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Background:Wnt signaling blocks adipocyte development and is implicated in diabetes and the metabolic syndrome.
Results:Wnt stimulates insulinmediators via an insulin/IGF-1 receptor-dependent process; conversely,Wnt co-receptor LRP5
is essential to normal insulin signaling in preadipocytes.
Conclusion: Insulin and Wnt signaling pathways interact and are both dependent on LRP5.
Significance: Altered Wnt/LRP5 activity can play a role in obesity and insulin resistance.

Disturbed Wnt signaling has been implicated in numerous
diseases, including type 2 diabetes and themetabolic syndrome.
In the present study, we have investigated cross-talk between
insulin and Wnt signaling pathways using preadipocytes with
and without knockdown of the Wnt co-receptors LRP5 and
LRP6 and with and without knock-out of insulin and IGF-1
receptors. We find that Wnt stimulation leads to phosphoryla-
tion of insulin signaling key mediators, including Akt, GSK3�,
and ERK1/2, although with a lower fold stimulation and slower
time course than observed for insulin. These Wnt effects are
insulin/IGF-1 receptor-dependent and are lost in insulin/IGF-1
receptor double knock-out cells. Conversely, in LRP5 knock-
down preadipocytes, insulin-induced phosphorylation of IRS1,
Akt, GSK3�, and ERK1/2 is highly reduced. This effect is spe-
cific to insulin, as compared with IGF-1, stimulation and
appears to be due to an inducible interaction between LRP5 and
the insulin receptor as demonstrated by co-immunoprecipita-
tion. These data demonstrate that Wnt and insulin signaling
pathways exhibit cross-talk at multiple levels. Wnt induces
phosphorylation of Akt, ERK1/2, and GSK3�, and this is
dependent on insulin/IGF-1 receptors. Insulin signaling also
involves the Wnt co-receptor LRP5, which has a positive effect
on insulin signaling. Thus, altered Wnt and LRP5 activity can
serve as modifiers of insulin action and insulin resistance in the
pathophysiology of diabetes and metabolic syndrome.

Insulin signal transduction involves a complex network of
diverging and converging pathways (1). In vivo, as well as in
vitro, these pathways are modified and regulated by cross-talk
with other signaling systems. One signaling system that inter-

acts and modulates the insulin signaling network is the Wnt
signaling pathway.
The Wnt signaling system in mammals involves 19 Wnt

ligands, 10Wnt receptors called Frizzleds (Fzs), and a family of
co-receptors including low density lipoprotein receptor-re-
lated proteins 5 and 6 (LRP5 and LRP6)3 (2, 3). Following acti-
vationWnt signaling proceeds along two pathways: the canon-
ical classical Wnt pathway and the atypical pathway (2, 4). The
canonical pathway involves activation of Fzs and LRP5/6 fol-
lowed by inhibition ofGSK3�, which results in stabilization and
increased levels of �-catenin. Cytoplasmic �-catenin then
translocates to the nucleus where it works as a co-factor in
conjunction with lymphoid enhancer factor/T cell factor tran-
scription factors to regulate the transcription of Wnt target
genes (4–7). The atypical Wnt signaling pathway is more
poorly characterized but involves activation of Fzs and the atyp-
ical Wnt receptors Ryk and Ror, leading to regulation of cell
polarity and calcium signaling (8). Canonical and noncanonical
Wnt ligands link the various Fzs to different pathways but com-
pete for the same Fzs receptor activation sites, thereby having
the potential to inhibit each other’s actions (9).
Wnt signaling is crucial for healthy development. Among its

many actions, in vivoWnt signaling promotes bone andmuscle
formation and blocks the development of fat (10–15). In vitro
studies show that the latter effect is due to Wnt acting as a
molecular switch keeping preadipocytes in an undifferentiated
state (16). UnbalancedWnt signaling also plays a role in cancer
and has been associated with an increased risk of diabetes (4,
17). The latter includes a strong association between genetic
variants in a downstream target in the Wnt signaling pathway,
the transcription factor TCF7L2, and increased risk of type 2
diabetes (18–21). Some of this effect on the risk of diabetes has
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tion, acting both directly and by up-regulation ofGLP-1 expres-
sion (22–24).Other proteins in theWnt signaling pathway have
also been shown to have up-regulated expression in type 2 dia-
betic islets (25). Finally, polymorphisms and mutations in vari-
ousWnts and theWnt co-receptors LRP5 and LRP6 have been
associated with increased risks of obesity, osteoporosis, and the
metabolic syndrome (4, 13, 26–29). Possible effects ofWnt sig-
naling on insulin action have received less attention.
Cross-talk between the insulin and Wnt signaling pathways

