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Insulin-stimulated muscle glucose uptake is a key pro-
cess in glycemic control. This process depends on the
redistribution of glucose transporters to the surface
membrane, a process that involves regulatory proteins
such as TBC1D1 and TBC1D4. Accordingly, a TBC1D4
loss-of-function mutation in human skeletal muscle is
associated with an increased risk of type 2 diabetes,
and observations from carriers of a TBC1D1 variant
associate this protein to a severe obesity phenotype.
Here, we identified interactors of the endogenous
TBC1D4 protein in human skeletal muscle by an unbi-
ased proteomics approach. We detected 76 proteins as
candidate TBC1D4 interactors. The binding of 12 of
these interactors was regulated by insulin, including
proteins known to be involved in glucose metabolism
(e.g., 14-3-3 proteins and «-actinin-4 [ACTN4]). TBC1D1
also coprecipitated with TBC1D4 and vice versa in both
human and mouse skeletal muscle. This interaction was
not regulated by insulin or exercise in young, healthy,
lean individuals. Similarly, the exercise- and insulin-reg-
ulated phosphorylation of the TBC1D1-TBC1D4 com-
plex was intact. In contrast, we observed an altered
interaction as well as compromised insulin-stimulated
phosphoregulation of the TBC1D1-TBC1D4 complex in
muscle of obese individuals with type 2 diabetes. Alto-
gether, we provide a repository of TBC1D4 interactors
in human and mouse skeletal muscle that serve as
potential regulators of TBC1D4 function and, thus,

insulin-stimulated glucose uptake in human skeletal
muscle.

Reduced insulin-stimulated skeletal muscle glucose uptake
is a hallmark of various metabolic disorders, including
type 2 diabetes (1). The increase in muscle glucose perme-
ability evoked by insulin stimulation is partly mediated
through an IRS1-, PI3K-, and Akt-dependent signaling
pathway (2). Akt has been shown to inhibit the activity of
the RabGTPase-activating protein (RabGAP) TBC1D4
(also known as AS160) by multisite phosphorylation
affecting in vivo insulin-stimulated GLUT4 translocation
and glucose uptake in mature skeletal muscle (3,4). In
humans, a common Greenlandic and Canadian Inuit loss-
of-function mutation in TBC1D4 is associated with poor
postprandial glucose handling and a 10-times increased
risk of type 2 diabetes (5,6). Interestingly, the closely
related RabGAP TBC1D1 also displays regulatory actions
in contraction and insulin-stimulated glucose uptake
(7,8). Two studies have found that the TBC1D1 R125W
variant is associated with severe obesity in human cohorts
(9,10). Altogether, these observations underline the clini-
cal importance of studying TBC1D1 and TBC1D4 in
human skeletal muscle.

Skeletal muscle TBC1D4 has been proposed to function
as a convergence point for insulin- and exercise-induced
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signaling (11). We recently showed that genetic ablation
of TBC1D4 in mouse skeletal muscle abolishes the insu-
lin-sensitizing effect of contraction as well as of the
AMP-activated protein kinase (AMPK) activator AICAR
(12). Considering the evidence suggesting a role of
TBC1D4 phosphorylation for insulin and exercise-stimu-
lated glucose uptake, studies on protein interactors of
TBC1D4 implicated in these processes are lacking. The
most well-known TBC1D4 binding partners are the 14-3-3
scaffold proteins, which are recruited upon insulin stimula-
tion when TBC1D4 is phosphorylated (13). Cell studies
report that binding of 14-3-3 proteins inhibits the RabGT-
Pase stimulatory actions of TBC1D4, thereby releasing the
brake on Rab proteins (14,15). In line, disruption of the
14-3-3 binding to TBC1D4 reduces insulin-stimulated
GLUT4 translocation and glucose uptake in mature skeletal
muscle (4).

Proteomics that investigates protein-protein interac-
tions have readily been applied to cell systems with the
use of exogenous epitope tags in combination with pro-
tein overexpression (16,17). However, the exogenous
tags and elevated expression levels might represent
nonphysiological conditions that result in an altered
interaction profile. Here we explored endogenous
TBC1D4 interacting partners in human skeletal muscle
by antibody-based immunoprecipitation (IP) coupled to
mass spectrometry (MS) and sought to identify interac-
tion partners regulated during physiological hyperinsu-
linemic clamp conditions in healthy, lean subjects. We
identified known and novel interaction partners of
TBC1D4 with a role in glucose metabolism of which a
subset was regulated by insulin. As TBC1D1 was found
to be highly associated with TBC1D4, we furthermore
investigated this interaction during insulin-stimulated
conditions and after exercise in both healthy individu-
als and patients with type 2 diabetes.

