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b-catenin regulates muscle glucose transport
via actin remodelling and M-cadherin binding
Stewart W.C. Masson 1,2, Brie Sorrenson 3, Peter R. Shepherd 2,3, Troy L. Merry 1,2,*
ABSTRACT

Objective: Skeletal muscle glucose disposal following a meal is mediated through insulin-stimulated movement of the GLUT4-containing
vesicles to the cell surface. The highly conserved scaffold-protein b-catenin is an emerging regulator of vesicle trafficking in other tissues.
Here, we investigated the involvement of b-catenin in skeletal muscle insulin-stimulated glucose transport.
Methods: Glucose homeostasis and transport was investigated in inducible muscle specific b-catenin knockout (BCAT-mKO) mice. The effect of
b-catenin deletion and mutation of b-catenin serine 552 on signal transduction, glucose uptake and proteineprotein interactions were deter-
mined in L6-G4-myc cells, and b-catenin insulin-responsive binding partners were identified via immunoprecipitation coupled to label-free
proteomics.
Results: Skeletal muscle specific deletion of b-catenin impaired whole-body insulin sensitivity and insulin-stimulated glucose uptake into
muscle independent of canonical Wnt signalling. In response to insulin, b-catenin was phosphorylated at serine 552 in an Akt-dependent manner,
and in L6-G4-myc cells, mutation of b-cateninS552 impaired insulin-induced actin-polymerisation, resulting in attenuated insulin-induced glucose
transport and GLUT4 translocation. b-catenin was found to interact with M-cadherin in an insulin-dependent b-cateninS552-phosphorylation
dependent manner, and loss of M-cadherin in L6-G4-myc cells attenuated insulin-induced actin-polymerisation and glucose transport.
Conclusions: Our data suggest that b-catenin is a novel mediator of glucose transport in skeletal muscle and may contribute to insulin-induced
actin-cytoskeleton remodelling to support GLUT4 translocation.

� 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Skeletal muscle is the largest site of insulin-stimulated glucose
disposal following a meal, and skeletal muscle glucose utilisation is
impaired in insulin resistance and type 2 diabetes [1]. The transport of
glucose into muscle is predominantly mediated by the movement of
glucose transporter 4 (GLUT4) to the cell membrane in response to
insulin, which is regulated by at least two divergent signalling cas-
cades that share similar upstream regulators. The best characterised
of these pathways involves PI3k/Akt mediated phosphorylation of Akt-
substrate of 160 kD (AS160/TBC1D4) [2,3], which results in the in-
hibition of GTPase activity, triggering translocation and fusion of
GLUT4-containing vesicles (GCVs). The second involves remodelling of
the actin cytoskeleton at the cell membrane, thereby providing the
physical structure to facilitate the movement of GCV within the cell [4e
9]. While localised actin remodelling is critical for optimal insulin-
stimulated glucose uptake in skeletal muscle [6], many putative
insulin-induced actin regulators, such as PAK1 [10] appear to be
somewhat dispensable suggesting that there are alternative regulators
of insulin-dependent GLUT4 trafficking.
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Beta-catenin is a highly conserved structural protein that links the
actin cytoskeleton to cellecell cadherin junctions via its ubiquitous
binding partner a-catenin [11e13]. Canonically, b-catenin is best
recognised as the downstream effector of Wnt signalling, in which
levels of b-catenin are regulated by a Wnt ligand-inhibited
degradation complex, leading to accumulation of the protein and
activation of Wnt target genes [14,15]. However, it has been
identified in cross-species screens as a candidate gene involved in
the development of insulin-resistance [16] and also implicated in
the regulation of GLUT4 trafficking in adipocytes [17]. Many of the
proteins involved in insulin signalling, including Akt, PAK1 and
Rac1, are known to modulate b-catenin function in non-muscle
cells, as well as insulin-induced actin remodelling [4,18e20].
This indicates a need to understand the mechanisms by which b-
catenin is involved in regulating glucose transport and actin
remodelling.
Here, we investigated whether b-catenin is required for insulin-
mediated glucose transport in skeletal muscle. We report that deple-
tion of b-catenin impairs insulin-stimulated skeletal muscle glucose
transport and induces whole body insulin resistance. We also provide
evidence that insulin-induced phosphorylation of b-cateninS552 is
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mediated by proximal insulin signalling and facilitates b-catenin
binding with M-cadherin to control insulin-mediated actin cytoskeleton
remodelling and that these events play an important role in regulating
GLUT4 trafficking.

2. MATERIALS AND METHODS

2.1. Antibodies and reagents
All reagents, unless otherwise stated, were purchased from Sigmae
Aldrich Chemicals (St. Louis, MO, USA). Antibodies and primer se-
quences are listed in Supplementary Tables 1 and 2, respectively.

2.2. Murine breeding and housing conditions
Mice were maintained in groups of 4e10 per cage at 20 �C in a
temperature-controlled animal facility with a 12-h lightedark
cycle and ad libitum access to water and a standard rodent
chow diet (Teklad TB 2018; Harlan, Madison, WI, USA). All ex-
periments were approved by the University of Auckland animal
ethics committee, Auckland, New Zealand. Inducible muscle-
specific b-catenin-deficient mice were generated by crossing b-
cateninflox (B6.129-Ctnnb1tm2Kem/KnwJ) and HSA-MCM Cre
(Tg(ACTA1-cre/Esr1*)2Kesr/J) mice (obtained from Jackson Lab-
oratories, USA, stock numbers #0044152 and #025750), resulting
in b-cateninlox/þ;CreMCM�/þ, which are referred to as BCAT-mKO,
where m stands for muscle [21,22]. b-cateninlox/þ;CreMCM�/� lit-
termates were used as control (wild-type, WT) mice. Cre
expression was induced at 8e12 weeks of age by administration
of 2 mg of tamoxifen (Cayman Chemicals, Michigan, USA) via oral
gavage for 5 consecutive days. WT and BCAT-mKO mice received
the same dose of tamoxifen. Only male mice were used for
experiments due to the inability to induce significant b-catenin
knockdown in female mice.

