic models demonstrate that WNT-LRP5
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signaling concurrently increases glycolysis and bone formation in vivo. Thus, WNT
signaling reprograms glucose metabolism through a novel mechanism, and WNT-induced
metabolic reprogramming contributes to osteoblast differentiation.

WNT induces aerobic glycolysis independent of B-catenin

To investigate a potential link between WNT signaling, cellular metabolism and osteoblast
differentiation, we examined the effect of WNT proteins on glucose metabolism in ST2
cells, a mouse bone marrow stromal cell line known to undergo osteoblast differentiation in
response to WNT (Tu et al., 2007). Because we were interested in direct regulation by WNT
instead of adaptive effects secondary to the differentiated state, we focused on the response
within the first 24 hours of treatment. Purified WNT3A progressively increased glucose
consumption over the control, reaching statistical significance at 6 hrs and exhibiting a
marked increase at 12 and 24 hrs (Fig. 1A). Importantly, during this time period, WNT3A
did not increase the number of cells, or alter the cell cycle distribution (Fig. S1A, B).
Compared to WNT3A, insulin at high concentrations (1 or 2 pg/ml) was less effective in
stimulating glucose consumption in ST2 cells (Fig. S1C). Moreover, WNT3A stimulated
glucose consumption in the absence of serum even though overall glucose consumption was
lower at both basal and stimulated conditions (Fig. S1D). Consistent with the increased
glucose consumption, glucose uptake, as assayed by fluorescently labeled 2-deoxyglucose,
was enhanced following 1, 12 or 24 hours of WNT3A treatment (Fig. 1B). Thus, WNT3A
acutely induces glucose consumption in ST2 cells.

We then examined whether the regulation was limited to WNT3A and undifferentiated ST2
cells. WNT10B has been shown to induce osteoblast differentiation in ST2 cells (Kang et
al., 2007). We found that virally expressed WNT10B increased glucose consumption to a
comparable extent as purified WNT3A (Fig. 1C). In contrast, recombinant WNT5A did not
have a similar effect (Fig. S1E). BMP2, a known inducer of osteoblast differentiation in ST2
cells, did not stimulate glucose consumption after 24 hours of treatment (Fig. S1F). To
determine the effect of WNT3A on differentiating ST2 cells, we stimulated them with an
established osteogenic media containing dexamethasone, p-glycerophosphate and ascorbate
for up to 15 days, and then assessed their response to WNT3A for 24 hours at each
differentiation stage. WNT3A stimulated glucose consumption in ST2 cells at all stages
(Fig. S1G, H). We then tested the effect of WNT3A on other cell lines as well as primary
cell cultures. We found that WNT3A stimulated glucose consumption in C2C12 (myoblast),
M2-10B4 (bone marrow stromal cell), MC3T3 (preosteoblast), MLO-Y4 cells (osteocyte),
3T3-L1 cells (preadipocytes), as well as primary cultures of mouse embryonic fibroblasts
(MEFs) and osteoblast-lineage cells from the mouse calvaria (Fig. 1D-G). Thus, multiple
osteogenic WNT ligands increase glucose consumption, but all osteogenic signals do not
exhibit the same regulation. Furthermore, WNT3A stimulates glucose consumption in a
variety of cell types.

We next examined potential metabolic changes in ST2 cells. WNT3A markedly increased
the concentration of lactate in the culture media at both 6 and 24 hours of treatment (Fig.
2A). Similarly, WNT10B increased lactate levels at 24 hours (Fig. 2B). WNT5A, on the
other hand, did not affect lactate levels (Fig. S1I), even though it induced phosphorylation of
MARKS in ST2 cells (Fig. S1J). We next measured extracellular acidification rate (ECAR)
as an indicator for lactate production rate, and the oxygen consumption rate (OCR) with the
Extracellular Flux Analyzer after 6 hours of WNT stimulation. WNT3A notably increased
ECAR both at the basal state, and during mitochondria stress tests with oligomycin or
FCCP, but had no effect on the oxygen consumption rate (OCR) under all conditions (Fig.
2C, D). Similarly, after 24 hours, WNT3A increased ECAR but not OCR (Fig. 2E).
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Moreover, WNT3A did not alter the intracellular ATP levels after 24 hours of treatment
(Fig. 2F). Thus, WNT signaling stimulated lactate production but not oxidative
phosphorylation.

To demonstrate that WNT3A stimulates lactate production directly from glucose, we tracked
the fate of glucose through isotopomer distribution analyses of stable isotopically labeled
substrates through GC/MS. Briefly, cells were first stimulated with WNT3A for 6, 12 or 24
hours and then incubated with 13C-labeled glucose ([U-13Cg]-glucose, m+6 isotopomer
tracer) for 1 hour, and its contribution to lactate through glycolysis was determined by
measuring the abundance of the labeled [U-13C5]-lactate (m+3 isotopomer) relative to the
unlabeled (m+0) pool. After 6, 12 or 24 hours of stimulation, WNT3A markedly increased
the relative abundance of m+3 lactate in the cell lysate, indicating a greater portion of lactate
derived through glycolysis (Fig. 2G-I). Moreover, at all time points, the WNT3A-induced
enrichment of labeled lactate was greater than that of the intracellular labeled glucose (m+6/
m+0), indicating that a greater portion of the intracellular glucose underwent glycolysis in
response to WNT3A (Fig. 2G-I). Thus, WNT signaling stimulates glycolysis despite the
abundance of oxygen, a phenomenon known as the Warburg effect.