has been suggested to occur at different levels and in different
cellular contexts. It is well known that the action of glycogen
synthase kinase-3� (GSK3�) is inhibited by phosphorylation of
the enzyme on serine 9 following insulin activation (1, 30).
GSK3� is also inhibited in response to Wnt stimulation, but in
this case, the mechanism is less clear (31). Interestingly, both
pathways appear to lead to activation of the mTOR signaling
pathway and regulate translation (32). �-Catenin has also been
shown to accumulate in response to insulin in intestinal L cells
(22, 33), and both insulin and insulin-like growth factor 1
(IGF-1) stimulation activate the �-catenin signaling pathway in
hepatoma cells (34). In human embryonic kidney cells, how-
ever, insulin stimulation was found to have no effect on
�-catenin accumulation (30), suggesting that insulin action on
�-catenin is cell type-specific, and whether insulin signaling in
general leads to nuclear �-catenin translocation remains to be
debated. FOXO transcription factors, which are known to be
regulated by insulin signaling, have been shown to com-
pete with Wnt-regulated transcription factors for available
�-catenin in control of gene transcription (28, 35). Inmyotubes,
activation ofWnt signaling appears to increase effects of insulin
on glucose transport via activation of the Akt and AMPK path-
ways (36). Furthermore, using stable isotope labeling, we have
previously shown that some of the Wnt co-receptors are tyro-
sine-phosphorylated following stimulation of preadipocytes
with either insulin or IGF-1 (37).
In the light of these data indicating cross-talk between the

Wnt and insulin signaling pathways and the evidence of a role
for Wnt signaling in regulation of adipocyte development, we
have investigated the impact of Wnt signaling on insulin signal
transduction and adipocyte differentiation. We have especially
focused on the role ofWnt co-receptors LRP5 and LRP6, which
are known to be important in initiation of the Wnt signal (38).
LRP6 has been shown to be essential for embryonic develop-
ment (39), whereas LRP5 KO mice appear relatively normal at
birth but have low bonemass and altered vascularization of the
eye because of a failure of macrophage-mediated apoptosis
(40). A similar phenotype is found in patients with mis-sense
mutations in the LRP5 gene (41). LRP5 KO mice also have
impaired glucose tolerance and increased plasma cholesterol
levels when fed a high fat diet (42).
In the present study, we show that insulin and IGF-1 recep-

tors are required for Wnt signaling effects on Akt, GSK3�, and
ERK1/2 and that LRP5 is required for normal insulin signaling
in preadipocytes. Furthermore, LRP5 co-immunoprecipitates
in an induciblemannerwith the insulin receptor, whichwas not
the case for LRP5/IGF1 receptor association. These data indi-
cate the importance of direct cross-talk between insulin and
Wnt signaling at the receptor/co-receptor level and define a

feature of differential signaling between insulin and IGF-1
receptors.

EXPERIMENTAL PROCEDURES

Antibodies—Primary antibodies anti-LRP6 (antibody 3395),
anti-pLRP6 Ser-1490 (antibody 2568), anti-pGSK3� Ser-9
(antibody 9336), anti-pAkt Ser-473 (antibody 9271), anti-
pERK1/2 Thr-202/Tyr-204 (antibody 9101), anti-pmTOR Ser-
2481 (antibody 2974), anti-pp70S6kinase Thr-421/424 (anti-
body 9204), and anti-pMEK Ser-217/221 (antibody 9121) were
purchased from Cell Signaling. Anti-LRP5 (C-20 sc-21390),
anti-�-catenin (H102 sc-7199), anti-IR�-subunit (C19 sc-711),
and anti-IGF-1 receptor (IGF1R) �-subunit (C20 sc-713) were
purchased from Santa Cruz. Anti-pIRS1 Tyr-612 (antibody
44–816) was from Invitrogen, and anti-phosphotyrosine anti-
body 4G10 (antibody 05-321) was from Millipore. Secondary
antibodies: HRP-conjugated anti-mouse (NA934V) and anti-
rabbit (NA931V) were from GE Healthcare. HRP-conjugated
anti-goat (sc-2350) and HRP-conjugated actin (sc-1616) were
from Santa Cruz.
3T3-L1 Cell Culture and Manipulation—3T3-L1 cells were

maintained in standard DMEM containing 10% FBS, strepto-
mycin-penicillin, and Normocin (InvivoGen) at 37 °C in a
humidified 5%CO2 atmosphere. Stable KD LRP5 and LRP6 cell
lines were created using a lentiviral vector approach and
shRNAs purchased from Open Biosystems (RMM4534-
NM_001106321 and RMM4534-NM_001107892). In brief,
construction of the KD cell lines involved co-transfection of
nonconfluent 293 FT packaging cells with pLKO (shRNA con-
taining plasmid), pmpAX2 plasmid, and pmp2G plasmid using
TransIT-express transfection reagent (Mirus) adding sodium
butyrate (final concentration, 10 mM) after 4 h. The medium
was changed the following morning to DMEM containing 20
mMHEPES. After 2 additional days, the lentivirus was collected
and used to infect 40% confluent 3T3-L1 preadipocytes. 48 h
after infection, the cells were changed to medium containing
puromycin (2.5 �g/ml; Sigma) to select cells expressing the
shRNA of interest. The cells were kept in the selectionmedium
containing puromycin until right before the beginning of an
experiment. A control cell line was made in parallel using a
scrambled shRNA sequence. Importantly, LRP5 and LRP6 KD
cell lines were created twice to confirm key experiments.
Stimulation Studies of 3T3-L1Cells—The cells were plated in