2.3. Mouse metabolic measures
For metabolic cage experiments, mice were single housed at 23 �C.
Food and water intake, ambulatory activity, energy expenditure and
respiratory exchange ratio was determined using a Promethion High-
Definition Multiplexed Respirometry System (Sable Systems Interna-
tional, Las Vegas, NV, USA). Fed and fasted (overnight) blood samples
were collected via submandibular bleeding, and blood glucose was
determined using a hand-held glucose meter (Accu-Chek Performa;
Roche, Basal, Switzerland). Plasma insulin was determined using an
AlphaLISA immunoassay detection kit (PerkinElmer, Waltham, MA). For
insulin tolerance tests, mice were fasted for 4 h (1000e1400 h), and
blood glucose measurements were taken at the time points indicated
after an intraperitoneal injection of 0.7 mU/g of Actrapid insulin (Novo
Nordisk, Bagsværd, Denmark). For glucose tolerance tests, mice were
fasted overnight prior to oral gavage with 1 mg/g of glucose, and blood
glucose measures were taken as indicated. Running performance was
determined using a Touchscreen treadmill, model 76-0896 (Panlab/
Harvard Apparatus, Holliston, MA, USA). Mice began at 5 cm/s without
incline, which increased steadily at 2.5 cm/s/min. All mice ran to
failure, defined as resting on the shock grid (0.3 mA shock stimulus)
for more than 5 s. For the determination of in vivo signalling C57BL/6j
mice were fasted for 4 h prior to intraperitoneal injections of either
saline or insulin (5 mU/g) or oral gavages of glucose (2 mg/kg). Mice
were culled by cervical dislocation at either 10 min (insulin) or 30 min
(insulin and glucose) post-treatment and tissues were rapidly
dissected. All tissues were snap frozen in liquid nitrogen for further
analysis.
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2.4. In vivo glucose uptake
In vivo glucose uptake was determined essentially as previously
described [23]. Twenty-week-old BCAT-mKO and WT mice were
fasted for 4 h (1000e1400 h) prior to intraperitoneal injection with
radiolabelled 2-[2,6-3H]-2 deoxy-D-glucose, specific activity
0.128 mCi ml-1, (100 ml of phosphate-buffered saline (PBS)/animal,
1 mCi/ml) and either 1 mU/g of insulin or a PBS control. After 30 min,
mice were culled, and tissues were quickly washed in ice-cold PBS
and snap frozen in liquid nitrogen. Quantification of uptake was
determined as previously described [24]. A portion of tissue was
lysed in 1 M of NaOH, followed by neutralisation in 1 M of HCl. Lysate
was then deproteinised in perchloric acid (to yield total 2-DG) and
equal volumes of BaOH and ZnSO4 (to yield unphosphorylated 2-DG).
The difference (phosphorylated 2-DG) was then expressed relative to
brain phosphorylated 2-DG.

2.5. Ex vivo glucose uptake
Ten week-old male BCAT-mKO and WT mice were anaesthetised with
intraperitoneal injection of pentobarbitone. Then, the extensor dig-
itorum longus (EDL) and soleus muscles were excised and brought to
optimal length in Krebs-Heinsleit buffer (KHB; 118.5 mM NaCl,
24.7 mM NaHCO3, 4.74 mM KCl, 1.18 mM MgSO4, 1.18 mM KH2PO4,
2.5 mM CaCl2, 8 mM mannitol, 2 mM pyruvate, 0.01% bovine serum
albumin (BSA), pH 7.4), bubbled with carbogen (95% O2, 5% CO2) and
maintained at 25 �C. Muscles were then stimulated with insulin
(100 nM) for 20 min prior to incubation in modified KHB containing
radiolabelled 2-DG and mannitol (KHB; 8 mM mannitol, 1 mM 2DG, 2-
[2,6-3H]-2DG, and [1-14C] mannitol, specific activity 0.083 mCi ml-1).
Muscle was washed in ice cold PBS and immediately snap-frozen in
liquid nitrogen before being weighed and homogenised in 1 M of NaOH
and radioactivity read in a Perkin Elmer Quantulus GCT Liquid Scin-
tillation Counter (Perkin Elmer, Waltham, MA, USA), and glucose
transport was calculated as described previously [25].

2.6. Cell culture
L6-G4-myc myoblasts (Kerafast, Boston, MA, USA) were grown in low-
glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% foetal bovine serum and 1% penicillin/streptomycin. Dif-
ferentiation was induced by changing media to low-glucose DMEM
supplemented with 2% horse serum for 2e3 days. Akt inhibitor AKTi-
1/2 (10 mM), the p110a isoform of PI3k inhibitor, BYL719 (5 mM) or the
Rac1 inhibitor NSC23766 (200 mM) were added to cells 1 h prior to
treatment with 10 nM of insulin for 10 min.