We next examined the molecular basis for the increased glycolysis. GLUT1, a main glucose
transporter, and hexokinase Il (HK2) that catalyzes the first rate-limiting step of glucose
catabolism, were both induced by WNT3A at 1 hour, and remained high at 6, 12 and 24
hours of treatment (Fig. 3A, and data not shown). Phosphofructokinase 1 (PFK1), a key
regulatory enzyme for the “committed step” of glycolysis, and 6-phosphofructo-2-kinase/
fructose-2, 6-bisphosphatase 3 (PFKFB3), which controls the concentration of fructose 2,6-
bisphosphate, a potent allosteric activator of PFK1, were both induced by WNT3A, although
PFKFBS3 returned to control levels by 24 hours of treatment (Fig. 3A). Finally, lactate
dehydrogenase A (LDHA), which catalyzes the conversion of pyruvate to lactate, and
pyruvate dehydrogenase kinase 1 (PDK1) that inactivates the pyruvate dehydrogenase
complex to suppress pyruvate from entering the TCA cycle, were both induced by 6 hours of
WNT3A stimulation, and remained high at the later time points (Fig. 3A). Quantification of
Western blots from multiple independent experiments confirmed that the glycolytic
regulators was consistently induced by WNT3A after 1, 6 and 24 hours of treatment (Fig.
S2A-C). Interestingly, when ST2 cells were first starved for serum, WNT3A induced not
only HK2 but also LDHA and PDK1 after 1 hour of stimulation (Fig. 3B). Further
experiments revealed that these enzymes were in fact upregulated by WNT3A within 5
minutes of stimulation in the serum-starved cells (Fig. S2D). The quick induction of the
enzymes is unlikely due to transcriptional regulation, as their mRNA levels stayed relatively
unchanged even after 6 hours of WNT3A treatment (Fig. S2E). After 24 hours, only Ladha
and PakI mRNA but not the others were increased over the control (Fig. S2F). Knockdown
of either LDHA or PDK1 partially suppressed WNT3A-induced glucose consumption (Fig.
3C, D). Thus, WNT3A acutely increases the protein levels of a number of key glycolytic
regulators to stimulate glycolysis.

We next investigated the signal transduction mechanism through which WNT3A induces
glycolysis. Because WNT3A inhibits GSK3p activity, we first investigated the potential
importance of GSK3p inhibition. Inhibition of GSK3p activity by either genetic knockdown
or LiCl did not increase glucose consumption by itself, nor did it affect WNT3A-induced
glucose consumption (Fig. 3E, and data not shown), even though it increased p-catenin
levels as expected (Fig. 3F, and data not shown). Similarly, knockdown of -catenin did not
alter WNT3A-induced glucose consumption, although it suppressed the induction of IRS1,
known to be induced transcriptionally by p-catenin (Yoon et al., 2010) (Fig. 3G, H).
Knockdown of p-catenin with a second shRNA also did not suppress WNT3A-induced
glucose consumption (Fig. S3A). Finally, stabilization of AXIN1/2 with the tankyrase
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inhibitor XAV939 inhibited p-catenin stabilization by WNT3A, but did not impair the
induction of glucose consumption (Huang et al., 2009) (Fig. 31, J). Thus, regulation of
AXIN, GSK3 or B-catenin is not the principle mechanism for WNT3A to induce glycolysis.

WNT-LRPS5 signaling activates mTORC2 via RAC1 to induce glycolysis

We next investigated the potential role of mTOR signaling in WNT-induced glycolysis.
WNT3A acutely activated mTORC1 as indicated by increased phosphorylation of the
ribosomal protein S6, which was evident at 1 hour of stimulation and maintained after 24
hours (Fig. 4A). In addition, WNT3A activated mTORC?2 as Ser473-phosphorylation of
AKT was elevated at these time points (Fig. 4A). Quantification of Western blots from
multiple independent experiments confirmed these findings (Fig. S2A-C). We further
explored the temporal regulation of mTOR signaling under serum-starved condition. We
found that WNT3A activated both mTOR complexes in serum-starved ST2 cells within 5
minutes of stimulation, and throughout 24 hours of treatment (Fig. 4B, C). In contrast,
WNT5A, which did not induce glycolysis, did not stimulate mTORC2 (Fig. S1J).
Confirming the activation of mMTORC?2 signaling by WNT3A, phosphorylation of PKCa at
S657, FOXO3A at T32 and NDRG1 at T346, all previously shown to require mTORC2
activity (Garcia-Martinez and Alessi, 2008; Guertin et al., 2006), were also induced (Fig.
4B, D). Furthermore, like in ST2 cells, WNT3A activated mTORC2 and induced the
glycolytic enzymes in MEFs, and primary osteoblast-lineage cells from the mouse calvaria
(Fig. 4E). Knockdown of RICTOR, an mTORC2-specific component, greatly reduced both
basal and induced mTORC?2 signaling, but not mTORCL (Fig. 5A, S4A). RICTOR
knockdown also abolished the upregulation of HK2 and LDHA by WNT3A, as well as
WNT3A-induced glucose consumption, lactate production and media acidification (Fig. 5B—
D, S4B). The effects of RICTOR knockdown on WNT3A-induced mTOR signaling,
glycolytic enzymes and glucose consumption were all confirmed with a second shRNA (Fig.
S4C-E). Similarly, PP242 and Torin 1, inhibitors of both mTORC1 and mTORC2, greatly
suppressed WNT3A-induced glucose consumption (Fig. S4F, G). MK-2206, an allosteric
AKT inhibitor preventing S473 phosphorylation, completely abolished WNT3A-induced
glucose consumption, as well as LDHA and PDK1 upregulation (Fig. 5, F). Use of a lower
concentration (0.1 uM) of MK2206 suppressed WNT3A-induced glucose consumption to a
lessor degree but an even lower concentration (0.01 uM) did not have an effect (Fig. S4H).
MK-2206 at the effective dosages did not affect cell numbers (Fig. S41). In contrast to
RICTOR, knockdown of RAPTOR, an mTORC1-specific component, suppressed
mTORC1, but not mTORC2 activation or the induction of PDK1, LDHA and HK2 by
WNT3A (Fig. 5G, H, S4J). Interestingly, RAPTOR knockdown activated basal nTORC?2,
and increased the basal levels of the glycolytic enzymes without WNT stimulation (Fig. 5G,
H), which was likely responsible for the increased basal glucose consumption (Fig. 51).
Nonetheless, RAPTOR knockdown did not prevent further stimulation of glucose
consumption or lactate production by WNT3A (Fig. 51, J). Conversely, activation of
mTORC1 by knockdown of TSC2 did not increase glucose consumption by itself, nor did it
affect WNT3A-induced glucose consumption (Fig. 5K, data not shown). Thus, WNT3A
stimulates glycolysis predominantly through mTORC2 activation.