RESEARCH DESIGN AND METHODS

The experimental workflow is presented in Fig. 1A.
Human skeletal muscle biopsy specimens from vastus lat-
eralis were obtained from previous studies, as described
below. In parallel, skeletal muscle from wild-type (WT)
and Thcld4 whole-body knock-out (KO) animals in the
basal nonstimulated state was harvested (12). Skeletal
muscle samples were homogenized, and TBC1D4 was
immunoprecipitated, followed by extensive washing. Pro-
teins were on-bead digested with trypsin, and peptides
were analyzed by an MS-based setup in a data-dependent
acquisition mode. Bioinformatics were performed using
MaxQuant and Perseus software to identify TBC1D4
interactors (18,19). Candidate interactors were validated
by Western blotting and investigated under various physi-
ological settings, including before and after hyperinsuline-
mic-euglycemic clamp conditions as well as before and
after a single bout of exercise.
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Subjects

For human data shown in Fig. 1, muscle biopsy specimens
from six young (25 + 1 years), lean (234 + 0.4 kg - m~3),
and healthy male subjects were used. The study was approved
by the Regional Ethics Committee for Copenhagen (H-6-
2014-038) and described in detail in Steenberg et al. (20). In
short, muscle biopsy specimens were obtained from vastus
lateralis in the rested nonstimulated state and at the end of
a 2-h hyperinsulinemic-euglycemic damp (plasma insulin
~117 pIU - mL " over the last 40 min of the clamp).

For human data shown in Figs. 2A-D, 3A and B, and
4A-C, muscle biopsy specimens from two independent
cohorts were used: in total 11 young (26 + 1 years), lean
(233 £ 0.5 kg - m~2), and healthy male subjects. The stud-
ies were approved by the Regional Ethics Committee for
Copenhagen (H-6-2014-038 and H-4-2013-071) and
described in detail in Steenberg et al. (21) and Hingst et al.
(22). In short, muscle biopsy specimens were obtained from
vastus lateralis before and at the end of a 2-h hyperinsuli-
nemic-euglycemic clamp (plasma insulin: cohort 1 [21],
~129 iU - mL ™! and cohort 2 [22], ~100 wIU - mL !
over the last 40 min of the clamp).

For human data shown in Figs. 3C-E and 4D-F muscle
biopsy specimens were obtained from eight young (23.6 =+
0.9 years), lean (23.3 + 0.6 kg - m2), and healthy male
subjects. The studies were approved by the Regional
Ethics Committee for Copenhagen (H-2-20120085) and
described in detail in Kristensen et al. (23). In short, mus-
cle biopsy specimens were obtained from vastus lateralis
before and at the end of a single exercise bout. The exer-
cise protocol consisted of 30 min of interval cycling exer-
cise consisting of six high intensity bouts of 1.5 min
(workload ~100% VO,peak) intervened with 2.5 min of
active recovery (workload 40% VO,peak).

For human data shown in Supplementary Fig. 2A-C,
muscle biopsy specimens were obtained from the same
healthy male subjects as described above. The studies were
approved by the Regional Ethics Committee for Copenhagen
(H-2-2012-085) and described in details in Kristensen et al.
(23). In short, muscle biopsy specimens were obtained from
vastus lateralis before and at the end of a single exercise
bout. The exercise protocol consisted of 30 min of continu-
ous cycling exercise at ~70% of VO,peak.

For human data shown in Fig. 5 muscle biopsy specimens
from seven young (25 + 1 years), lean (23.4 + 0.4 kg - m2),
and healthy male subjects were used. The study was
approved by the Regional Ethics Committee for Copenhagen
(H-6-2014-038) and described in detail in Steenberg et al.
(20). In short, subjects arrived at the laboratory 1 h after eat-
ing a small breakfast meal (5% of daily energy intake) and
exercised one leg for 1 h (80% of peak work load inter-
spersed with 3 x 5 min at 100% of peak work load), followed
by 4 h of rest. After the resting period, muscle biopsy speci-
mens were obtained from vastus lateralis of both legs
(rested and prior exercised leg). Then the subjects
underwent a 2-h hyperinsulinemic-euglycemic clamp
(plasma insulin ~117 pIU - mL™* over the last 40 min
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Figure 1—Identification of TBC1D4 interacting partners in human skeletal muscle. Experimental approach for mapping the TBC1D4 inter-
actome in human skeletal muscle before and after (b/a) a hyperinsulinemic-euglycemic clamp (HEC) (A) and in WT and TBC1D4 whole-
body KO mouse skeletal muscle at basal (B). DTT, dithiothreitol. C: Principal component analysis plot including principal components 1
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found in human, mouse, or both species. Detailed information on identification of interactors found in both human and mouse muscle.
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of the clamp), and additional biopsy specimens were
obtained from both legs by the end of the clamp.

For human data shown in Fig. 6, muscle biopsy speci-
mens were obtained from 10 (4 female, 6 male) middle-aged
(50 + 1 years), obese (33 + 1 kg - m~?) individuals with type
2 diabetes (HbA;. 7.8% + 0.5%) and 10 (5 female, 5 male)
aged-matched (51 + 1 years) healthy, lean (24 + 1 kg - m )
control subjects. The study was approved by the Regional
Ethics Committee and described in details in Hgjlund et al.
(24). In short, muscle biopsy specimens were obtained from
vastus lateralis before and at the end of a 4-h hyperinsuline-
mic-euglycemic clamp (serum insulin concentration at steady
state, ~54 pU/mL).

Biopsy Specimens
Muscle biopsy specimens were obtained from vastus latera-
lis using the Bergstrom needle technique with suction (25).