2.7. siRNA and plasmid transfections
For siRNA knockdown experiments, L6-G4-myc were transfected at
50% confluence with validated specific siRNA (Ctnnb1RSS331357;
50-CCCAGAAUGCCGUUCGCCUUCAUUA-30) or with control siRNA
(Stealth� RNAi siRNA Negative Control, Med GC). Transfections were
performed in OptiMEM Reduced Serum Medium using Lip-
ofectamine� 2000 and contained siRNA to a final concentration of
30 nM. For overexpression of b-catenin, L6-G4-myc or parental L6
cells were transfected with BcatWTdEGFP cDNA expression plasmid
at 70% confluence using Lipofectamine� 2000 at a ratio of 1 ug DNA
to 5 uL reagent. Prior to transfection, mutagenic primers were used to
introduce the S552A amino acid change into the BcatWTdEGFP
plasmid. Primer sequences were: 50-AAGACATCACTGAGCCTGCC-30
(forward) and 50-GGCACGAGAGACTTGAGCTT-30 (reverse). Mutagen-
esis PCR was performed using the GENEART� Site-Directed Muta-
genesis Kit (ThermoFisher, Waltham, MA, USA) according to
manufacturer’s instructions, and the integrity of all vectors was
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confirmed by sequencing of the b-catenin and GFP cDNA regions. All
reagents for transfection experiments were from Life Technologies
and used according to the manufacturer’s instructions. BcatWT-
dEGFP was a gift from Dr. Lucia Alonso-Gonzalez (University of Otago,
Christchurch, New Zealand).

2.8. In vitro glucose uptake
For glucose uptake assays, differentiated L6-G4-myc were serum
starved for 3 h in DMEM containing 0.2% BSA, then washed three
times with sterile HEPES buffered saline (HBS; 140 mM NaCl, 20 mM
HEPES, 2.5 mM MgSO4, 1 mM CaCl2, 5 mM KCl, pH 7.4, 25 �C). Cells
were incubated for 10 min in HBS containing 100 mM 2-deoxyglucose
and 0.1% BSA before a 20-minute pre-stimulation with insulin (10e
100 nM). Cells were then incubated in HBS containing [3H]-2-
deoxyglucose, 0.2% BSA and either vehicle controls or relevant
treatment. After 10 min, glucose uptake was stopped by removing
media and placing cells immediately on ice. Cells were lysed in 10%
Triton X and read in for 1 min with a single label protocol. Glucose
transport was expressed relative to respective protein concentrations,
as determined by bicinchoninic acid (BCA) assay.

2.9. GLUT4 translocation assay
GLUT4 exocytosis was measured as previously described [26]. Briefly,
L6-G4-myc and L6 myoblasts were cultured and transfected as
described above. Following three hours of serum starvation, cells were
stimulated with insulin (100 nM) for 10 min before being washed with
ice-cold PBS, fixed with 3% paraformaldehyde for 10 min, blocked
with 3% goat serum and incubated with polyclonal anti-Myc-Tag
antibody (1:200) for 60 min at 4 �C. Following primary antibody in-
cubation, cells were incubated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibody (1:2,000) for 60 min at 4 �C. Cells
were then washed with PBS and incubated with o-phenylenediamine
dihydrochloride (OPD) for 20e30 min at room temperature. Incubation
was stopped with 3 M of HCL and absorbance of the supernatant
measured at 492 nM using a ThermoFisher Multiskan spectropho-
tometer (Thermofisher, Waltham, MA, USA). Background myc-tag
binding was determined from L6 myoblasts that do not express the
myc-tagged GLUT4 and subtracted from appropriate values.

2.10. Immunoblotting and polymerase chain reaction
Immunoblotting was performed as previously described [27]. For tis-
sue, snap frozen muscle was minced using scissors in a lysis buffer
containing TriseHCl 20 mM, NaCl 150 mM, EDTA 1 mM, EGTA 1 mM,
Triton X 1%, NP40 1%, NaPyro 2.5 mM, b-glycerol phosphate 1 mM,
Na3VO4 1 mM and NaF 100 mM, then homogenised using a Qiagen
tissuelyser. For cells, lysis buffer was added to plates before being
scraped. In both cases, lysate was centrifuged at 4 �C at 20,000�g for
10 min. The resulting supernatant was resolved using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), following
standard procedures. Membranes were incubated in primary antibody
overnight at 4 �C (Supplementary Table 1) before being incubated in
secondary antibody for 1e2 h at room temperature and imaged using
chemiluminescence reagents. Fractionation was performed using the
ThermoFisher subcellular fractionation kit for cultured cells (Thermo-
Fisher, Waltham, MA, USA). Polymerase chain reaction (PCR) was
performed as previously described [27]. RNA was extracted from
frozen gastrocnemius muscle using Trizol reagent (Invitrogen, Carls-
bad, CA) and a Direct-zol� RNA MiniPrep (Zymo, Irvine, CA), and
mRNA was reverse transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative
real-time PCR was performed on a ViiA� 7 Real-Time PCR System
MOLECULAR METABOLISM 42 (2020) 101091 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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(Applied Biosystems, Foster City, CA) using the SYBR Green Select
Master Mix (Applied Biosystems, Foster City, CA). Reactions were
performed in duplicate and relative quantification achieved using the
DDCt method with either 18S ribosomal RNA or hypoxanthine guanine
phosphoribosyl transferase (HPRT) as an internal control. Primer se-
quences used are listed in Supplementary Table 2.

2.11. Assessment of actin dynamics
Actin dynamics were determined as previously described [28]. Briefly,
L6-G4-myc cells were grown and differentiated into myotubes, stim-
ulated with 100 nM of insulin and lysed in a actin stabilisation buffer
(50 mM of PIPES, pH 6.9, 50 mM of NaCl, 5 mM of MgCl2, 5 mM of
EGTA, 5% (v/v) glycerol, 0.1% Nonidet P-40, 0.1% Triton X-100, 0.1%
Tween 20, 0.1% 2-mercaptoethanol, 0.001% Antifoam A, 1 mM of
ATP, and protease inhibitors). Lysates were centrifuged for 5 min at
2,000�g at 37 �C, the supernatant was then recovered and centri-
fuged for 1 h at 100,000�g at 37 �C. The pellet (containing actin
filamentous (F-actin)) was resuspended in Milli-Q water containing
10 mM of cytochalasin D, both the pellet fraction and the supernatant
(G-actin containing) and were analysed by immunoblotting using anti-
b-actin antibody alongside the G-actin-containing supernatant. Anal-
ysis was performed by summing the F and G fractions to give total
actin and then expressing F-actin as a percentage of this total.