How does WNT signaling activate mTORC2? DKKZ1, which prevents WNT from binding to
LRP5 or LRP6, abolished LRP6 phosphorylation, mMTORC2, but not mMTORC1 activation by
WNT3A at 1 hour (Fig. 6A). Moreover, DKK1 abrogated the induction of g-catenin, HK2,
LDHA, GLUT1 and PDK1 after 24 hours of WNT3A treatment (Fig. 6B). Importantly,
DKKZ1 abolished the increase in glucose consumption in response to WNT3A (Fig. 6C). To
distinguish the relative contribution of LRP5 versus LRP6 in this regulation, we performed
knockdown experiments. Remarkably, knockdown of LRP5 alone essentially recapitulated
the effect of either DKKZ, or double knockdown of LRP5 and LRP6, in abolishing
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WNT3A-induced glucose consumption, whereas knockdown of LRP6 had a relatively minor
effect (Fig. 6D, E). The differential effect of LRP5 versus LRP6 knockdown was confirmed
with a second shRNA for each molecule (Fig. S3A, B). We further examined potential
compensation between LRP5 and LRP6 when either molecule was knocked down.
Interestingly, LRP6 knockdown doubled Lp5 mRNA but did not increase its protein level,
whereas LRP5 knockdown did not affect either mRNA or protein of LRP6 (data not shown).
Confirming the importance of mMTORC?2, knockdown of LRP5 but not LRP6 suppressed
mTORC?2 activation, even though either knockdown similarly suppressed the accumulation
of the stabilized form of p-catenin in response to WNT3A (Fig. 6F). Moreover, knockdown
of LRP5 but not LRP6 eliminated the induction of HK2 by WNT3A (Fig. 6F). Thus, LRP5
appears to be the principle mediator for WNT3A to stimulate glycolysis.

We next investigated how WNT-LRPS5 signaling activates mTORC2. Because we have
previously shown that WNT-LRP5/6 signaling activates the Rho-family small GTPase
RAC1 (Wu et al., 2008), and others have reported that RAC1 mediates both mTORC1 and
mTORC2 activation (Saci et al., 2011), we examined the relevance of RAC1 in WNT3A-
induced mTORC?2 signaling. Knockdown of RAC1 suppressed the induction of P-AKT, P-
FOXO3A and LDHA by WNT3A (Fig. 6G, S5A), as well as WNT3A-induced glucose
consumption (Fig. 6H). A second shRNA against RAC1 confirmed its role in mTORC2
activation and glycolysis stimulation by WNT3A (Fig. S5B-D). Because the previous study
demonstrated that RAC1 membrane translocation but not its GFP-bound form mediates
mTOR activation (Saci et al., 2011), we examined the effect of WNT on RAC1 subcellular
localization by confocal microscopy. Indeed, WNT3A induced accumulation of RAC1 at the
plasma membrane (Fig. 61). Specifically, out of 85 cells counted, 23 in the control but 61 in
the WNT3A-treated sample showed membrane localization of RAC1. Similarly, virally
expressed WNT10B also induced RAC1 accumulation at the plasma membrane (Fig. S5E).
Thus, WNT activates mTORC2 through LRP5 and RAC1 to stimulate glycolysis.