Animals

All animal experiments were approved by the Danish Animal
Experiments Inspectorate (License no. 2014-15-2934-
01037). Whole-body TBC1D4-KO and whole-body TBC1D1-
KO female mice, including wild-type (WT) littermates, on a
C57BL/6J background (26) had free access to standard
rodent chow and water and were group housed at a 12:12-h
light-dark cycle. Fed mice with an age of 16 + 2 weeks were
anesthetized by an intraperitoneal injection of pentobarbital
(10 mg/100 g body wt). Tibialis anterior muscle was dis-
sected and immediately frozen in liquid nitrogen for later
analyses.

Muscle Processing and IP

Both human and mouse muscles were homogenized in lysis
buffer and prepared as muscle lysates as previously described
(27). The bicinchoninic acid method was used to determine
total protein abundance in muscle lysates. TBC1D4 was
immunoprecipitated with a C-terminal anti-TBC1D4 anti-
body (ab24469, Abcam) by protein G covalent conjugated
agarose beads (Millipore, no. 16-266) from 400 pig of muscle
lysate and incubated overnight at 4°C. The following day,
agarose beads were centrifuged, and supernatant was col-
lected. Beads were washed twice in lysis buffer, twice in NP-
40 buffer (150 mmol/L NaCl, glycerol 5%, 0.05% NP40, and
50 mmol/L Tris-HCl; pH 7.5) and four times in a NaCl buffer
(150 mmol/L NaCl, glycerol 5%, and 50 mmol/L Tris-HCL,
pH 7.5).

SDS-PAGE and Western Blot Analyses

Lysates were boiled in Laemmli buffer and subjected to SDS-
PAGE and immunoblotting, as previously described (27). In
brief, SDS-PAGE separated proteins were transferred to a
polyvinylidene fluoride membrane, blocked for 10 min in
Tris-buffered saline with TWEEN (TBS-T) containing 3%
BSA or 2% skim milk and incubated overnight with primary
antibody at 4°C. Membranes were then washed in TBS-T
three times for 5 min and subjected to secondary antibody
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(1:5000) for 45 min at room temperature. Lastly, mem-
branes were washed in TBS-T three times for 10 min before
being incubated with enhanced chemiluminescence (Lumi-
nata Forte Western horseradish peroxidase substrate, Bio-
Rad). Images were acquired on a Bio-Rad Chemi Doc
XRS+ system. In order to relate phosphorylated protein
to total protein abundance, membranes were stripped in a
Tris buffer (pH 6.7) consisting of 2% SDS, 62.5 mmol/L
Tris HCl, and freshly added 2-mercaptoethanol for 1 h at
50°C, followed by 1 h at room temperature on a rocking
platform. Membranes were always checked with secondary
antibody for complete stripping of the primary antibody.

Antibodies

Primary antibodies against pTBC1D4-Ser318 (8619),
pTBC1D4-Thr642 (8881), pTBC1D1-Thr596 (6927S), pAkt-
Thr308 (9275), pAkt-Serd73 (4271L), Akt2 (3063), pAMPK-
Thr172 (2531), and GAPDH (2118) were from Cell Signaling
Technology. Antibodies against pTBC1D1-Ser237 (07-2268)
and AMPKa2 (SC-19131) were from Millipore and Santa
Cruz Biotechnology, respectively. Antibody against TBC1D1
for IP and immunoblot (22124-1-AP) was from ProteinTech.
pTBC1D4-Ser704 was detected using antibody donated by
Dr. Laurie J. Goodyear (28). Antibody for IP of TBC1D4
(C-terminal: ab24469) and immunoblot (N-terminal:
ab189890) were from Abcam.

Proteomics Sample Preparation and Liquid
Chromatography-MS Analysis

After the last IP wash, proteins were on-bead digested by
trypsin, as previously described (29). Peptides were desalted
on 2xC18 StageTips. Tryptic peptides were separated on an
in-house packed 15-cm column (inner diameter, 75 pm,
1.8 pm C18 beads; Dr. Maisch GmbH) using the Easy
nano-flow high-performance liquid chromatography system.
Peptides were loaded on the column in buffer A (0.5% for-
mic acid) and eluted with a 100-min linear gradient from 2
to 40% buffer B (80% acetonitrile, 0.5% formic acid). The
high-performance liquid chromatography system was cou-
pled via a nano electrospray ion source to a Q Exactive HFX
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Fisher Scientific, Bremen, Germany). Mass spectra were
generated by the data-dependent acquisition with auto-
matic switching between MS and tandem MS (MS/MS).
Precursor ions were picked using the top-15 method. Tan-
dem spectra were generated using high collision dissociation
(27 normalized collision energy). MS and MS/MS spectra
were acquired at 60,000 and 15,000 resolutions respectively
using the Orbitrap analyzer.

Data Analysis

Raw mass spectra were quantified in MaxQuant 1.6.01 soft-
ware with default parameters (18). These include minimal
peptide length of seven amino acids, a maximum of two
miscleavages allowed, and a false-discovery rate (FDR) of 1%
for peptide and protein identification. The match-between-
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runs function was enabled, and the retention time window
was set to 30 s. Label-free quantification (LFQ) was per-
formed using the built-in MaxLFQ algorithm in MaxQuant.