6-well plates and used for experiments when grown to conflu-
ence or after differentiating for a selected time period. Prior to
any stimulation experiment, the cells were serum-starved for
3 h (with 0.5% FBS added to the medium). The cells were then
stimulated with either 100 nM human insulin (Sigma), 100 nM
human IGF-1 (Peprotech), or 75 ng/ml mouse Wnt3a (R & D
Systems). At the end of stimulation, the mediumwas aspirated,
and ice-cold PBSwas added, after which plates were kept on ice
until extraction. Stimulations of LRP5 and LRP6 KD cells were
always performed in parallel at the same passage number, and
independent stimulation studies were performed three times.
The stimulation dose of 75 ng/ml Wnt3a was chosen after
doing an initial dose-response experiment of �-catenin accu-
mulation. Statistical significance was determined by Student’s t
test analysis.
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Stimulation Studies of IR-KO, IGF1R-KO, IR/IGF1R-KO
Brown Preadipocytes—Brown preadipocytes lacking either the
IR, IGF1R, or both receptors were created as previously
described (43, 44). The cells were plated in 6-well plates and
used for experimentswhen grown to confluence. The cells were
serum-starved for 3 h and then treated with either 100 nM
human insulin (Sigma), 75 ng/ml mouse Wnt3a (R & D Sys-
tems), or serum for 5, 15, or 30 min. At the end of stimulation,
the medium was aspirated, and ice-cold PBS was added, after
which plates were kept on ice until protein extraction. The
experimentswere performed in the different KOcell lines using
IRlox, IGFRlox, IRlox/IGFRlox, or wild type cell lines as a con-
trol. The data obtained using the different control cell lines
showed similar results and were therefore pooled and referred
to as WT throughout the manuscript. Statistical significance
was determined by Student’s t test analysis.
Adipocyte Differentiation—Preadipocytes were grown to

confluence in 6-well plates and left for 1 additional day before
adding an inductionmixture to the medium containing 100 nM
insulin, 500 �M isobutylmethylxanthine, 10 �M dexametha-
sone, and 1�M rosiglitazone (day 0). After 48 h (day 2), the cells
were kept in medium containing 100 nM insulin, and after 2
additional days (day 4), the cells were maintained in 10% FBS
DMEMwithout supplements. At day 7, the cells were fixedwith
10% formaldehyde (Sigma) and then stained with a filtered oil
red O solution (Sigma) for at least 1 h to assess differentiation.
The cells were washed in water and left to dry.
Western Blot Analysis and Immunoprecipitation—Total cell

protein extracts were made using radioimmune precipitation
assay (Upstate) extraction buffer containing NaF (1 mM), pro-
tease inhibitor mixture, and phosphatase inhibitor cocktails 1
and 2 (all from Sigma). Total protein concentrations were
determined by Bradford assay, and �10 �g of protein was
loaded on 4–12% gradient gels from Invitrogen. Proteins were
transferred to a PVDF membrane (Thermo Scientific) either
overnight at 30 V or for 100min at 100V. Themembranes were
blocked in Starting Block (Pierce) for at least 30 min before the
addition of primary antibody. All of the primary antibodies
were used at a 1:1000 dilution except for anti-LRP5, which was
diluted 1:500. All secondary antibodies were diluted 1:5000.
Proteins were visualized using Supersignal West Pico (Pierce)
or Immobilon Western Chemiluminescent Substrate (Milli-
pore). The intensity of protein bands was quantified using the
Image J software.
For immunoprecipitation 400�g of total protein in a volume

of 500�l was incubated overnight with LRP5 antibody (1:50) or
LRP6 antibody (1:200). 30 �l of A/G Plus agarose beads (Santa
Cruz sc-2003) were subsequently added for another 45 min.
The beads were washed in extraction buffer, and the samples
were boiled for 10min in Laemmli buffer before being loaded to
protein gels for further analysis.
Analysis of Gene Expression by Quantitative RT-PCR—Total

RNAwas isolated using the RNeasyMini kit fromQiagen. 1 �g
of RNAwas used for reverse transcription using the high capac-
ity cDNA reverse transcription kit from Applied Biosystems.
cDNA was diluted 1:20 and used for quantitative PCR employ-
ing gene-specific primers and SYBR Green reaction mix from
Fermentas. Fluorescence was monitored and analyzed in an

ABI Prism 7900 HT sequence detection system (Applied Bio-
systems). Relative expression for each condition was calculated
using expression of Tbp (TATA box-binding protein) as the
endogenous control.

RESULTS

Insulin andWnt Stimulation Leads to Phosphorylation of the
Same Signaling Proteins but with Different Magnitude and
Kinetics—Previous studies have shown that both insulin and
Wnt signaling lead to inhibition of GSK3� activity but via dif-
ferent mechanisms (1, 30–32). Interestingly, insulin stimula-
tion induces serine 9 phosphorylation of GSK3�, which has
been found not to be the case for Wnt activation in human
embryonic kidney cells and other cell types (1, 30). In 3T3-L1
preadipocytes, both insulin and Wnt3a stimulation lead to
phosphorylation of GSK3� on serine 9, as well as phosphoryla-
tion of Akt on serine 473 and ERK1/2 on threonine 202 and
tyrosine 204 (Fig. 1, A–D, and supplemental Fig. S1). However,
in each case Wnt3a-stimulated phosphorylation reached a
lowermaximum level and peaked at a later time point than seen
after insulin stimulation, suggesting that the phosphorylation
in response toWnt3a stimulation acts through a different path-
way and may be a secondary, rather than a primary, effect. As
expected, stimulation of 3T3-L1 cells withWnt3a also resulted
in phosphorylation of LRP6 on serine 1490, which reached a
plateau after 30 min with an 8-fold increase (Fig. 1, A and E).
Insulin had a minor but significant effect on LRP6 serine phos-
phorylation after 5 min (Fig. 1E), whereas treatment of cells
with insulin andWnt3a in combination slowed the rate of LRP6
serine phosphorylation (supplemental Fig. S2).
Wnt-induced Akt Phosphorylation Is Insulin/IGF-1 Re-