Metabolic regulation contributes to WNT-induced osteoblast differentiation

We then tested whether the metabolic regulation plays a role in WNT-induced osteoblast
differentiation in ST2 cells. Because WNT induced glucose consumption, we hypothesized
that glucose concentrations may impact osteoblast differentiation. Indeed, reducing glucose
concentration from the normal 5mM to 1mM greatly impaired osteoblast differentiation in
response to WNT3A, as indicated by the decreased expression of Ajp/and /bsp (Fig. 7A),
even though B-catenin was similarly stabilized by WNT3A under both conditions (Fig. 7B).
The lower glucose concentration did not affect cell numbers, but markedly reduced the
extent of induction in glucose consumption by WNT3A (Fig. 7C, S6A). The cells also
produced much less lactate with or without WNT3A (Fig. S6B). The inhibitory effect of low
glucose was specific to WNT3A, as BMP2 induced osteoblast differentiation similarly with
either 5mM or 1mM glucose (Fig. S6C). Next, we tested the role of mMTORC2 in WNT3A-
induced osteoblast differentiation. RICTOR knockdown suppressed osteoblast
differentiation (Fig. 7D). Similarly, Torin 1, which inhibits both mTORC1 and mTORC?2,
greatly diminished the expression of Ajp/and /bsp in response to WNT3A (Fig. S6D).
Finally, we examined the roles of glycolytic enzymes. Knockdown of either LDHA or
PDK1, both normally induced by WNT3A, greatly reduced the induction of osteoblast
marker genes Collaland /bsp by WNT3A (Fig. 7E). In addition, either knockdown
suppressed the level of Alp/expression in response to WNT3A, whereas PDK1 knockdown
also reduced the basal level (Fig. S6E). In contrast, neither knockdown impaired osteoblast
differentiation in response to BMP2 (Fig. S6F, and data not shown). Thus, reprogramming
of glucose metabolism specifically contributes to WNT-induced osteoblast differentiation.
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WNT-LRPS5 signaling increases glycolysis in vivo

Lastly, we tested whether WNT-LRP5 signaling reprograms glucose metabolism in vivo.
We first examined the L7p57~ mice that are known to be defective in bone formation
(Holmen et al., 2004; Kato et al., 2002). These mutants at six weeks of age contained a
much lower level of HK2, LDHA and PDK1 in their bones when compared to the littermate
controls (Fig. 7F). Moreover, the serum lactate levels in one-month-old £7p57~ mice were
significantly lower than those in their littermate controls (Fig. 7G). To rule out the
possibility that the metabolic changes in bone were secondary to the effects on other tissues,
we generated Osx-Cre;Lrp57f mice (CKO) containing bone-specific deletion of L/p5. We
found a notable decrease in the levels of HK2, PDK1 and LDHA in the bones of CKO mice
at ten weeks of age, coupled with reduced mTORC2 activity (Fig. 7H). Analyses with uCT
techniques revealed obvious osteopenia in the CKO mice when compared to the littermate
control (Fig. 71, STA, B). Consistent with reduced bone formation, the serum P1INP
(procollagen type | N-terminal propeptide) level was lower in the CKO mice than the
control (Fig. 7J). To further establish the link between LRP5 and metabolic regulation in
bone, we studied the high-bone-mass (HBM) mice harboring the point mutation of A214V
in LRP5 (Cui et al., 2011). We confirmed by uCT analyses that mice either heterozygous or
homozygous for the mutant allele exhibited markedly higher bone mass at two months of
age (data not shown). Importantly, bones from the HBM mice expressed higher levels of
HK2, PDK1 and LDHA (Fig. 7K). The bone marrow stromal cells isolated from the HBM
mice consumed more glucose than their control counterpart when cultured in vitro, and the
increase in glucose consumption was suppressed by the mTOR inhibitor Torin 1 (Fig. 7L,
M). Thus, LRP5 signaling modulates glucose metabolism in bone cells in the mouse.

Discussion

We have provided evidence that WNT signaling directly regulates glucose metabolism
independent of B-catenin signaling. Specifically, WNT3A signals through LRP5 and RAC1
to activate mMTORC2 and AKT, resulting in upregulation of key glycolytic enzymes.
Functionally, the metabolic regulation contributes to WNT-induced osteoblast
differentiation in vitro, and correlates with the bone forming activity of LRP5 signaling in
vivo. This study not only uncovers a novel mechanism through which WNT signaling
regulates cellular metabolism, but also demonstrates that metabolic regulation contributes to
WNT-induced cell differentiation.

The present study further expands the repertoire of signaling cascades activated by WNT3A.
In addition to B-catenin stabilization, we have previously shown that WNT3A signals
through heterotrimeric G-proteins to activate both PLCB-PKC8 and PI3K-RACL signaling
in ST2 cells (Tu et al., 2007; Wu et al., 2008). Here we show that WNT3A activates
mTORC2 downstream of RAC1. Activation of the different pathways by WNT3A may
require distinct cell-surface receptor complexes, as f-catenin stabilization and RAC1
activation are inhibited by DKK1, but PKCS$ activation is not. Taken together, these studies
support the notion that WNT proteins activate multiple intracellular signaling cascades
highly dependent on the cellular context, and do not possess intrinsic “canonical” or
“noncanonical” signaling properties (van Amerongen et al., 2008).