Bioinformatics Analysis and Statistics
MaxQuant-derived LFQ intensities were imported to Per-
seus 1.6.1.1 software (19). Contaminants and reverse
sequence identification were excluded from further data
analysis. For the human TBC1D4 interactome, 16 samples
were measured (6 basal TBC1D4 IPs, 6 insulin TBC1D4
IPs, and 4 IgG control IPs). For the mouse TBC1D4 interac-
tome, 10 samples were measured (5 TBC1D4 IPs in both
WT and TBC1D4 KO muscle lysate). One TBC1D4-KO
sample was excluded in the analysis due to technical rea-
sons. Only proteins quantified in three or more biological
replicates in at least one group (specific IP group or control
group) were used for further analysis. To restore the lower
tail of the Gaussian distribution, missing values (not a
number [NaN]) were imputed with random generated
numbers separately from each sample with a 1.8 SD down-
shift of the mean and a SD of 30%. Principal component
analysis was performed in Perseus software.

To be considered a candidate TBC1D4 interactor, pro-
teins must be 1) exclusively detected in TBC1D4 IP reac-
tions in three of six human samples or three of five WT
mouse samples or 2) enriched in TBC1D4 IP samples
compared with IgG control IP samples by at least a 1.5-
fold change and significant on a 5% FDR (permutation-
based FDR). Likewise for the mouse interactome, the can-
didate TBC1D4 interactors were required to be enriched
(>1.5-fold change and significant on a 5% FDR level) in
the WT samples compared with the TBC1D4-KO samples.

Excluding Unspecific Proteins

To exclude proteins unspecifically immunoprecipitated by
the TBC1D4 antibody in the human muscle IP reactions, we
compared the list of human TBC1D4 interactors to all the
proteins identified in the mouse TBC1D4 interactome. Here,
human TBC1D4 interactors were excluded as unspecific
binders, if they were quantified in the mouse WT IP samples
by <1.5-fold change to the TBC1D4-KO IP samples.

Statistical Analysis of Western Blot Analyses

Paired t test was performed on data shown in Figs. 3 and
4, and two-way repeated-measures ANOVA with Tukey
and Siddk post hoc analysis were performed on data
shown in Figs. 5 and 6, respectively.

Significant With Insulin Stimulation

Log, LEQ intensities of interactors were normalized to LFQ
intensities of TBC1D4 in each sample. The Student t test
was performed, and differences in means were considered
significant when P < 0.05. In addition, an interactor was
considered regulated by insulin if found exclusively in basal
or insulin-stimulated samples (at least four of six samples).
Due to a harsh cutoff point, proteins were allowed to be
identified in one sample of the other condition (e.g., poly
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[ADP-ribose] polymerase [TIPARP] was identified in four
insulin-stimulated samples and in one basal sample).

Data and Resource Availability

The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the Proteomics Iden-
tification Database (PRIDE) partner repository with the
data set identifier PXD026225 (30).

RESULTS

Identification of Endogenous TBC1D4 Interacting
Partners in Human Skeletal Muscle
To identify protein interactors of TBC1D4 in skeletal
muscle, we performed a comprehensive proteomics work-
flow. This included IP of TBC1D4 from skeletal muscle
obtained from healthy, young, lean individuals before and
2 h after a physiological hyperinsulinemic (~117 wIU/
mL)-euglycemic clamp (Fig. 14). In parallel, IP of TBC1D4
from muscle of TBC1D4-WT and whole-body TBC1D4-KO
mice obtained in the basal state was performed (Fig. 1B).
A principal component analysis revealed that the proteins
identified in the TBC1D4 IP samples clustered together
and were separated from those observed in the IgG con-
trol samples (Fig. 1C, left panel). Furthermore, the IP
reactions in muscle from TBC1D4-WT and -KO mice clus-
tered separately (Fig. 1C, right panel). As expected,
TBC1D4 was highly enriched in the TBC1D4 antibody-
specific IP of human samples as well as WT mouse sam-
ples (Fig. 1D and E). In the human TBC1D4 interactome,
we identified 149 proteins as significant in the TBC1D4
IP compared with the IgG control based on the Student t
test (FDR <5% and fold change >1.5) and/or by exclusive
identification in at least 50% of the TBC1D4 IP samples.
In the mouse TBC1D4 interactome, 109 proteins were
identified as candidate interactors based on the Student
t test (FDR <5% and fold change >1.5 in WT wvs.
TBC1D4 KO) and/or by exclusive identification in at least
50% of WT samples (Supplementary Table 1). To exclude
proteins captured by unspecific antibody binding in the
human TBC1D4 interactome, we used information from
the TBC1D4 mouse interactome. If a significant human
TBC1D4 interactor was found with <1.5-fold change of the
mean difference between mouse WT and TBC1D4-KO sam-
ples, it was considered an unspecific binding partner. Of 149
significant human TBC1D4 interactors, 73 were ascribed to
antibody cross-reactivity and 76 as being coimmunoprecipi-
tated through TBC1D4 (Fig. 1D and Table 1). Of the 76 can-
didate human TBC1D4 interactors, 12 were found to have
increased binding to TBC1D4 after insulin stimulation (excu-
sive identification or P < 0.05) (Fig. 1F). This incuded
a-actinin-4 (ACTN4) and the various 14-3-3 protein isoforms
previously implicated in the regulation of insulin-stimulated
GLUT4 translocation (14,31).