ceptor-dependent—To determine whether Wnt-stimulated
phosphorylation of proteins in the insulin signaling cascade is
dependent on the insulin/IGF-1 receptors, we performed Wnt
and insulin stimulation studies in brown preadipocyte cell lines
lacking either the insulin receptor (IR), the IGF-1 receptor
(IGF1R), or both receptors (double knock-out (DKO) cells) (43,
44) (Fig. 2). Wnt3a-stimulated phosphorylation of LRP6 was
comparable in all cell lines, indicating intact canonical Wnt
signaling in these cells. By comparison, Wnt3a-stimulated
phosphorylation of Akt and to a lesser extent GSK3� and
ERK1/2were reduced in the single receptor knock-out cells and
almost completely absent in the DKO cells (Fig. 2A). In con-
trast, the insulin responsewas lost only in theDKOcells, and all
of the cell lines were fully responsive to serum stimulation of
Akt,GSK3�, andERK1/2 phosphorylation (Fig. 2,A andB). The
data onWnt3a-inducedAkt phosphorylation are quantitated in
Fig. 2C and show that the single receptor KO cells had a com-
promised Wnt3a response, whereas the DKO cells lost their
Wnt3a response altogether.
LRP5 and LRP6 Knockdown Cell Lines Show Impaired Differ-

entiation and Still Respond to Wnt Inhibition of Adipogenesis—
LRP5 and LRP6 are co-receptors that work together with the Fz
receptors to initiate theWnt signaling response (38). LRP6 has
also been shown to be present in phosphotyrosine immunopre-
cipitates after insulin stimulation using a global proteomic
approach (37), although direct links between the LRP family
members and insulin signaling have not been studied.
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To investigate the role of these LRPs in insulin action, we
created 3T3-L1 cell lines with stable KD of LRP5 and LRP6
using a lentiviral shRNAapproach. This resulted in a 93%KDof
LRP5 at mRNA level and an almost complete loss of LRP5 pro-
tein (Fig. 3A). The KD of LRP6 was less efficient and less stable
through cell passage. Thus, immediately after selection of KD
cells, there was an �80% reduction in LRP6 mRNA, and LRP6
protein was almost nondetectable; however, after serial pas-
sage, the LRP6 protein levels began to increase, such that the
knockdown of LRP6 was on average less effective than that of
LRP5.
Because stimulation of theWnt/�-catenin signaling pathway

is known to block the process of adipocyte differentiation (16),
we expected that reduced levels of LRP5 andLRP6might lead to
an increase in preadipocyte differentiation and fat accumula-
tion. To our surprise, the opposite effect was observed in the
LRP5 and LRP6KD cells. Thus, both LRP5- and LRP6-deficient
3T3-L1 cells had decreased fat accumulation when induced to
differentiate compared with the control cells as demonstrated
by reduced oil red O staining (Fig. 3B). Furthermore, although
there was a marked decrease in LRP6 and especially LRP5 in
these cells, treatment with Wnt3a was still able to completely
block the ability of the KD 3T3-L1 cells to differentiate, indicat-
ing that this effect of Wnt signaling is largely independent of
these important co-receptors.

As expected, in the control 3T3-L1 cells, IR expression
increased, whereas IGF1R decreased during the process of dif-
ferentiation. By comparison, the components of the Wnt sig-
naling system showed complex patterns of expression (Fig. 3,
C and D). Thus, LRP6 and �-catenin expression steadily
decreased during differentiation, whereas the levels of LRP5
increased more than 3-fold during early stages of differentia-
tion and then decreased, falling below basal levels at approxi-
mately day 7. These results suggest that LRP5 and LRP6 play
different roles in the differentiation process.
In the LRP5 and LRP6 KD cells, expression of the IR was

reduced. Conversely, the expression of the IGF1R was in-
creased in the LRP6 KD cells as compared with control cells,
albeit with a high level of fluctuation throughout the differen-
tiation process (Fig. 3C). �-Catenin levels were decreased in
both KD cell lines from day 0, decreased further during the
middle of differentiation, and then rebounded toward initial
levels as differentiation was completed.
Wnt-induced �-Catenin Accumulation and Phosphorylation

Response Is Impaired in LRP5-deficient Preadipocytes—Accu-
mulation of �-catenin is one of the key events in the Wnt sig-
naling pathway and has been shown to be important for the
Wnt inhibitory effect on adipocyte differentiation (13).
Althoughnotwell studied in classical insulin responsive tissues,
insulin has also been shown to stimulate an increase in