The mechanism through which mTORC?2 induces glycolytic enzymes remains to be further
elucidated. The fact that the induction occurs abruptly following WNT3A treatment with no
change in mMRNA levels indicates a transcription-independent mechanism at work. We show
that AKT, a direct target of mMTORC?2, is critical for the induction of glycolytic enzymes and
glycolysis in response to WNT3A. Future studies are necessary to determine whether and
how mTORC2-AKT signaling affects protein stability or translation of the glycolytic
enzymes.
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Our data identifies LRP5 as a major co-receptor for WNT3A to induce glycolysis. Although
RNA-seq experiments revealed that ST2 cells expressed three times as much Lrp6 mRNA as
Lrp5 (data not shown), knockdown of LRP6 did not have a major effect on WNT3A-
induced glucose consumption. In light of the finding that LRP6 has a more potent function
in mediating B-catenin signaling (MacDonald et al., 2011), the two homologous co-receptors
may have evolved to preferentially execute different WNT signaling cascades. However,
because we have analyzed glucose metabolism only within the first 24 hours of WNT3A
treatment, LRP6 may regulate cell metabolism at later time points through p-catenin
signaling. Indeed, we found that both Laha and PdkZI mRNA were induced by WNT3A at 24
hours (Fig. S2F), and that knockdown of B-catenin partially suppressed the induction of
LDHA and PDK1 proteins at this time point (data not shown). Furthermore, induction of
IRS1 by B-catenin signaling may contribute to glucose metabolism in response to insulin
(Yoon et al., 2010) (this study). Thus, WNT signaling may control glucose metabolism both
through the fast-acting, p-catenin-independent and the slow-acting, p-catenin—dependent
mechanisms, which may be preferentially mediated by LRP5 and LRP6, respectively. This
conclusion is in agreement with the previous reports that implicated LRP5, LRP6 and f3-
catenin in the regulation of whole-body metabolism (Fujino et al., 2003; Liu et al., 2011,
Mani et al., 2007).

The finding that LRP5 mediates WNT-induced metabolic reprogramming may have
important implications for understanding the pathogenesis of bone disorders caused by
LRP5 mutations. Although the role of LRP5 in regulating both osteoblast number and
function in postnatal mice is well established, the mechanism underlying LRP5 function has
been a matter of debate (Cui et al., 2011; Yadav et al., 2008). We have recently reported that
[B-catenin is necessary for normal osteoblast life span and activity in postnatal mice, lending
support to the notion that p-catenin may mediate some aspects of LRP5 signaling in
postnatal bones (Chen and Long, 2012). The current study provides an additional
mechanism through which LRP5 may regulate osteoblast differentiation and function
independent of B-catenin. Future studies are necessary to determine the relative
contributions of the different mechanisms to LRP5 function in vivo.

Beyond cells of the osteoblast lineage, WNT signaling may be a general paracrine
mechanism that modulates cellular metabolism in the body. Besides cell differentiation,
changes in cellular metabolism are likely to influence other aspects of cell physiology, as
well as whole body metabolism. Furthermore, because insulin is an endocrine signal that
controls glucose metabolism, we expect that WNT may intersect with insulin signaling to
coordinate cellular metabolism. Indeed, a recent report has shown physical interaction
between LRP5 and insulin receptor and interdependence between WNT and insulin
signaling (Palsgaard et al., 2012). We observed greater potency for WNT3A than insulin in
inducing glucose consumption in ST2 cells, and that WNT3A exerted a similar effect in the
absence of serum (hence no insulin). Thus, the WNT can operate independent of insulin
signaling in our setting. Future studies are necessary to elucidate the interaction between
WNT and insulin signaling in regulating glucose metabolism.

Warburg effect originally describes the phenomenon that cancer cells often utilize glucose
through glycolysis over oxidative phosphorylation despite the abundance of oxygen
(Warburg, 1956). The phenomenon is now known to be common to proliferating cells in
culture. The reason for Warburg effect continues to be an area of active research, but it has
been proposed that glycolysis produces the necessary intermediate metabolites for fueling
cell proliferation (Vander Heiden et al., 2009). In our experiments, WNT induced cell
differentiation without an obvious effect on proliferation. How increased glycolysis
promotes differentiation remained to be investigated in the future, but it may alter the levels
of key intermediate metabolites that regulate gene expression. Overall, our study has
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identified metabolic regulation as a new mechanism for WNT proteins to induce cell
differentiation.

Experimental procedures

Mouse strains

Antibodies

Osx-Cre, Lrp57 Lrp57~, Lrp578M mice are as previously described (Cui et al., 2011;
Holmen et al., 2004; Joeng et al., 2011; Rodda and McMahon, 2006). The Animal Studies
Committee at Washington University has reviewed and approved all mouse procedures used
in this study.

Antibodies for p-Lrp6 (cat#2568), p-Akt(S473)(cat#9271), Akt (cat#9272), p-S6 (cat#2215),
S6 (cat#2217), Raptor (cat#2280), Rictor (cat#2140), Lrp5 (cat#5731), p-actin (cat#4970),
FoxO3a (cat#2497S), p-FoxO3a-T32 (cat#9464S), p-NDRG1-Thr346 (cat#3217S), P-S6K
(cat#9205) are from Cell Signaling Technologies. Hk2 (sc-6521), Ldha (sc-27230), Pfkl
(sc-31712), Lrp6 (sc-25317), a-tubulin (sc-8035), p-PKCa-Ser 657 (sc-12356) total PKCa
(sc-208) antibodies are from Santa Cruz Biotechnology. Pfkfp3 (ab96699) antibody is from
Abcam. Antibody for unphosphorylated p-catenin (05-665) is from Millipore. Pdk1 (KAP-
pk112) antibody is from Assay Designs. RACL1 antibody (610650) is from BD Biosciences.
Glutl polyclonal antibody F350 is as previously described and kindly provided by Dr.
Michael Mueckler (Washington University School of Medicine) (Haney et al., 1991). HRP-
conjugated anti-rabbit secondary antibody is from GE healthcare (NA934V), HRP-
conjugated anti-mouse (sc-2005) and anti-goat (sc-2352) secondary antibodies are from
Santa Cruz Biotechnology.