Surprisingly, only four proteins were identified as statisti-
cally significant TBC1D4 interactors in both the human and
mouse skeletal musde (Fig. 1G). These induded TBC1DI,
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Figure 2—TBC1D1 and TBC1D4 interact in skeletal muscle tissue. Western blot analysis of TBC1D4 and TBC1D1 co-IP in human skeletal
muscle (A), WT and TBC1D4 (D4KO) tibialis anterior muscle (B), and WT and TBC1D1 KO (D1KO) tibialis anterior muscle (C). D: Estimation
of the TBC1D1 and TBC1D4 fraction bound to each other by comparing post-IP (supernatant after IP) to input (lysate before IP). Mean

percentage is represented with SEM values (n = 19).

UGP2 (UTP-glucose-1-phosphate uridylyltransferase), YWHAG
(14-3-3y), and the protein VCP (transitional endoplasmic
reticulum ATPase, also known as p97). Of those, only the 14-
3-3y-TBC1D4 protein interaction was regulated by insulin
stimulation in human skeletal musde, in line with previous
observations in rat adipocytes (32). This interaction and its
regulation with insulin stimulation serve as a proof-of-concept
of our proteomics approach and is, to our knowledge, the first
evidence of a 14-3-3 isoform-specific regulation under in vivo
conditions.

Validation of the TBC1D1 and TBC1D4 Interaction in
Skeletal Muscle Tissue

We identified TBC1D1 to be highly enriched in the human
TBC1D4 IP (Fig. 1D). Additionally, TBC1D1 was identified in
the TBC1D4 IP from WT mouse muscde but not from
TBC1D4-KO muscle (Supplementary Table 1). It was recently
shown that ectopically tagged TBC1D1 and TBC1D4 trans-
fected into cultured cells are able to interact (33). In con-
trast, TBC1D4 was not found to coprecipitate with
flag-TBC1D1 in a recent study in C2C12 cells (34). This is
likely due to the low expression levels of TBC1D4 in C2C12
myotubes compared with mature mouse skeletal musce
(35). We confirmed by Western blotting that TBC1D1 and
TBC1D4 coimmunoprecipitated in human skeletal musce
(Fig. 2A). The finding was not due to antibody cross-reactiv-
ity, as the anti-TBC1D4 antibody did not coimmunoprecipi-
tate TBC1D1 from musde of the TBC1D4-KO mouse (Fig.
2B). Similarly, the anti-TBC1D1 antibody did not coimmuno-
precipitate TBC1D4 from musde of the TBC1D1-KO mouse
(Fig. 2C). We did not detect alterations in the abundance
of TBC1D4 and TBC1D1 protein in muscle from TBC1D1-
and TBC1D4-KO mice, respectively (Fig. 2B and C). By

comparing the supernatant fraction of the TBC1D1 and
TBC1D4 IP (post) to the muscle lysate before IP (input),
we estimated that ~42% of all TBC1D1 co-IP with
TBC1D4 and ~20% of all TBC1D4 co-IP with TBC1D1 in
human skeletal muscle (Fig. 2D). As we show that rela-
tively large proportions of the two RabGAPs interact in
human skeletal muscle, we sought to investigate the phos-
phoregulation of the TBC1D1-TBC1D4 complex in human
skeletal muscle in response to insulin and exercise.

Intact Insulin- and Exercise-Mediated Phosphorylation
of TBC1D1 in Complex With TBC1D4 in Human
Skeletal Muscle

MS analyses did not indicate any changes of the protein
levels in the TBC1D1-TBC1D4 interaction following hyper-
insulinemic (~117 plU/mL)-euglycemic clamp conditions
in skeletal muscle of young healthy individuals (Table in
Fig. 1G). This was further examined by co-IP and immuno-
blot analyses in a larger (n = 11) independent cohort stud-
ied under similar clamp conditions (insulin ~115 pIU/mL).
In this cohort, insulin induced a robust increase in pAkt at
Ser473 and Thr308, signifying activation of the canonical
insulin signaling pathway (Supplementary Fig. 1A and B).
The TBC1D4-TBC1D1 protein interaction was not signifi-
cantly different when comparing the complex before and
after the insulin stimulation (Fig. 3A). The major insulin-
and Akt-regulated phosphorylation site on TBC1D1,
Thr596, was assessed in the TBC1D1-TBC1D4 complex in
response to insulin stimulation. For the input samples, we
found a significant increase in the phosphorylation of
Thr596 (Fig. 3B). In the TBC1D1-TBC1D4 complex, phos-
phorylation of Thr596 also increased in 9 of the 11 sub-
jects. Even though this did not reach statistical significance
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(P = 0.10), we interpret the data to indicate that phosphor-
ylation of Thr596 in response to insulin occurs indepen-
dently of whether TBC1D1 is in complex with TBC1D4 or
not.