2.12. Immunoprecipitation and mass spectrometry
Immunoprecipitation was conducted as previously described [19]. L6-
G4-myc cells were grown and differentiated before being stimulated
with 100 nM of insulin. After 10 min, cells were lysed, and 1 mg of
total protein was precleared with 50 mg of sepharose-A beads.
Samples were incubated overnight with b-catenin-specific antibody,
and the pulldown was performed using 50 mg of sepharose-A beads.
Samples were washed once with lysis buffer and twice with water
before being eluted with 5% acetic acid. Following elution, samples
were dried by speed vac and resuspended in 50 ml of 50%
ammonium bicarbonate, pH was adjusted to 7.8 and samples were
reduced with 10 mM of dithiothreitol. Following reducing, samples
were alkylated with 50 mM of iodoacetamide before being digested
with 1 mg of analysis grade trypsin for 1 h at 45 �C. Samples were
acidified with 5% formic acid and desalted via solid phase extraction.
The analysis was performed on an Eksigent 425 nanoLC chromatog-
raphy system (Sciex, Framingham MA, USA) connected to a TripleTOF
6600 mass spectrometer (Sciex, Framingham MA, USA). Samples
were injected onto a 0.3 � 10 mm trap column packed with Reprosil
C18 media and desalted for 5 min at 10 ml/min before being separated
on a 0.075 � 200 mm PicoFrit column (New Objective) packed in-
house with Reprosil C18 media. The following gradient was applied
at 250 nl/min using a NanoLC 400 UPLC system (Eksigent): 0 min 5%
B; 5 min 10%B; 22 min 15%B; 105 min 35%B; 110 min 98%B;
115 min 98%B; 116 min 5%B; 120 min 5%B, where A was 0.1%
formic acid in water and B was 0.1% formic acid in acetonitrile.
The PicoFrit spray was directed into a TripleTOF 6600 quadrupole-
time-of-flight mass spectrometer (Sciex, Framingham MA, USA)
scanning from 350 to 1,600 m/z for 200 ms, followed by 40 ms MS/
MS scans on the 50 most abundant multiply-charged peptides (100e
1,600 m/z) for a total cycle time of 2.2 s. The mass spectrometer and
high-performance liquid chromatography (HPLC) system were under
the control of the Analyst TF 1.7 software package (Sciex, Framingham
MA, USA). The resulting data were searched against a database
comprising Uniprot rat and bovine entries appended with a set of
common contaminant sequences (54,067 entries in total) using Pro-
teinPilot version 5.0. Search parameters were as follows: Sample
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: Depletion of b-catenin in skeletal muscle of adult mice mildly impairs glucose homeostasis without affecting tissue masses or energy expenditure. One
month following tamoxifen (TX) treatment, b-catenin expression in gastrocnemius (gastroc), extensor digitorum longus (EDL), and soleus muscle (AeB), body mass (C), body
composition (D), food and water intake (EeF), energy expenditure (G), respiratory exchange ratio (H), glucose tolerance (IeJ), as well as fed and fasted blood glucose (K) and
plasma insulin (L) were determined in WT and BCAT-mKO mice. Results are mean � SE, with individual animals shown as data points in figures or in figure legend. Significance
was determined using two-tailed Student’s t-test (J), two-way ANOVA with LSD post-hoc analysis (B, DeH, KeL) or two-way RM ANOVA with LSD post-hoc analysis (C, I). TA,
tibialis anterior muscle; sub, subcutaneous fat pad; epi, epididymal fat pad; BAT, brown adipose tissue. ***p < 0.001 significance within groups.

Original Article
Type, Identification; Search Effort, Thorough; Cys Alkylation, Yes;
Digestion, Trypsin. The peptide summary exported from ProteinPilot
was further processed in Excel using a custom macro to remove
proteins with Unused Scores below 1.3, eliminate inferior or redundant
peptide spectral matches and sum the intensities for all unique pep-
tides from each protein. Contaminants were removed based on results
from Uniprot and ProteinPilot, and label-free analysis was performed
on the resulting peptide summary as previously described [29]. To be
considered for further analysis, samples had at least two peptides
4 MOLECULAR METABOLISM 42 (2020) 101091 � 2020 The Author(s). Published by Elsevier GmbH. T
identified with at least 95% confidence based on Protein Pilot analysis.
Spectral intensity for each unique protein were standardised to the
summed spectral intensity of each respective sample. Next, each
resulting spectral intensity was expressed relative to the respective b-
catenin intensities. To assess the effect of insulin, the ratio between
each pair of PBS- or insulin-treated samples was then determined for
every protein in that set of samples, and the ratio was recorded. A ratio
>1 was considered an increase, while a ratio <1 was consider a
decrease. Statistical significance was determined by a sign test [29].
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: Reduced b-catenin in skeletal muscle of adult mice causes insulin resistance and impaired insulin-induced skeletal muscle glucose transport. One month
following tamoxifen (TX) treatment, insulin tolerance was measured (AeB) before assessment of in vivo insulin-stimulated glucose transport into the gastrocnemius, tibialis
anterior, subcutaneous and epidydimal fat pads of BCAT-mKO and WT mice (CeF). Isolated muscle insulin-stimulated glucose transport was determined in EDL (extensor
digitorium longus) and soleus muscle from WT and BCAT-mKO mice (GeH). Akt phosphorylation and GLUT4 protein expression in the gastrocnemius muscles of BCAT-mKO and
WT mice was assessed by immunoblot (IeK). Results are mean � SE, with individual animals shown as data points in figures or in figure legend. Significance was determined
using two-tailed Student’s t-test (B, K), two-way ANOVA with LSD post-hoc analysis (CeF, J) or two-way RM ANOVA with LSD post-hoc analysis (GeH). *p < 0.05, **p < 0.01,
***p < 0.001 significance within groups. #p < 0.05 significance between groups. AUC, area under curve.
2.13. Statistical analysis
All data are presented as mean � SEM. Statistical significance was
measured using 2-tailed Student’s t-test and two-way analysis of variance
(ANOVA)with Fisher’s least significant difference (LSD) post-hoc analysis as
indicated. The level of significance was set at p < 0.05 (GraphPad Prism
version 8.0.0 for Windows, GraphPad Software, San Diego, CA, USA).
MOLECULAR METABOLISM 42 (2020) 101091 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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3. RESULTS