FIGURE 1. Insulin and Wnt phosphorylation time courses in 3T3-L1 preadipocytes. Preadipocytes were treated with either 100 nM insulin (Ins) or 75 ng/ml
Wnt3a in parallel at various time points for 60 min. A, representative Western blots and phosphorylation levels of Akt (serine 473), ERK1/2 (threonine 202 and
tyrosine 204), GSK3� (serine 9), and LRP6 (serine 1490). B–E, band intensities were determined using the Image J software, and fold changes compared with
untreated cells were calculated for all proteins. The error bars show S.E. (n � 3). * indicates a p value � 0.05 for basal versus stimulated values. ¤ indicates a p
value � 0.06 for basal versus stimulated values. Total protein levels for each insulin and Wnt3a time point can be seen in supplemental Fig. S1. ut, untreated.
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�-catenin levels in intestinal L cells (33). As expected, treat-
ment of control 3T3-L1 cellswithWnt3a produced a significant
2–3-fold increase in �-catenin levels at 3 and 6 h after stimula-
tion (Fig. 4A). Insulin stimulation of 3T3-L1 preadipocytes, on
the other hand, had no effect on �-catenin levels (Fig. 4B). The
Wnt effect on �-catenin was unchanged in the LRP6 KD cells,
whereas �-catenin accumulation in response to Wnt stimula-
tion was significantly decreased in the LRP5KD cells compared
with controls (Fig. 4A). Because Wnt stimulation is still able to
block differentiation in the LRP5 KD cells (Fig. 3B), the latter
finding indicates that �-catenin accumulation in the nucleus is
not required for theWnt inhibitory effect on fat differentiation
and that other pathways must be involved.
Both LRP5 and LRP6 are known to play the role of co-recep-

tors in theWnt/�-catenin signaling pathway (38). Not surpris-
ingly, in 3T3-L1 cells, the overall Wnt3a phosphorylation
response was reduced in LRP6 KD cells. Basal phosphorylation
of LRP6 on serine 1490was reduced by 40–50% comparedwith
controls, and although KD cells responded toWnt stimulation,
they never reached the samemaximum level of serine phosphor-
ylation as seen in controls (Fig. 5A). Decreased signaling in the

LRP5 KD cells was even greater with marked reduction in Akt,
ERK, and GSK3� phosphorylation (Fig. 5A). The bigger reduc-
tion in LRP6, Akt, ERK1/2, and GSK3� phosphorylation found
in the LRP5 KD cells suggests that LRP5 is more important in
propagating the Wnt signal in preadipocytes than LRP6.
Wnt Treatment of Differentiated Adipocytes Leads to Signifi-

cant Up-regulation of IGF1R but Not IR—As shown above, the
Wnt signaling pathway interacts with the insulin/IGF-1 signal-
ing pathway on numerous levels. In addition, chronic Wnt3a
treatment of differentiated 3T3-L1 cells led to a significant
increase of IGF1R (5.5-fold), but not insulin receptor, protein
(Fig. 5B). The up-regulation of IGF1R was also found in the
LRP5 KD cells, but not in the LRP6 KD cells. The regulation of
IGF1R protein levels occurred with no change in IGF1RmRNA
levels, suggesting regulation at the post-transcriptional level
(supplemental Fig. S3).
LRP5-deficient Preadipocytes Have Greatly Impaired Signal-

ing Response to Insulin but Not IGF-1—As shown above, Wnt
signaling leads to phosphorylation of several proteins known to
be key mediators in the insulin signaling network. Insulin sig-
naling in preadipocytes with knockdown of the Wnt co-recep-

FIGURE 2. Phosphorylation response in Wnt stimulated IR/IGF1R knock-out cells. Brown preadipocytes lacking either the IR, the IGF1R, or both (DKO) were
treated with 75 ng/ml Wnt3a for various time points, as well as 100 nM insulin and serum for 5 min. A, phosphorylation levels of LRP6, Akt, GSK3�, and ERK1/2
were determined by Western blot analysis. The band intensities for the phosphorylation of Akt were determined using Image J software, and the percentage
of the maximum stimulation was calculated for all time points in the various cell lines. B, Akt phosphorylation in response to insulin and serum treatments for
5 min. The error bars show S.D. (n � 2– 4). C, Akt phosphorylation time course in response to Wnt3a. The error bars show S.E. (n � 3– 4). * indicates a p value �
0.05 for basal versus stimulated values within one cell line. # indicates a p value � 0.05 for differences between control cells and a KO cell line for a given
treatment and time point. Con, control; Ut, untreated.
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FIGURE 3. Knockdown efficiency and adipocyte differentiation of control, LRP5 KD, and LRP6 KD cells. Knockdown cell lines were created as stated under
“Experimental Procedures” using a lentiviral shRNA approach. A control cell line, expressing a shRNA with a scrambled sequence, was created in parallel with
the KD cells and is labeled Con. A, mRNA and protein levels of LRP5 and LRP6 in 3T3-L1 LRP5 and LRP6 KD preadipocytes as observed immediately after
puromycin withdrawal (n � 2). B, the level of differentiation was determined for each cell line by oil red O staining at day 7 in untreated cells (UT), the cells were
given a standard induction mixture (Ind), and the cells were given the induction mixture plus Wnt3a at 75 ng/ml (Ind�Wnt). C, protein levels of receptors and
�-catenin were determined by Western blotting at different days of differentiation in all cell lines. D, band intensities for protein levels in control cells were
determined using the Image J software, and fold changes compared with day 0 were calculated (n � 2). The error bars show S.D. Con, control; UT, untreated;
Beta-cat, �-catenin.
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tors LRP5 and LRP6 was also altered (Fig. 6). In control cells,
stimulation by 100 nM insulin produced robust phosphoryla-
tion of IRS1, MEK1/2, Akt, ERK1/2, GSK3�, mTOR, and
p70S6K, as assessed by Western blotting (Fig. 6A). In contrast,
in the LRP5 KD cells, both basal and maximal insulin-stimu-
lated phosphorylation of all major insulin signaling proteins
was markedly decreased. This was illustrated by up to 85%
reductions in basal phosphorylation of IRS1, Akt, GSK3�, and
ERK1/2 and an almost absent insulin response. These changes
occurred with no consistent change in IR tyrosine phosphory-
lation. Basal phosphorylation of insulin signaling proteins was
also reduced in LRP6 KD cells. These cells were still responsive
to insulin, although never reaching the same maximum phos-
phorylation as seen for the control. Differences in phosphory-
lation were not due to differences in total protein levels as these
levels were unaltered in the KD cells (supplemental Fig. S4). By
contrast, knockdown of LRP5 or LRP6 had no effect on the
response to IGF-1 stimulated phosphorylation responses (Fig.
6B). Thus, the decrease in signaling in LRP5 and LRP6 knock-