In skeletal muscle, TBC1D1 undergoes phosphorylation
in response to exercise. We previously showed that Ser237
and Thr596 on TBC1D1 are phosphorylated by AMPKa2-
containing complexes in mouse muscle in response to exer-
cise-like stimuli (i.e., contraction and AICAR) (27,36). To
assess the regulation and phosphorylation pattern of
TBC1D1 in complex with TBC1D4 during exercise, we
immunoprecipitated TBC1D4 from muscle biopsy speci-
mens obtained before and immediately after a single bout
of high-intensity interval exercise from eight young healthy
male subjects. Phosphorylation of AMPKa Thr172 was ele-
vated threefold after the exercise session (P < 0.001),

confirming exercise-induced signaling (Supplementary Fig.
1C). We found that the TBC1D1-TBC1D4 interaction was
not regulated by acute exercise (Fig. 3C). Furthermore,
phosphorylation of Thr596 and Ser237 on TBC1D1 in
complex with TBC1D4 increased similarly compared with
findings from the input samples (Fig. 3D-F). These data
indicate that phosphorylation of TBC1D1 is induced by exer-
cise independently of its interaction with TBC1D4.

Intact Insulin- and Exercise-Mediated Phosphorylation
of TBC1D4 in Complex With TBC1D1 in Human
Skeletal Muscle

In order to assess the phosphorylation signature of TBC1D4
bound to TBC1D1, we immunoprecipitated TBC1D1 from
human skeletal muscle of young healthy male subjects before
and after hyperinsulinemic (~115 mIU/mL)-euglycemic
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clamp. This did not reveal any net alteration in the
TBC1D4-TBC1D1 interaction upon insulin stimulation
(Fig. 44), confirming our previous findings from the
TBC1D4 IP (Fig. 3A). We then investigated two major Akt
phosphorylation sites on TBC1D4, Ser318 and Thr642,
which are proposed to be critical for GLUT4 translocation
(37). We found that phosphorylation of TBC1D4 at
Ser318 and Thr642 increased to a similar extent in
response to insulin stimulation independently of its inter-
action with TBC1D1 (Fig. 4B and ().

To test whether the exercise-induced phosphorylation of
TBC1D4 was affected by the binding to TBC1D1, we immu-
noprecipitated TBC1D1 from protein lysates of rested and
acutely exercised skeletal muscle of young healthy male sub-
jects. We confirmed that an acute bout of high-intensity
exercise did not alter the net TBC1D4-TBC1D1 interaction

(Fig. 4D). Phosphorylation of TBC1D4 Ser318 decreased
with exercise. This occurred to a similar extent on the frac-
tion bound to TBC1D1 and on that found in the input sam-
ple (Fig. 4E). Similarly, phosphorylation of Thr642 decreased
with exercise in the input lysate, although this did not reach
significance in the fraction bound to TBC1D1 (Fig. 4F). To
establish whether phosphorylation of TBC1D4 Thr642 is
indeed decreased upon exercise when in complex with
TBC1D1, we repeated the TBC1D1 IP in lysates of muscles
from the same subjects at rest and immediately after a ses-
sion of moderate continuous exercise. We confirmed that
phosphorylation of TBC1D4 at Ser318 and Thr642
decreased in response to exercise both in input samples and
when bound to TBC1D1 (Supplementary Fig. 24-C). A
decrease in the phosphorylation of TBC1D4 at Ser318 and
Thr642 following exercise is likely related to a drop in
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plasma insulin levels that typically follows whole-body
exercise (38).

Preserved Insulin-Stimulated Phosphorylation of the
TBC1D1-TBC1D4 Complex in the Period Following
Exercise in Human Skeletal Muscle

A single bout of exercise has been shown to enhance insu-
lin-stimulated glucose uptake in skeletal musde (39-41).

We and others have shown in rodents that this correlates
well with the phosphorylation of TBC1D4 (42,43), and we
recently showed in transgenic mice that TBC1D4 is required
for this process (12). To clarify whether the insulin-stimu-
lated phosphorylation of TBC1D4 bound to TBC1D1 was
affected in the period following exercise, we took advantage
of the one-legged knee extensor exercise model in a young
healthy cohort. Four hours following a single bout of
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Table 1—List of 76 significant TBC1D4 interactors in human skeletal muscle

Diabetes Volume 71, May 2022

Gene name Significance based on Gene name Significance based on
ABCE1 Exclusive MYL6B t test
ACTL6A Exclusive + t test MYLPF t test
ACTN4 Exclusive NDUFA1 Exclusive
ALDH3A2 Exclusive PFDN4 t test
APOBEC2 Exclusive PHTF2 Exclusive
ARF1 Exclusive PNKD Exclusive
ARID1A t test PRRC2A Exclusive + t test
ATAD3A t test PSMC6 Exclusive
ATP2A2 t test RANBP2 Exclusive
BCAP29 Exclusive + t test RPN Exclusive
C170rf85 Exclusive + t test RTN2 Exclusive
CAPN1 Exclusive SAMHD1 Exclusive + t test
CIRBP Exclusive SEC23IP Exclusive + t test
COLBA1 Exclusive SECTM!1 Exclusive
DDB1 Exclusive SFXN1 Exclusive
DHRS7 Exclusive SFXN4 Exclusive
FECH Exclusive SGCD Exclusive
GPBP1 Exclusive SLC2A1 Exclusive
HIST1H2AC Exclusive SMARCA2 t test

