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A B S T R A C T

Glucose uptake by mammalian cells is a key mechanism to maintain cell and tissue homeostasis and relies mostly
on plasma membrane-localized glucose transporter proteins (GLUTs). Two main cellular mechanisms regulate
GLUT proteins in the cell: first, expression of GLUT genes is under dynamic transcriptional control and is used by
cancer cells to increase glucose availability. Second, GLUT proteins are regulated by membrane traffic from
storage vesicles to the plasma membrane (PM). This latter process is triggered by signaling mechanisms and well-
studied in the case of insulin-responsive cells, which activate protein kinase AKT to phosphorylate TBC1D4, a
RAB-GTPase activating protein involved in membrane traffic regulation. Previously, we identified protein kinase
WNK1 as another kinase able to phosphorylate TBC1D4 and regulate the surface expression of the constitutive
glucose transporter GLUT1. Here we describe that downregulation of WNK1 through RNA interference in
HEK293 cells led to a 2-fold decrease in PM GLUT1 expression, concomitant with a 60% decrease in glucose
uptake. By mass spectrometry, we identified serine (S) 704 in TBC1D4 as a WNK1-regulated phosphorylation
site, and also S565 in the paralogue TBC1D1. Transfection of the respective phosphomimetic or unpho-
sphorylatable TBC1D mutants into cells revealed that both affected the cell surface abundance of GLUT1. The
results reinforce a regulatory role for WNK1 in cell metabolism and have potential impact for the understanding
of cancer cell metabolism and therapeutic options in type 2 diabetes.

1. Introduction

The small family of WNK [with no lysine (K)] protein kinases in-
cludes four members in the human genome [1], which encode serine/
threonine kinases with a specific sequence signature that includes
substitution of a highly conserved lysine (hence their name) in the
subdomain II of the catalytic domain [2,3] by a cysteine. This conserved
lysine residue mediates ATP binding in most kinases but WNKs use an
alternative lysine from subdomain I for this function [4,5].

The four human WNK genes (WNK1, WNK2, WNK3, WNK4) are
located on different chromosomes [1] and show tissue-specific expres-
sion patterns, with WNK1 being almost ubiquitous. WNK proteins only
share about 40% amino acid identity, mostly in their catalytic domains
and some coiled-coil domains [6–8].

Mutations in the WNK1 and WNK4 genes cause the human mono-
genic disease familiar hyperkalemic hypertension (FHHt, also known as
pseudohypoaldosteronism type 2 or Gordon syndrome), characterized
by excessive renal sodium and potassium retention [6]. WNK1 (similar
to WNK3 and WNK4) was identified to act as a multifunctional up-
stream activator of ion transport proteins in different segments of the
nephron, in particular of the sodium-chloride cotransporter NCC [9]
and the sodium-potassium-chloride cotransporter NKCC2 [10,11]. Both
cotransporters become activated following their phosphorylation at two
threonine residues in their amino terminal cytoplasmic domain, by ei-
ther the STE20/SPS1-related proline-alanine-rich protein kinase (SPAK)
or the oxidative stress-responsive kinase (OSR) 1. In addition, phos-
phorylation decreases endocytosis rates, promoting cotransporter re-
tention in the plasma membrane (PM) [12]. The role of WNK1 is to

https://doi.org/10.1016/j.abb.2019.108223
Received 6 August 2019; Received in revised form 13 November 2019; Accepted 5 December 2019

Abbreviations: FBS, fetal bovine serum; GLUT, glucose transporter; PM, plasma membrane; siRNA, small interfering RNA; TBC1D, (Tre-2, BUB2, CDC16) domain
family member; WNK, With-no-lysine protein kinase; wt, wild type

∗ Corresponding author. Departamento de Genética Humana, Instituto Nacional de Saúde Doutor Ricardo Jorge, Avenida Padre Cruz, 1649-016, Lisboa, Portugal.
E-mail address: peter.jordan@insa.min-saude.pt (P. Jordan).

Archives of Biochemistry and Biophysics 679 (2020) 108223

Available online 06 December 2019
0003-9861/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00039861
https://www.elsevier.com/locate/yabbi
https://doi.org/10.1016/j.abb.2019.108223
https://doi.org/10.1016/j.abb.2019.108223
mailto:peter.jordan@insa.min-saude.pt
https://doi.org/10.1016/j.abb.2019.108223
http://crossmark.crossref.org/dialog/?doi=10.1016/j.abb.2019.108223&domain=pdf


phosphorylate and activate SPAK or OSR1 in hypotonic low-chloride
conditions [9,13–15] due to its ability to act as a sensor of low chloride
concentration in cells. Chloride usually binds to the WNK1 catalytic
domain, leading to inhibition of autophosphorylation and kinase acti-
vation [16].