down cells was specific to the insulin signaling pathway and did
not impact upon IGF-1 action.
Although both KD cell lines had a lower capacity to differen-

tiate than control cells, the major effect of LRP5 KD on insulin
signal transduction was reversed after differentiation of the
3T3-L1 cells to adipocytes (supplemental Fig. S5). In addition,
in the KD cells, the changes in IR and IGF1R expression were
divergent from what is normally seen during differentiation.
Thus, in the LRP6 KD cells, which had the lowest differentia-
tion capacity, the insulin receptor levels were lower than in
control differentiated cells, and the IGF1R was more than
4-fold increased. Consistent with this, the response to IGF-1 in
the LRP6KD cells was greatly increased comparedwith control
cells and LRP5 KD cells.
The Insulin Receptor and LRP5 Co-immunoprecipitate in

Inducible Manner—To determine whether the insulin/IGF-1
receptor might physically interact with LRP5 in the plasma
membrane, we immunoprecipitated cell extracts with anti-
LRP5 andWestern blotted the precipitates with anti-IR or anti-

FIGURE 4. �-Catenin accumulation in LRP5 and LRP6 KD preadipocytes. Confluent 3T3-L1 preadipocytes were treated with either 100 nM insulin or 75 ng/ml
Wnt3a for 3 or 6 h, and total protein was extracted for Western blot analysis. Band intensities for �-catenin levels were determined using Image J software, and
fold changes were calculated as compared with untreated (ut) cells. A, Wnt3a stimulation. The error bars show S.E. (n � 4). * indicates a p value � 0.05, and ¤
indicates a p value � 0.06. B, insulin stimulation. The error bars show S.E. (n � 5). Con, control; ut, untreated; Beta-cat, �-catenin.

FIGURE 5. Wnt signaling in LRP5 and LRP6 KD preadipocytes and regulation of the insulin/IGF-1 signaling system. A, all of the 3T3-L1 cell lines were
treated with 75 ng/ml Wnt3a for various times for 60 min, and the phosphorylation response was determined by Western blot analysis (n � 3). B, differentiated
3T3-L1 cells were grown with or without Wnt3a (75 ng/ml) added to the medium for 48 h. The proteins were extracted and subjected to Western blot analysis
for IR and IGF1R levels. The error bars show S.E. (n � 3). Con, control; ut, untreated.
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IGF1R antibody at different times after insulin andWnt3a stim-
ulation. As shown in Fig. 7A, LRP5 co-immunoprecipitated
with both the IR and the IGF1R in the basal state. More impor-
tantly, the association between LRP5 and the insulin receptor,
but not the IGF1R, was further increased after insulin and
Wnt3a stimulation, reaching a peak at �30 min. IR and LRP5
co-immunoprecipitation was also observed using freshly iso-
lated white adipose tissue fromwild typemice (Fig. 7B) but was
not detected in adipose tissue from LRP5 knock-outmice, indi-
cating that the co-immunoprecipitation was specific. Further-

more, the LRP5/IR interaction appeared to be specific to white
fat because the co-immunoprecipitation was not observed in
extracts of liver or brown fat.