Western blot

Protein extracts from cells or bone were prepared in RIPA buffer containing phosphatase
and proteinase inhibitors. Membranes were imaged with Molecular Imager ChemiDoc™
XRS+ System (Bio-Rad). Quantification of western blots was performed with ImageLab
software or Photoshop CS3. Detailed procedure is provided in Supplemental Materials and
Methods.

Quantitative PCR

Cell culture

RNA was isolated from whole cells with QIAGEN RNeasy kit (#74104) and was transcribed
into cDNA using iScript cDNA synthesis kit (Bio-rad). Fast-start SYBR green (Bio-rad) and
0.05 uM primers were used in each reaction. 18S RNA was used for normalization. The
primer sequences and additional information are provided in Supplemental Materials and
Methods.

For routine cultures, ST2 cells were grown in a-MEM (Gibco, cat#12561), MC3T3
subclone 4 cells were grown in a-MEM (GIBCO cat# A1049001), HEK293T and 3T3-L1
cells were grown in DMEM (Gibco cat#11965), M2-10B4 cells (ATCC CRL-1972) were
grown in RPMI (Gibco, cat#11875), all supplemented with 10% heat inactivated FBS
(Gibco) and Pen Strep (Gibco, cat#14140). MLO-Y4 cells were grown on pre-collagen
coated plates in a-MEM containing nucleosides (Gibco, cat#12571-063) supplemented with
heat inactivated FBS (2.5 %), calf serum (2.5%) and Pen Strep.

For all experiments unless indicated otherwise, cells were cultured in glucose- and
glutamine-free a-MEM (Gibco, custom-made from cat#12561) containing 10% FBS and
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Pen Strep, and freshly supplemented with 5.5 mM glucose plus 2mM glutamine.
Recombinant mouse Wnt3a (R&D systems) was used at 50 ng/ml unless indicated
otherwise. As a vehicle control for Wnt3a, PBS with 0.5% CHAPS and 0.1 mM EDTA was
used. Recombinant human BMP2 (R&D systems) was used at 300 ng/ml. Recombinant
mouse Dkk1 (R&D systems) was used at 500 ng/ml and cells were pretreated with Dkk1 for
30 minutes before the addition of Wnt3a. Torinl (Tocris biosciences), PP242 (sigma),
rapamycin (sigma), all dissolved in DMSO was used at 20, 10 and 100 nM, respectively.
Insulin (sigma) was used at 1 or 2 pg/ml.

Bone marrow stromal cells (BMSCs), calvarial cells and mouse embryonic fibroblasts
(MEFs) were isolated from mouse adult long bones, newborn calvaria and E13.5 embryos,
respectively, according to established protocols. Detailed methods are provided in
Supplemental Materials and Methods.

Glucose consumption and uptake assays, lactate and ATP measurements

For glucose consumption measurements, aliquots of the media and glucose standards were
assayed with Glucose (HK) Assay Kit (Sigma cat# GAHK?20) and read at 340 OD using a
plate reader (BioTek model SAMLFTA, Genb software). For glucose uptake assays, cells
were incubated with 100 uM 2-NBDG for 30 minutes, and then prepared for fluorescence
reading following the manufacturer’s instructions (Glucose Uptake Cell-based Assay Kit,
Cayman Chemical). Fluorescence intensity measured at 485/535 nm (excitation/emission)
using a plate reader (BioTek model SAMLFTA, Genb5 software) was normalized to the
protein content in each well. For lactate measurements, L-lactate assay kit from Eton
biosciences (cat# 1200011002) was used. To measure lactate levels in the serum, mice were
fasted for 8 hours before blood was collected from the peri-orbital venous sinus under
anesthesia. Intracellular ATP was measured based on a method previously described (Chi et
al., 2002). Additional information is provided in Supplemental Materials and Methods.

OCR and ECAR measurements with Seahorse Cellular Flux assays

ST2 cells were plated in XF96 plates at 20,000 cells/well after coating the plates with cell-
tak (BD Biosciences). The next day, the cells were treated with 100 ng/ml Wnt3a for 6
hours, then switched to XF Assay Medium Modified DMEM (Seahorse cat#101022-100)
supplemented with 5.5 mM glucose, and further incubated in CO,-free incubator for 1 hour.
Oligomycin and FCCP (Seahorse Stress Kit) were prepared in XF assay medium with final
concentration of 5 UM and 1 uM, respectively and were injected during the measurements.
At the end of the assays, protein concentrations were measured for normalization.

shRNA knockdown and retroviral infection

Lentiviral ShRNA targeting vectors were purchased from Genome Center at Washington
University. Targeted sequences and virus production procedure are provided in
Supplemental Materials and Methods. Retroviruses expressing WNT10B or GFP were
generated according to a procedure as previously described (Hu et al., 2005).