3.1. Depletion of skeletal muscle b-catenin expression in adult
mice impairs glucose transport
To determine whether b-catenin is involved in the regulation of insulin-
stimulated glucose transport, we generated inducible muscle-specific
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Figure 3: Depletion of b-catenin in L6-G4-myc cells impairs insulin-stimulated glucose transport and actin remodelling independent of Wnt-mediated transcription.
Cyclin D1 protein expression in gastrocnemius muscle of BCAT-mKO and WT muscle was assessed by immunoblot (AeB). Glucose uptake and analysis of cyclin D1 mRNA
expression in L6-G4-myc myoblasts treated with iCRT5 (50 mM) for 1 h (CeD). L6-G4-myc myoblasts were treated with b-catenin specific siRNA prior to assessment of glucose
uptake (EeF) and insulin-signalling pathway (GeK). Results are mean � SE, with individual animals or biological replicates shown as data points in figures or in figure legend.
Significance was determined using two-tailed Student’s t-test (D, K) or two-way ANOVA with LSD post-hoc analysis (B, C, EeJ). *p < 0.05, ***p < 0.001 significance within
groups. #p < 0.05 significance between groups.

Original Article
b-catenin-deficient mice (BCAT-mKO). Four weeks following tamoxifen
treatment of adult (8e12 week old) mice, b-catenin protein expression
in gastrocnemius, extensor digitorum longus (EDL) and soleus muscles
of BCAT-mKO mice were 40e60% lower than in control (WT) mice
(Figure 1AeB), and b-catenin gene expression in gastrocnemius
6 MOLECULAR METABOLISM 42 (2020) 101091 � 2020 The Author(s). Published by Elsevier GmbH. T
muscle of BCAT-mKO mice was 70% lower than WT mice
(Supplementary Fig. 1a). Despite reduced skeletal muscle b-catenin
expression, BCAT-mKO mice had similar b-catenin levels in non-
skeletal muscle tissues (liver, heart, epidydimal fat and subcutane-
ous fat; Supplementary Fig. 1bec) and similar body and tissue masses
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 4: Insulin phosphorylates b-cateninS552 downstream of proximal insulin signalling, and b-cateninS552 phosphorylation is required for insulin-stimulated
glucose transport. Immunoblotting analysis of P-b-cateninS552, b-catenin, P-AktS473 Akt, and b-actin in C57Bl/6j mice treated with either glucose or insulin prior to tissue
collection (AeB). Immunoblotting analysis of P-b-cateninS552, b-catenin, P-AktS473, Akt and b-actin in L6-G4-myc cells incubated with either BYL719 or AKTi-1/2 prior to insulin
stimulation and (CeE). Insulin-stimulated glucose uptake and GLUT4 translocation to the membrane in L6-G4-myc cells transfected with S552A-b-catenin (FeH). Results are
mean � SE, with individual animals or biological replicates shown as individual data points in figures or in figure legend. Significance was determined using, one (B) or two-way
ANOVA with LSD post-hoc analysis (D, E and G, H). *p < 0.05, **p < 0.01 significance within groups. #p < 0.05 significance between groups.
as WT mice (Figure 1CeD). BCAT-mKO mice food and water intake,
energy expenditure and respiratory exchange ratio (RER) were similar
to that of WT mice (Figure 1EeH). Consistent with the loss of b-catenin
in skeletal muscle of adult mice not altering skeletal muscle mass, the
ability of BCAT-mKO mice to perform treadmill exercise and voluntary
physical activity levels were similar to that of WT mice (Supplementary
Fig. 1deg). To assess whether skeletal muscle-specific loss of b-
catenin affects glucose homeostasis, we next performed an oral
glucose tolerance test (GTT). Following a glucose bolus, BCAT-mKO
had mildly elevated in blood glucose compared to WT (Figure 1IeJ).
Consistent with mildly impaired glucose homeostasis suggested by
GTT, under fed conditions BCAT-mKO tended (p ¼ 0.06) to have
elevated plasma insulin levels for a similar blood glucose as WT mice
(Figure 1KeL).
Despite only mild perturbations in glucose tolerance, BCAT-mKO mice
had a substantially impaired ability to lower blood glucose following the
intraperitoneal (i.p.) injection of an insulin bolus (Figure 2AeB,
p < 0.01). To determine whether this might be associated with
MOLECULAR METABOLISM 42 (2020) 101091 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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reduced skeletal muscle insulin sensitivity, we next measured in vivo
glucose transport. Consistent with reduced insulin sensitivity, BCAT-
mKO mice showed impaired uptake of glucose into gastrocnemius
and tibialis anterior muscles following an i.p. glucose and insulin bolus
(Figure 2CeD, p < 0.01); however, glucose uptake in subcutaneous
and epidydimal adipose tissue of BCAT-mKO mice was similar to that
of WT (Figure 2EeF). To assess whether the reduced insulin-
stimulated glucose transport is intrinsic to muscle, we measured
glucose uptake in isolated EDL and soleus muscles from WT and
BCAT-mKO mice. In response to insulin-stimulation, the ability of the
EDL and soleus muscle to increase glucose transport was impaired in
BCAT-mKO mice (Figure 2GeH). Reduced insulin-stimulated glucose
transport in BCAT-mKO mice muscle did not appear to be the result of
impaired canonical insulin signalling, as an i.p. bolus of insulin stim-
ulated similar increases in Akt phosphorylation in the gastrocnemius
muscles of WT and BCAT-mKO mice (Figure 2IeJ). BCAT-mKO mice
had increased expression of GLUT4 in the gastrocnemius (Figure 2K)
and soleus muscles, but not EDL (Supplementary Fig. 1h).
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: Insulin promotes b-catenin/M-cadherin interaction via b-cateninS552 phosphorylation. L6-G4-myc myotubes were treated with either insulin or PBS (control) prior
to lysis and immunoprecipitation with b-catenin-specific antibody (A). L6-G4-myc myoblasts were treated with M-cadherin-specific siRNA prior to determination of F-actin % (B)
and glucose uptake (C) following insulin stimulation. F actin % in response to insulin (D) and PDGF-mediated glucose uptake (E) and immunoblotting of M-cadherin following
immunoprecipitation with anti-b-catenin antibody (FeG) in S552A-b-catenin expressing L6-G4-myc myoblasts. Results are mean � SE, with biological replicates shown as
individual data points in figures or in figure legend. Significance was determined using the sign-rank test (A) or two-way ANOVA with LSD post-hoc analysis (BeG). *p < 0.05,
**p < 0.01, ***p < 0.001 significance within groups. #p < 0.05 significance between groups.