HRG Exclusive SMARCBH1 Exclusive
HSDL2 Exclusive SMARCC2 t test
HSPA6 Exclusive + t test SMARCD3 t test
HSPE1-MOB4 Exclusive + t test SNX9 Exclusive + t test
IGFN1 t test STRIP2 Exclusive + t test
IGHV4-61 Exclusive TAX1BP1 Exclusive + t test
LARP1 Exclusive + t test TBC1D1 Exclusive + t test
LEMD2 Exclusive TIPARP Exclusive + t test
MAPT Exclusive + t test TXLNB Exclusive
MORC2 Exclusive + t test UGP2 Exclusive
MTX2 Exclusive UNC45B Exclusive + t test
MUSTN1 Exclusive USP5 Exclusive
MYH13 Exclusive + t test VCP Exclusive
MYH2 t test WDR44 Exclusive
MYH3 t test YTHDF3 Exclusive
MYH4 t test YWHAE Exclusive + t test
MYH7 t test YWHAG t test

MYL1 t test ZCCHC11 Exclusive + t test
MYL2 t test ZNF638 Exclusive + t test

Significance was based on exclusive identification and/or on Student t test (>1.5-fold change D4IP vs. IgG and FDR <0.05). See

RESEARCH DESIGN AND METHODS for details.

endurance-like one-legged exercise, biopsy specimens were
obtained from vastus lateralis of both legs. Then the sub-
jects underwent a hyperinsulinemic (~117 plU/mL)-eugly-
cemic clamp for 2 h, and a new set of muscle specimens

was obtained. The TBC1D1-TBC1D4 protein interaction
was not affected 4 h into exercise recovery or by the follow-
ing 2-h insulin stimulation (Fig. 5A). Phosphorylation of
TBC1D4 at Ser318 and Thr642 increased with insulin,
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whereas Ser704 increased in the prior exercised muscle in
both of the TBC1D1 IPs (Fig. 5B-E) and in the input sam-
ples (Supplementary Fig. 3A-D). However, we did not
detect differences in the phosphorylation status of TBC1D4
in the co-IP samples compared with the input samples.

Dysregulated TBC1D1-TBC1D4 Interaction in Skeletal
Muscle From Middle-Aged Obese Individuals With
Type 2 Diabetes

Impaired musdle insulin signaling at the level of Akt and
TBC1D4 has been shown to diminish glucose uptake in
skeletal muscle (4,26,44-46). To illuminate whether the
interaction between TBC1D1 and TBC1D4 was altered by
type 2 diabetes, we investigated a cohort of obese middle-
aged (50 + 1 years) individuals with type 2 diabetes and
compared the effect of insulin to that observed in a lean,
healthy, age-matched control group. Following a 4-h hyper-
insulinemic (~54 pU/mL)-euglycemic clamp, insulin-stimu-
lated phosphorylation of Akt at Serd73 (~40%) and
Thr308 (~55%) was reduced in input muscle lysates from
the obese individuals with type 2 diabetes compared with
the control group (Supplementary Fig. 4A and B). Similarly,
insulin-stimulated phosphorylation of TBC1D4 at Ser318
(P = 0.001) and Thr642 (P = 0.061) was decreased
(Supplementary Fig. 4C and D), thereby demonstrating sup-
pressed Akt-TBC1D4 signaling in obese individuals with
type 2 diabetes. Interestingly, the compromised insulin-sti-
mulated phosphorylation of TBC1D4 Thr642 was also pre-
sent on the part of TBC1D4 bound to TBC1D1 that also
appeared to be valid for Ser318 (P = 0.064) (Fig. 6A and B).
Although the IP of TBC1D1 and co-IP of TBC1D4 were not
significantly changed with insulin stimulation or different
between groups (Fig. 6C and D), the ratio of bound
TBC1D4 to TBC1D1 was differentially regulated between
groups upon insulin stimulation (Fig. 6E). Thus, TBC1D4
dissociated from TBC1D1 in response to insulin in the lean
group, whereas no change was observed in the obese group
with type 2 diabetes. Furthermore, the TBC1D4-to-TBC1D1
ratio in the basal state was decreased in the obese group
with type 2 diabetes compared with the lean control group.

DISCUSSION

The current study investigated the endogenous TBC1D4
interactome in mature skeletal muscle. We identified 76
candidate human TBC1D4 interactors whereof the binding
of 12 was regulated by insulin stimulation. One of them
incduded ACTN4, which interacted with TBC1D4 in
response to insulin. Interestingly, ACTN4 is known to
directly interact with GLUT4 in an insulin-dependent man-
ner (31,47). Knockdown of ACTN4 in L6 myotubes pre-
vents the insulin-elicited anchoring of GLUT4 to actin
cytoskeleton that decreases plasma membrane GLUT4 con-
tent (31). Our observations, which indicate that ACTN4
and TBC1D4 interact upon insulin stimulation, suggest a
role for TBC1D4 in anchoring GLUT4 vesicles to the near-
membrane actin cytoskeleton. We also identified several
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novel interactors, such as the ADP-ribosylation factor 1
(ARF1), a GTP-binding protein involved in vesicle traffick-
ing, and SECTM1, a small, secreted protein with implica-
tion in tumor-immune cell communication. The biological
effects of these interactions are unknown. Intriguingly, we
did not detect some of the formerly and characterized sub-
strates of TBC1D4, including IRAP and various Rab pro-
teins (48,49). This may be related to the washing protocol
used during the IP procedure, which could disrupt weak
and transient protein interactions. In addition, a stringent
P value correction might also mask true interactors, as
indicated for Rab10 that was identified but did not reach
statistical significance in the mouse TBC1D4 interactome
(FDR = 0.13).