We previously reported that WNK1 is not only linked to ion trans-
port regulation but also has a role in regulating the cell surface ex-
pression of another PM transporter, the SLC2A1 gene product glucose
transporter GLUT1 [17]. Members of the GLUT family are essential for
uptake of extracellular food-derived glucose as the main energy source
for most mammalian cell types. Besides an energy-coupled, sodium-
gradient driven sugar cotransport in the intestine or kidney, most other
tissues rely on facilitative transport by GLUT proteins along a glucose
gradient that is established by cells through rapid phosphorylation and
glycolysis of glucose [18]. GLUT1 represents the most ubiquitously
expressed isoform. Two main cellular mechanisms regulate GLUT1
proteins in the cell: first, expression of the SLC2A1 gene is under dy-
namic transcriptional control and is used by cancer cells to increase
glucose availability; second, GLUT proteins are regulated by membrane
traffic from storage vesicles to the PM. The best-studied example is
insulin-stimulated glucose uptake of muscle cells and adipocytes, which
occurs through rapid GLUT4 translocation to the PM and proportional
increase in glucose uptake [19]. When insulin binds to its receptor on
these cells, the phosphatidylinositol-3-kinase (PI3K) gets stimulated
and triggers activation of protein kinase AKT that then phosphorylates
its substrates (Tre-2-BUB2-CDC16) domain family member (TBC1D) 4
[20–22] or TBC1D1 [21,23–25]. These are two paralogue GTPase-ac-
tivating proteins for RAB-family GTPase, which subsequently mediate
translocation of GLUT4 storage vesicles to the PM in oxidative muscle
and adipose cells or in glycolytic muscle fibers, respectively [26,27].
Impaired GLUT4 translocation is a hallmark characteristic of insulin
resistance leading to diabetes mellitus.

Besides AKT, WNK1 was also identified to phosphorylate TBC1D4 in
vitro. WNK1 expression in HEK293 cells promoted binding of TBC1D4
to regulatory 14-3-3 proteins, preventing the inhibitory interaction of
TBC1D4 with the small GTPase RAB8A, a positive regulator of exocytic
vesicle traffic. In consequence, GLUT1-containing storage vesicles can
fuse with the PM and increase the cell surface expression of GLUT1
[17]. Similarly, WNK1 was shown to regulate GLUT4 PM expression in
skeletal muscle cells [28].

In addition to WNK1, the serum-glucocorticoid-regulated kinase
(SGK) 1 can also participate in the regulation of TBC1D4. SGK1 was
found to phosphorylate TBC1D4 and increase the cell surface expres-
sion of GLUT1 upon activation by PI3K [29]. Also, SGK1 phosphor-
ylation of TBC1D4 has a role in regulating the endocytosis of the epi-
thelial sodium channel (ENaC) [30]. Thus, WNK1 and SGK1 may
represent surrogate pathways to modulate TBC1D4 and glucose uptake
in response to insulin.

2. Materials and methods

2.1. Cell culture and transfections

HEK293 (human embryonic kidney 293) cells were maintained in
Dulbecco's modified minimal essential medium (DMEM) supplemented
with 10% (v/v) of heat inactivated fetal bovine serum (FBS) (all re-
agents from Gibco, Thermo Fisher Scientific, Waltham, USA). Cells
were maintained at 37 °C with 5% CO2, and regularly checked for
absence of mycoplasm infection by PCR amplification of a 16S ribo-
somal DNA fragment (primers F: 5′- ACT CCT ACG GGA GGC AGC AGT
A and R: 5′-TGC ACC ATC TGT CAC TCT GTT AAC CTC) from lysates of
cells harvested from the culture medium.

For ectopic expression of plasmid cDNAs, HEK293 cells were
transfected at 80–90% confluence using Metafectene (Biontex, Munich,
Germany) according to the manufacturer's instructions. Transfection
efficiencies were found to be around 90%, as determined

microscopically using a GFP expression vector. Total amounts of
transfected plasmid DNA were kept constant at 6 μg per 60 mm cell
culture dish or 2 μg per 35 mm dish and adjusted with empty vector, if
required. Cells were analyzed after 20 h for biochemical assays.