Original Article
3.2. Phosphorylation of b-cateninS552 by proximal insulin signalling
is critical for GLUT4 translocation and glucose uptake
Since b-catenin is canonically associated with the regulation of Wnt-
related gene transcription, we next investigated whether impaired
8 MOLECULAR METABOLISM 42 (2020) 101091 � 2020 The Author(s). Published by Elsevier GmbH. T
glucose transport in BCAT-mKO mice could be attributed to perturbed
Wnt-signalling. Surprisingly, we found BCAT-mKO mice had similar
skeletal muscle cyclin D1 protein expression WT (Figure 3AeB).
Moreover, treatment of L6-G4-myc myotubes with the Wnt-selective
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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transcription inhibitor iCRT5, which selectively blocks b-catenin
binding to Wnt transcription factors [30], did not affect insulin-
stimulated glucose transport despite lowering cyclin D1 gene
expression (Figure 3CeD). However, consistent with the BCAT-mKO
mouse model, siRNA depletion of b-catenin in L6-G4-myc myoblasts
attenuated insulin-stimulated glucose transport (Figure 3EeF) without
affecting insulin-induced phosphorylation or expression of proximal
insulin signalling intermediates Akt, AS160 or PAKT423, which serves
here as a surrogate marker for Rac1 activity (Figure 3GeK).
Because disruption of proximal insulin-signalling or Wnt-mediated
transcription does not appear to explain the observed effect of b-
catenin deletion on glucose uptake, we next investigated whether b-
catenin is responsive to insulin signalling downstream of Akt. Following
i.p. injection of insulin, b-cateninS552 phosphorylation in the gastroc-
nemius muscles from C57Bl/6j mice was increased after 10 and
30 min (Figure 4AeB), while there was a trend toward higher b-
cateninS552 phosphorylation (p ¼ 0.08) following i.p. injection of
glucose. Consistent with this, b-cateninS552 phosphorylation was
increased in L6-G4-myc myotubes following 10 min of insulin stim-
ulation, and this effect was blocked with both the Akt inhibitor AKTi-1/2
and the p110a selective inhibitor of PI3k, BYL719 (Figure 4CeE),
suggesting that the insulin-stimulated phosphorylation of b-cat-
eninS552 is mediated by proximal insulin signalling. While inhibition of
Rac1 with NSC23766 did not affect insulin-stimulated b-cateninS552

phosphorylation (Supplementary Fig. 2ced), and b-catenin S675,
Y142 and T654 phosphorylation were not affected by insulin stimu-
lation of L6-G4-myc myotubes (Supplementary Fig. 2aeb). Next, we
determined whether the phosphorylation of b-cateninS552 was
required for insulin-stimulated glucose uptake by depleting endoge-
nous b-catenin in L6-G4-myc myoblasts and then co-transfecting with
either a plasmid carrying WT (control) b-catenin or a construct in which
b-catenin serine 552 was mutated to an alanine (S552A), preventing
its ability to be phosphorylated in response to insulin (Figure 4F).
Similar to b-catenin siRNA-treated L6-G4-myc myoblasts, b-catenin
S552A transfected L6-G4-myc myoblasts had reduced insulin-
stimulated glucose uptake and GLUT4 translocation relative to con-
trols (Figure 4GeH).