Analyses of postnatal mouse bones

Micro-CT analyses were performed with Scanco UCT 40 (Scanco Medical AG) according to
ASBMR guidelines (Bouxsein et al., 2010). Quantification of the trabecular bone in the
proximal tibia was performed with 100 uCT slices (1.6 mm total) immediately below the
growth plate. To measure PINP in the serum, serum was collected from mice after 6 hours
of fasting, and analyzed with Rat/Mouse P1NP EIA kit (Immunodiagnostic Systems, Ltd.,
cat# DS-AC33F1).
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Bone protein extracts were prepared from femurs and tibias of postnatal mice with RIPA
buffer. After removal of both epiphyses of each bone, bone marrow cells were removed by
brief centrifugation. The remaining bone shafts were rinsed twice in the cold PBS, flash-
frozen in liquid nitrogen, and then manually ground into a fine power with a mortar/pestle.
The bone power was incubated on ice for 30 minutes, with 200ul RIPA buffer containing
phosphatase inhibitors (Roche, Cat#04906845001) and proteinase inhibitors (Roche, Cat#11
836 170 001). The protein extracts were then collected after centrifugation for 10 minutes.

GC/MS analyses

At the end of the Wnt3a treatment, [U-13C6] glucose was added to the medium at a final
concentration of 0.55 mM and incubated for 1 hour. At the end of the [U-13C6] incubation,
an aliquot of medium from each sample was collected for analyses. The cells were then
washed with cold PBS and extracted three times with —80 C methanol on dry ice. Extracts
were dried in a centrifugal concentrator (Savant SpeedVac, Thermo Scientific, Millford,
MA) and derivatized at 70°C, 30 min with either 1:1 acetonitrile:N-methyl-N(tert-
butyldimethylsilyl)trifluoroacetamide (MTBSTFA, to make tert-butyldimethylsilyl
derivatives (tBDMS) of lactate) or 10% heptafluorobutyric anhydride in ethyl acetate (to
make heptafluorobutyryl derivative (HFB) of glucose).

GC-MS/EI analyses were performed with Hewlett-Packard 6890 series gas chromatograph
interfaced to an Agilent 5973N mass spectrometer. Helium was the carrier gas at constant
flow rate of 1.0 mL/min. The injector and the transfer line temperatures were set at 250 °C
and 280 °C respectively. GC analysis was performed with a DB-5MS column (30 m x 0.25
mm x 0.25 mm; Agilent). The initial temp of the oven was 90 °C held for 0 min and then
ramped at 20°C /min to 230 °C, and next ramped at 70°C /min to 275 °C held for 3.5 min
for a total run of 11 min. 2.0 uL of sample in heptane was injected with a 7683 autosampler
(split mode; split ratio of 5:1). The electron energy was set at 70 eV and the ion source
temperature kept at 230 °C.

Isotopomer distributions were measured by electron impact ionization for tBDMS derivative
of lactate (m/z 261-264) and for the HFB derivative of glucose (m/z 519-525). All
isotopomer distributions were corrected for natural abundance and for spectral overlap
(Wolfe and Chinkes, 2004).

Statistical analyses

All quantitative data are presented as mean + STDEV with a minimum of three independent
samples. Statistical significance is determined by Student’s ~test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. WNT stimulates glucose consumption in cell culture

(A) Increase in glucose consumption by ST2 cells treated with WNT3A (W) over vehicle
(V) for indicated times. (B) Glucose uptake assay following WNT3A (W) or vehicle (V)
treatment for indicated times. (C) Induced glucose consumption after 24 hours by purified
WNT3A (3A) or virally expressed WNT10B (10B). Increases as % over control cells
incubated with vehicle (V) and a GFP-producing virus (IE). (D-G) Induced glucose
consumption by WNT3A in indicated cell lines, MEFs and mouse calvarial cells. Increases
as % over vehicle-treated cells. * denotes significant difference over respective controls,
n=3, p<0.05. Error bars: STDEV.
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Figure 2. WNT3A stimulates aer obic glycolysisin ST2 cells

(A) Media lactate levels following vehicle (V) or WNT3A (W) treatments. (B) Media lactate
levels following viral expression of GFP (IE) or WNT10B for 24 hours. (C-D) Extracellular
acidification rate (ECAR) (C) and oxygen consumption rate (OCR) (D) after 6 hours of
WNT3A (W) or vehicle (V) treatment. (E) Measurements of ECAR and OCR after 24 hours
of treatment. (F) Intracellular ATP levels after 24 hours of treatment. (G-I) Isotopomer
enrichment of [U-13C5]-lactate and [U-13Cg]-glucose in cell lysates after 6 (G), 12 (H) or 24
(1) hours of WNT3A (W) or vehicle (V) treatment. *: n=3, p<0.05. Error bars: STDEV.
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Figure 3. WNT3A induces glycolysisindependent of GSK 3@ and p-catenin