UGP2 (UDP-glucose pyrophosphorylase), an essential
enzyme in the glycogen synthesis pathway, was found
to interact with TBC1D4 in both mouse and human
skeletal muscle. Given our recent work showing that
AMPK regulates UGP2 expression in skeletal muscle
(50) and that AMPK has been coupled to the regulation
of glucose uptake, glycogen storage, and phosphoryla-
tion of TBC1D4 (7,22,43), we propose a trilateral rela-
tionship between AMPK, UGP2, and TBC1D4 that may
be involved in partitioning the glucose taken up toward
glycogen synthesis (50). We also identified VCP in both
human and mouse muscle to interact with TBC1DA4.
VCP has been reported to regulate vesicle trafficking,
including sorting of ubiquitinated cargo into endolyso-
somes for degradation (51). The latter is of particular
interest, as TBC1D4 has been shown to regulate GLUT4
protein degradation in skeletal muscle through the
lysosomal pathway (52).

We identified TBC1D1 as a bona fide TBC1D4 interaction
partner in human and mouse skeletal muscle. Although
prior findings have shown that TBC1D4 homodimerization
does not affect TBC1D4 RabGAP catalytic activity in vitro, it
is possible that heterodimerization of TBC1D4 and TBC1D1
is associated with a change in the activity of the two inde-
pendent RabGAPs (53). Clearly, this needs further darifica-
tion, but intact phosphorylation of the TBC1D4-TBC1D1
complex may argue against such suggestion.

TBC1D4 has been linked to endosomal sorting of GLUT4
into an insulin-sensitive secretory compartment (54,55). It
can be speculated that the TBC1D1-TBC1D4 complex regu-
lates the GLUT4 sorting into the insulin-sensitive secretory
compartment and that the TBC1D4-TBC1D1 complex stoi-
chiometry controls the size and/or flux of this GLUT4 pro-
tein pool. When we investigated this interaction in obese
patients with type 2 diabetes and in lean, healthy, age-
matched control subjects, we found that the TBC1D4-
TBC1D1 complex dissociated in the middle-aged control
group in response to insulin, whereas this response was
absent in the group with diabetes, which, however, exhibited
overall reduced levels of the TBC1D4-TBC1D1 complex. The
insulin-induced TBC1D4-TBC1D1 complex dissociation in
the age-matched control group stands in contrast to our
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findings in healthy, young, lean subjects (Figs. 3-5). This dis-
crepancy may be explained by differences in the two study
designs, including length of the insulin stimulation that may
be critical for the dissociation to take place. Assuming that
the TBC1D4-TBC1D1 complex maintains GLUT4 sorting
into an insulin-sensitive secretory compartment, our data
would suggest that young healthy individuals have a higher
sorting capacity compared with healthy older individuals.
Moreover, the reduced levels of TBC1D4-TBC1D1 complexes
in individuals with type 2 diabetes may indicate chronic
depletion of GLUT4 in the insulin-sensitive secretory com-
partment. Together, this may contribute to muscle insulin
resistance that is a hallmark in both aging and type 2 diabe-
tes (1). Whether this holds true is currently unknown and
thus needs further investigations under proper matched
conditions.

Recent work has shown that AMPK- and Akt-mediated
phosphorylation of TBC1D4 regulates binding with 14-3-3+y
protein and IRAP but does not regulate the GAP activity of
TBC1D4 in vitro (56). Similar results have been reported for
TBC1D1 (57). This suggests that phosphorylation and/or
protein interactions of TBC1D1 and TBC1D4 promote a
change in their localization away from compartments rich in
certain GTP-bound substrates (e.g., Rab proteins), leading to
enhanced GLUT4 translocation. Based on this, it may be
speculated that insulin-regulated protein interactions of
TBC1D4, including those described in the current study,
could contribute to TBC1D4 localization and hence regula-
tion of glucose uptake in skeletal muscdle.

In conclusion, we provide new insight into TBC1D4 sig-
naling by mapping its protein interactors in human and
mouse skeletal muscle. We find several novel interactors to
which their protein association with TBC1D4 increased dur-
ing in vivo insulin stimulation. Additionally, we reveal that
TBC1D1 is an endogenous binding partner of TBC1D4 in
human skeletal muscle, suggesting direct cooperative action
through a heterodimer complex. Interestingly, the TBC1D1-
TBC1D4 interaction seems to be compromised in type 2 dia-
betes and may be affected by age. Since aging and type 2
diabetes are associated with muscle insulin resistance, we
propose that the stoichiometry of free and complex-bound
TBC1D1 and TBC1D4 is a determining factor for the regula-
tion of muscle glucose uptake and insulin sensitivity in
humans.
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