DISCUSSION

Adipose tissue is one of the main targets for insulin action
and amajor contributor to insulin resistance in states of obesity.
Both insulin andWnt signaling play important roles in adipose
development: the former by acting to induce adipocyte differ-
entiation and the latter acting to inhibit it (10, 16, 45). Although
these two pathways have opposite effects on adipose develop-
ment, the insulin andWnt signaling pathways are also known to
have convergent effects, such as their ability to inhibit GSK3�
activity (46). Furthermore, one of themain transcription factors
downstream the Wnt signaling pathway, TCF7L2, has been
implicated as an important gene in the development of type 2
diabetes (18). In the present study, we have explored how the
insulin andWnt signaling pathways interact in adipose tissue to
both complement and inhibit each other’s actions.
We find that activation of the Wnt signaling pathway in

3T3-L1 preadipocytes leads to phosphorylation of many of the
key proteins involved in insulin signal transduction, including
Akt, ERK1/2, andGSK3�, on the same residues as insulin, albeit
with lower fold stimulation and slower kinetics. In agreement
with this, others have shown thatWnt stimulation can increase
Akt phosphorylation in NIH-3T3 and C2C12 cells (47, 48) and
can increase insulin sensitivity and action in myotubes (36).
Interestingly, we find that this insulin-like effect of Wnt is lost
in cells lacking both insulin receptors and IGF-1 receptors but
not in cells lacking only one of the two receptor types. Thus, this
effect is dependent on the presence of either the insulin or
IGF-1 receptor.
Previous studies have suggested that Wnt induced GSK3�

inhibition is independent of GSK3� serine 9 phosphorylation
(30, 31). However, our studies show thatWnt3a stimulates ser-
ine 9 phosphorylation of GSK3� in preadipocytes, and this is
accompanied by increased phosphorylation ofAkt and ERK1/2,
resembling insulin stimulation but with a slower time course
and smaller magnitude of response. These differences in kinet-
ics and magnitude of stimulation could suggest that phosphor-
ylation of GSK3� in response to insulin and Wnt3a occurs in
different intracellular compartments, which could be linked to
different signaling pathways (31). InXenopus laevis, differences
inmagnitude of�-catenin activation have been shown to link to
different biological effects (49). Differences in kinetics may,
however, also suggest that the Wnt effect on GSK3�, Akt, and
ERK1/2 phosphorylation is indirect, which is supported by the
loss of this Wnt response in brown preadipocytes lacking both
the IR and the IGF1R. Hence, we suggest that that the insulin/
IGF-1 receptors essentially work as components of this newly
discovered part of theWnt signaling pathway. A level of redun-
dancy in this system is suggested by the observation that Wnt-
induced pAkt phosphorylation is reduced in the single receptor
KO cells and completely lost in the DKO cells.
One site of interaction between the insulin and Wnt signal-

ing pathways is at the level of the Wnt co-receptors LRP5 and
LRP6. This was initially suggested by our previous proteomic
studies showing that LRPs are present in the anti-phosphoty-

FIGURE 6. Insulin and IGF-1 signaling in LRP5 and LRP6 KD preadipocytes.
3T3-L1 preadipocytes were stimulated with 100 nM insulin or IGF-1 at various
time points for 60 min. Total cell extracts were made and used directly for
Western blot analysis. A, the insulin phosphorylation response of proteins in
the insulin signaling pathway (n � 3). B, the IGF-1 phosphorylation response
of proteins in the insulin signaling pathway (n � 3). Total protein levels for the
various insulin time points can be seen in supplemental Fig. S4. Con, control;
ut, untreated.

FIGURE 7. LRP5 and insulin/IGF-1 receptor immunoprecipitation studies.
A, LRP5 was immunoprecipitated from 3T3-L1 preadipocytes after insulin
(100 nM) or Wnt3a (75 ng/ml) stimulations at various time points and blotted
with anti-LRP5 and anti-IR/IGF1R antibodies. B, liver, white adipose, and
brown adipose tissue samples from WT and LRP5 KO mice were immunopre-
cipitated with anti-LRP5 antibody and blotted with anti-LRP5 and anti-IR anti-
body. n � 4 for KO and n � 3 for WT. ut, untreated.
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rosine immunoprecipitates from preadipocytes following insu-
lin stimulation (37). Indeed, LRP5 KD cells, and to a lesser
extent LRP6KDcells, have a reduced basal andWnt-stimulated
phosphorylation level of several proteins found in the insulin
signaling pathway, including IRS1, GSK3�, and especially
ERK1/2. In addition, we find that reduced levels of LRP5 lead to
impaired Wnt stimulation of LRP6 serine phosphorylation,
suggesting that LRP5 is upstream of LRP6 in these early Wnt
signaling events.
Reduction of either LRP5 but especially LRP6 also has a neg-

ative effect on adipocyte differentiation and triglyceride accu-
mulation. Because Wnt signaling normally inhibits adipogene-
sis (10, 16), one might have expected the opposite effect.
Furthermore, although knockdown of LRP5 markedly reduces
Wnt3a stimulated �-catenin accumulation in 3T3-L1 preadi-
pocytes, Wnt3a is still able to completely block adipocyte dif-
ferentiation in the LRP5 KD cells. Previous studies have sug-
gested that Wnt activation represses adipocyte differentiation
through both �-catenin-dependent and -independent path-
ways (13, 50). Our results suggest that the �-catenin-indepen-
dent pathway is sufficient for the anti-adipogenic effect of Wnt.
Reducing levels of either co-receptor was also found to signifi-
cantly up-regulate IGF1R levels, but not IR, levels in the 3T3-L1
cells. It has been previously shown that Wnt signaling inhibits
apoptosis and induces expression of anti-apoptotic genes in
3T3-L1 preadipocytes, such as IGF-1 and IGF-2 (51). Taken
together with our results, it is possible that up-regulation of the
IGF1R in adipocytes is involved inWnt-induced suppression of
apoptosis.
The most striking result in the LRP study, however, is the