3.3. Insulin-stimulated b-cateninS552 promotes M-cadherin binding
Having uncovered a role for b-catenin in insulin-stimulated glucose
uptake that is independent of transcription and proximal insulin sig-
nalling, we next set out to identify potential b-catenin insulin
responsive binding partners using immunoprecipitation coupled with
label-free mass spectrometry and proteomics. L6-G4-myc myotubes
were treated with either PBS or insulin, then immunoprecipitated with
anti-b-catenin antibody. The resulting immunoprecipitates were ana-
lysed for spectral intensity values of each identified protein and
expressed relative to the corresponding b-catenin spectral intensity
[29]. The ratios of each protein when in the insulin-stimulated and non-
stimulated conditions were then determined (Figure 5A). Successful
immunoprecipitation was confirmed by the presence of b-catenin’s
most well recognised binding partner, a-catenin, in all samples. Ten
proteins were consistently detected across five independent experi-
ments, of which two (M-cadherin and g-actin) were significantly
enriched in response to insulin (Figure 5A). M-cadherin, also known as
cadherin-15, is a muscle-specific membrane bound cadherin protein,
and g-actin is an actin subunit, which is responsible for actin dynamics
in muscle [31,32]. Given the role of actin cytoskeleton in in vitro
glucose uptake, and the documented interactions between catenin and
cadherin proteins, we chose to further investigate the interactions
between b-catenin and M-cadherin in regulating insulin-stimulated
MOLECULAR METABOLISM 42 (2020) 101091 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
glucose uptake and actin dynamics. b-catenin was confirmed to
associated with M-cadherin in an insulin dependent manner via
immunoblot (Supplementary Fig. 3a), and consistent with M-cadherin
and b-catenin interacting at the cell membrane, insulin-stimulated b-
cateninS552 phosphorylation was found to be membrane-specific
(Supplementary Fig. 3bec). Importantly, BCAT-mKO mice appear to
express normal levels of M-cadherin relative to WT controls
(Supplementary Fig. 3dee).
Actin remodelling at the cell membrane is a key process in insulin-
stimulated glucose uptake [6,20,33e35], and previous work has
identified a role for b-catenin and cadherins in actin remodelling to
facilitate insulin vesicle trafficking in pancreatic b-cells [28,36].
Therefore, we next assessed the role of M-cadherin in insulin-
stimulated actin remodelling and glucose transport. Depletion of M-
cadherin within L6-G4-myc cells attenuated insulin-induced actin
polymerisation, as assessed by monitoring F-actin relative to total
actin, and glucose transport (Figure 5BeC). Similarly, in S552A-b-
catenin mutant cells, insulin did not induce F-actin formation, and
these cells had greater levels of F-actin under basal conditions relative
to WT controls (Figure 5D). To further test whether b-cateninS552

phosphorylation regulates glucose transport in an actin-dependent
fashion, we investigated the effect of b-cateninS552 mutation on
PDGF-BB-stimulated glucose uptake because PDGF-stimulated
glucose uptake has been demonstrated to be resistant to actin
disruption [6]. Unlike insulin stimulated glucose uptake, PDGF-BB was
able to induce glucose uptake into L6-G4-myc myoblasts expressing
S552A-b-catenin to a similar extent as in control cells (Figure 5E).
To assess whether the potential interactions between b-catenin, M-
cadherin and actin regulation were b-cateninS552-dependent, we next
investigated b-cateninS552-dependent insulin-mediated binding of b-
catenin to M-cadherin via immunoblotting. Consistent with our hy-
pothesis that insulin regulates b-catenin in muscle via b-cateninS552

phosphorylation, M-cadherin was present in b-catenin pulldowns from
insulin-treated control but not S552A L6-G4-myc myotubes
(Figure 5FeG). Together, these data support a model in which phos-
phorylation of b-cateninS552 by insulin promotes the binding of b-
catenin to M-cadherin and that this interaction regulates insulin-
stimulated glucose transport, potentially via regulating actin dynamics.