(A, B) Representative Western blots of glycolytic regulators in ST2 cells treated with
WNTS3A or vehicle in the presence (A) or absence of serum (B) for indicated times. Cells in
B starved for serum for 12 hours before treatment. Protein abundance normalized to p-
ACTIN. (C) Knockdown of LDHA or PDK1. shGfp as negative control. Protein abundance
normalized to a-TUBULIN. (D) Effect of LDHA or PDK1 knockdown on WNT3A-induced
glucose consumption. (E) Effect of GSK3p knockdown on WNT3A-induced glucose
consumption. Increase in glucose consumption as % over cells treated with shGfp and
vehicle. (F) Effect of GSK3p knockdown on B-catenin. (G) Knockdown of B-catenin and its
effect on IRS1. (H) Effect of B-catenin knockdown on WNT3A-induced glucose
consumption. (1, J) Effect of XAV-939 on p-catenin (1) and WNT3A-induced glucose
consumption (J). All glucose consumption measured after 24 hours of WNT3A or vehicle
treatment. D: DMSO; W: WNT3A; V: vehicle. *: n=3, p<0.05. Error bars: STDEV.
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Figure4. WNT3A activatesmTORC2
(A-D) Representative Western blots of mTOR targets in ST2 cells treated with WNT3A
(W) or vehicle (V) with (A) or without serum (B-D) for indicated time. Cells in B-D serum-
starved for 24 (B) or 12 (C, D) hours before treatment. “0 min” samples in B treated with
vehicle for 30 minutes. Phospho-protein normalized to respective total protein, except for P-
NDRG1 and P-S6K1 in C normalized to B-ACTIN. (E) Effect of WNT3A on mouse
calvarial cells or MEFs. Calvarial cells treated with WNT3A or vehicle for 1 hour after 12-
hr serum starvation. MEFs treated with WNT3A or vehicle for 6 hours in the presence of
serum.
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Figure 5. WNT3A induces glucose consumption via mTORC2 activation

(A-D) Effect of RICTOR knockdown (shRictor) on mTORCL1 versus mTORC2 (A),
glycolytic enzymes (B), glucose consumption (C) and lactate production (D) after 24 hours
of WNT3A (W) or vehicle (V) treatment. (E, F) Effect of AKT inhibitor MK2206 on
glycolytic enzymes (E) and glucose consumption (F) after 24 hours of WNT3A (W) or
vehicle (V) treatment. (G-J) Effect of RAPTOR knockdown (ShRptr) on mTORC1 versus
mTORC2 (G), glycolytic enzymes (H), glucose consumption (I) and lactate production (J)

after 24 hours of WNT3A (W) or vehicle (V) treatment. (K) Effect of TSC2 knockdown

(ShTSC2) on mTORC1 and glucose consumption after 24 hours of treatment. shGFP or
shLacz as negative control. *: n=3, p<0.05. Error bars: STDEV.
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Figure 6. WNT3A stimulates glucose consumption via LRP5 and RAC1
(A-B) Effects of DKK1 on WNT3A-induced phosphorylation and glycolytic enzymes. P-

LRP6, P-AKT, P-S6 normalized to respective total protein. Other proteins normalized to p-

ACTIN. (C) Effect of DKK1 on WNT3A-induced glucose consumption. (D-F) Effect of
LRP5 or LRP6 knockdown (D) on WNT3A-induced glucose consumption (E), and on
signaling events after 1 hour of treatment (F). B-CAT* denotes p-CATENIN
unphosphorylated at N-terminus. (G) Effect of RAC1 knockdown on mTORC2 and LDHA
induction by 24-hour WNT3A treatment. (H) Effect of RAC1 knockdown on WNT3A-
induced glucose consumption. (1) Representative confocal images of RAC1
immunofluorescence. ST2 cells were serum-starved overnight before being treated for 2
hours with vehicle (Ctrl) or Wnt3a. Arrows denote RAC1 membrane localization. All
glucose consumption measured after 24 hours of WNT3A or vehicle treatment. V: vehicle;
W: WNT3A. *: n=3, p<0.05. Error bars: STDEV.
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Figure 7. Metabolic reprogramming by WNT-LRP5 signaling in osteoblast lineage

(A) Effect of glucose concentration on WNT3A-induced osteoblast differentiation in ST2
cells after 4 days of stimulation. Expression of osteoblast markers determined by qPCR.
Fold changes between WNT3A- and vehicle-treated cells calculated after normalization to
18S RNA. (B-C) Effect of glucose concentration on p-CATENIN stabilization (B) and
WNT3A-induced glucose consumption (C) after 24 hours of treatment. (D-E) Effect of
RICTOR (D), LDHA or PDK1 (E) knockdown on WNT3A-induced osteoblast
differentiation in ST2 cells after 4 days of treatment. Expression of osteoblast markers
determined by qPCR. Fold changes between WNT3A- and vehicle-treated cells calculated
after normalization to 18S RNA. (F) Western blots of glycolytic enzymes in bone protein
extracts from Lsp5~~ versus wild-type littermates. > denotes correct band for HK2. (G)
Serum lactate levels from Lrp5~~ versus wild-type littermates. (H) Western blots with bone
protein extracts from Lp5°K9 versus Osx-Cre littermates (Ctrl). (I, J) Bone phenotype
analyses of Lrn5¢K0 versus Osx-Cre littermates (Ctrl) by uCT (1) and serum P1INP assays
(). (K) Western blots of glycolytic enzymes in bone protein extracts from homozygous
LRP5 HBM mice versus wild-type littermates. (L) Glucose consumption after 48 hours of
culture by BMSC from LRP5 HBM (heterozygous or homozygous) mice versus wild-type
littermates. (M) Effect of Torinl on 48-hour glucose consumption by BMSC from
homozygous LRP5 HBM mice. D: DMSO. *: n=3, p<0.05. Error bars: STDEV.
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