profound reduction in the phosphorylation response to insulin
stimulation in the LRP5 KD cells. The role of LRPs in insulin
signaling demonstrates several interesting features. First, LRP5
has a pronounced effect on basal phosphorylation of insulin
signaling proteins and the insulin response in preadipocytes.
Second, this mechanism is specific to insulin, as compared with
IGF-1, stimulation and thus is one of the few clear differences
between insulin and IGF-1 signaling identified in 3T3-L1 cells.
Third, the positive effects of LRP5 on insulin signaling involve
an insulin/Wnt-inducible interaction between LRP5 and the IR
as demonstrated by co-immunoprecipitation. This interaction
was shown to be both physiological and specific, because the
co-immunoprecipitation of LRP5 and IR was also seen in nor-
mal white adipose tissue from wild type mice but was not seen
in fat from LRP5 KO mice. Interestingly, this interaction
appears to be white adipose-specific, because it was not
observed in liver or brown adipose tissue. It is not clear at this
point whether the interaction is directly between the IR and
LRP5 orwhether the two proteins are docking to some scaffold-
ing protein common to both signaling pathways. These obser-
vationsmake it reasonable to speculate that LRP5 couldwork as
a co-receptor, not only in Wnt signaling, but also in insulin
signaling, and that the IR/LRP5 interaction plays a role in the
Wnt-induced phosphorylation of insulin signaling molecules.
This positive role of LRP5 on insulin signaling is only observed
in preadipocytes and is lost after the cells differentiate and the
insulin receptors markedly increase in number. This suggests
that LRP5 potentiates the action of insulin when receptor num-

ber is low, such as in early adipocyte development when Wnt
signaling is most important.
In the context of insulin signaling, there appears to be a clear

difference in the function of LRP5 compared with LRP6. Part of
this difference could be due to the lower efficiency of LRP6
knockdown compared with LRP5. It is also possible that
reduced levels of LRP5or LRP6 lead to changes in levels of other
Wnt components and that these changes add to the effects of
LRP5 or LRP6 reduction. However, we also find differences
between LRP5 and LRP6 in nonmanipulated wild type cells,
especially in terms of adipocyte differentiation. Thus, during
differentiation, LRP5 levels initially increase more than 3-fold
in wild type cells, whereas LRP6 and �-catenin expression
steadily decrease. Contradicting our results, a previous study
has found that LRP5 and LRP6 are constitutively expressed
throughout differentiation (52); however, this was only investi-
gated at the mRNA level and might differ from what we see on
the protein level. Taken together, these data suggest that LRP5
and LRP6 have different roles in the regulation of fat develop-
ment and insulin signaling.
Insulin andWnt signaling interactions could also play a role

in the association of these pathways with conditions like obe-
sity, type 2 diabetes, and cancer. Increased activity of the Wnt
system has been identified in several types of cancer (17, 53),
whereas decreased Wnt signaling has been suggested to play a
role in the metabolic syndrome (54). Wnt signaling tends to
decrease with age as the risk of the metabolic syndrome
increases. This is in part due to increased competition between
canonical Wnt and FOXO signaling for available �-catenin
(24). Increased FOXO transcriptional activity and decreased
Wnt activity have been suggested to play a role in the formation
of �-amyloid plaques in Alzheimer’s disease, as well as age-
related heart disease (55, 56). Furthermore, Wnt signaling has
been shown to regulate the balance between myogenesis and
adipogenesis and regulate insulin sensitivity in myoblasts (36).
Recently a family was described with mutations in LRP5 that
was strongly associated with diabetes or impaired glucose tol-
erance (57). Although one component of diabetes in this family
was� cell dysfunction, therewas no specific assessment of insu-
lin resistance in these individuals. Our results suggest that
decreased LRP5 expression can explain the phenotype of this
family because this would lead to insulin resistance in preadi-
pocytes, changing the balance of the pro- and anti-adipogenic
signals and altering glucose metabolism.
In summary, we have shown that Wnt activation leads to

phosphorylation of key insulin signaling proteins, including
GSK3�, in an insulin and IGF-1 receptor-dependent manner.
This cross-talk between insulin and Wnt signaling occurs at
least in part at the level of theWnt co-receptor LRP5, which has
a profound positive effect on insulin signaling in preadipocytes.
This involves a direct interaction between the insulin receptor
and LRP5, which occurs in an insulin/Wnt-inducible manner.
The inducible nature of this interaction is specific to the insulin
receptor and is not observed with the IGF-1 receptor. In this
context, LRP5 appears to serve as a co-receptor, not only in
Wnt signaling, but also in insulin signaling. Notably, the
IR/LRP5 interaction could also be a mode of action in the Wnt
effect on Akt, ERK1/2, and GSK3� phosphorylation, which
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would explain the role of insulin/IGF-1 receptors in this Wnt-
induced phosphorylation response. Thus, the IR/LRP5 interac-
tion acts as amechanistic bridge between the two pathways that
could play a role in the pathogenesis of insulin resistance and
obesity.
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