4. DISCUSSION

Insulin-stimulated skeletal muscle glucose uptake is important for
maintaining whole body glucose homeostasis. While proximal signal-
ling pathways that initiate GLUT4 translocation are reasonably well
characterised [5,20,37e40], the downstream effectors which facilitate
the physical changes in the actin cytoskeleton required to support
GLUT4 movement to and fusion with the plasma membrane are less
well defined [35,40e44]. Here, we report that the ablation of b-catenin
in skeletal muscle impairs insulin sensitivity and insulin-stimulated
skeletal muscle glucose uptake in vivo, in isolated muscle and in
myocytes. Importantly, we provide evidence that the serine 552
phosphorylation site of b-catenin is involved in regulating insulin-
induced GLUT4 membrane recruitment by interacting with muscle
specific cell adhesion molecule M-cadherin to support insulin-
mediated cortical actin remodelling. This is consistent with recent
evidence that b-catenin is a regulator of GLUT4 trafficking in 3T3-L1
adipocytes [17] and acts as a signalling intermediate controlling vesicle
movement across multiple tissues [28,45e47].
Our finding adds to the understanding of the processes regulating
muscle insulin-stimulated glucose transport, and how insulin may
regulate the reorganisation of the actin cytoskeleton to support GLUT4
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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trafficking to the cell membrane. Evidence to date has largely sug-
gested that the Rac1/PAK1 signalling pathway controls many of the
steps required for the insulin-mediated actin filament remodelling [5e
7,35] required to aid GCV movement and membrane docking [6,48];
however, PAK1 may not be required for insulin-stimulated glucose
transport in vivo [49]. Since b-catenin depletion impaired insulin-
induced actin polymerisation independent of PAK phosphorylation,
we propose that, in muscle, a second parallel pathway exists in which
insulin signalling occurs via b-catenin to regulate actin remodelling at
the cell membrane. In endothelial cells, E-cadherin provides a
membrane-localised anchoring point for cortical F-actin synthesis to
act upon, thereby pushing lateral membranes of cells together [50]. It
is possible that, in muscle, M-cadherin could play a similar role in
facilitating the formation of F-actin by providing structural support for
new cortical actin filaments or the change in type of polymerisation
occurring, i.e., from fibres to branches [4,51]. Importantly, b-catenin
and M-cadherin were found to interact in a manner dependent on an
insulin-induced phosphorylation of b-cateninS552, and the knockdown
of M-cadherin similarly impaired insulin-stimulated glucose transport
and actin-polymerisation.
While insulin-regulated actin remodelling is well-established in cells,
the role of actin reorganisation in the facilitation of glucose transport in
mature muscle is less clear. Indeed, recently it has been reported that
germline muscle-specific b-actin knockout (KO) has limited impact on
isolated muscle glucose transport [52]. Since actin plays an important
role in muscle [53], it is possible that germline knockout of b-actin
leads to compensatory adaptations to overcome the need of actin
reorganisation for optimal ex vivo glucose transport. Indeed, skeletal
muscle b-catenin is also essential for development, with germline
muscle-specific knockout being lethal at a young age [54]. However, in
our model, in which b-catenin ablation was induced in adult mice, the
loss of b-catenin did not affect muscle size or function (as determined
by exercise performance), suggesting a differential role for b-catenin in
growth and development. Furthermore, b-actin is only one of several
actin isoforms found in muscle, which include a and g-actin, the latter
of which was identified here as associating with b-catenin following
insulin stimulation, and is considered to play a more regulatory role in
actin dynamics [53]. The specific signalling pathways and events
which regulate b-catenin’s role in actin cytoskeleton remodelling are
not fully elucidated, and it is possible that b-catenin integrates with the
established actin-cytoskeleton regulating pathways via interactions
with Rac1 [7]. While our data suggest that b-catenin is downstream of
Akt in the insulin signalling cascade, and Rac1 has been suggested to
be involved in insulin-stimulated actin cytoskeleton reorganisation
independent of Akt [7], this conflicts with reports that Rac1 may also
be downstream of Akt [8]. Whether and how these pathways work
together to regulate actin reorganisation during GLUT4 trafficking and
therefore how b-catenin fits into the system requires further attention.
Early-stage insulin resistance is often characterised by dysfunctional
glucose transport despite normal proximal insulin signalling [55e57].
This suggests that the initial dysfunction in insulin-stimulated glucose
transport is downstream or independent of PI3k/Akt signalling. Our
data suggests that b-cateninS552 functions downstream of PI3k/Akt
mediated signalling and that loss of b-catenin impairs insulin-
stimulated glucose transport independent of Akt/AS160. Therefore,
b-catenin is a possible site of dysfunction in early stage insulin
resistance via its role in actin remodelling. Previous work investigating
insulin-mediated actin remodelling during the onset of insulin-
resistance is limited. However, it is clear in both in vitro and in vivo
models that actin remodelling is impaired during insulin-resistance,
with both palmitate and high-insulin-/high glucose-treated myotubes
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as well as high-fat diet fed mice displaying impaired actin cytoskeleton
remodelling [48,58]. Determining whether this is due to dysfunction of
downstream actin regulating proteins such as b-catenin or through
impaired upstream signalling should be considered in further research.
Typically, phosphorylation of b-cateninS552 is associated with
increased transcription and nuclear accumulation [13,59e61],
meaning that transcriptionally mediated effects of b-catenin sup-
pression could also be affecting insulin-stimulated glucose transport
and GLUT4 trafficking. Indeed, previous work found that hepatic b-
cateninS552 is phosphorylated by glucagon and that this increased
transcription of cyclin D1 and c-Myc [62]. However, our data that b-
catenin ablation in muscle did not affect Wnt-signalling-related gene
expression and that selectively blocking b-catenin binding to Wnt
transcription factors did not affect insulin-stimulated glucose transport
suggests that insulin-mediated b-cateninS552 phosphorylation plays a
non-transcriptional role regulating glucose transport. Consistent with
this, the majority of phosphorylated b-cateninS552 appears at the
membrane following insulin stimulation (rather than the nucleus), and
b-cateninS552 has been shown to readily associate with cadherin
proteins at the membrane in colorectal adenocarcinoma cells [63]. One
potential explanation for these contrasting observations is that there
are distinct cellular pools of b-catenin [64], and although phosphor-
ylation of nuclear associated b-cateninS552 may promote gene
expression through transcription factor binding, phosphorylation of
serine 552 of cellecell adhesion-associated b-catenin could specif-
ically promote binding to cadherin proteins. However, nuclear and cell
membrane localisation of b-catenin may not be mutually exclusive
since the association of b-catenin with different binding partners is
dependent on the affinity of the binding partners at overlapping binding
sites in the central region of b-catenin. Transcription co-factors and
cadherins have similar binding affinities to these regions of b-catenin
[65], and therefore relative expression of different binding partners is
likely to be a major driver of b-catenin localisation. Phosphorylation of
b-catenin can also change binding partner preferences [65], and in
muscle, it is possible that insulin-induced b-cateninS552 enhances
binding affinity of b-catenin to adhesion partners over transcription
factors.
Taken together, our data indicate that b-catenin is involved in
transcription-independent insulin-mediated remodelling of the actin
cytoskeleton in skeletal muscle to support GLUT4 membrane traf-
ficking and glucose uptake. Furthermore, we provide evidence that M-
cadherin is a novel regulator of insulin-mediated glucose transport in
skeletal muscle and link b-cateninS552 phosphorylation to insulin-
stimulated M-cadherin binding and actin reorganisation. This sup-
ports a role for b-catenin in regulating glucose homeostasis, and future
studies should address whether dysfunctional b-catenin-regulated
cytoskeleton dynamics are involved in the development of skeletal
muscle insulin resistance and whether b-catenin is required for other
modes of glucose transport.
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