For gene-specific transcript silencing, HEK293 cells at 30% con-
fluence were transfected using Metafectene with 200 pmol of small
interfering RNA oligonucleotides (siRNAs) per 35 mm dish or 400 pmol
per 60 mm dish. Cells transfected with siRNAs were analyzed after 48 h,
and the degree of target gene expression depletion was determined in
each experiment by Western blot (WB) (see below). All results were
confirmed in at least three independent experiments. The siRNA oligos
were ordered from Eurofins Genomics (Ebersberg, Germany) with the
following sequences: control siLUC, 5′-CGU ACG CGG AAU ACU UCG
ATT; siWNK1: 5′-GCA GGA GUG UCU AGU UAU A.

2.2. DNA plasmids and constructs

All constructs were verified by automated DNA sequencing and all
primer sequences are available in Table S1. TBC1D1 was amplified from
pBluescript with the primers KpnTBD1-F and KpnTBD1-R, cloned into
pCR2.1 TOPO-TA vector (Invitrogen) and subcloned as a KpnI fragment
into expression plasmid pcDNA3-Myc. This construct will be referred to
as Myc-TBC1D1. To introduce the unphosphorylatable alanine (A) or
phosphomimetic aspartate (D) codons, the plasmid was mutated at
codon 565 from TCC to GCC or GAC to obtain the constructs Myc-
TBC1D1 S565A/D, using the QuickChange Site-Directed Mutagenesis
kit (Agilent Technologies, Santa Clara, USA) according to the manu-
facturer's instructions.

Previously published constructs used in this study were: (1) pCR3.1/
AS160-2myc [31], here designated as Myc-TBC1D4. To introduce the
unphosphorylatable alanine (A) or phosphomimetic aspartate (D) co-
dons, the plasmid was mutated at codon 704 from TCT to GCT or GAT
to obtain the constructs Myc-TBC1D4 S704A/D, using the Site-Directed
Mutagenesis. (2) pIRES2-EGFP-SGK1 CA and KD [32], were amplified
with Eco-SGK1-F and Kpn-SGK1-R, cloned into pCR2.1 TOPO-TA and
subcloned as EcoRI/KpnI fragments into pEGFP-C2 expression plasmids.

2.3. In vitro protein kinase assays

For each condition, 0.5 μg of the recombinant protein kinase (Flag/
His-WNK1 (1111-0000-1; N-terminal fragment 171–529), GST-AKT1
(0132-0000-2; full-length protein), GST-AKT2 (0276-0000-2; C-term-
inal fragment 107–481), GST-SGK1 (0199-0000-2; full-length protein)
or GST-SGK3 (0198-0000-2; full-length protein), all from ProQinase,
Freiburg, Germany) were incubated in 20 μL kinase reaction buffer
(30 mM Tris-HCl pH 7.5, 10% glycerol, 1 mM DTT, 1 mM Na3VO4,
10 mM MgCl2, 100 μM ATP), mixed with their recombinant substrate
(0.5 μg of rMyc-TBC1D1 or rMyc-TBC1D4 (both from Origene
Technologies, Rockville, USA) or recombinant kinase-dead OSR1 as a
WNK1 positive control [17]), and incubated in the presence of 5 μCi
γ32P-ATP at 30 °C for 30 min. Finally, 2x SDS sample buffer (100 mM
Tris-HCl pH 6.8, 10% glycerol, 4% SDS, 130 mM DTT, 0.5 mg bromo-
phenol blue) was added, samples boiled and separated by SDS-PAGE
followed by WB. Membranes were exposed to X-ray films, and subse-
quently incubated with the indicated antibodies in order to document
that comparable protein quantities were present in each assay.

2.4. TBC1D phosphopeptide identification

The above protein kinase assays were repeated under non-radio-
active conditions using in vitro phosphorylation of 0.5 μg recombinant
substrate with 0.5 μg recombinant kinase in duplicate, standard 20 μL-
reactions for 1 h at 30 °C. Then, 20 μL iodoacetamide (IAA) for cysteine
alkylation were added for 1 h at 21 °C (protected from light), followed
by quenching of remaining IAA with 20 μL DTT for 15 min at 21 °C.
Duplicates were incubated with either trypsin (cuts after arginine or
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lysine) or enteropeptidase (cuts only after lysine) and digested over-
night at 37 °C. Digested peptides were purified by retention on C12
hydrophobic reverse phase porous resin filled into previously activated
and washed small columns. Resin columns were then shipped for mass
spectrometry (MS) to the CIC bioGUNE center in Derio, Spain. Peptide
separation was performed on a nanoACQUITY UPLC System (Waters
Corporation, Milford, USA) on-line connected to an LTQ Orbitrap XL
mass spectrometer (Thermo Fisher Scientific). An aliquot of each
sample was loaded onto a Symmetry 300C18 UPLC Trap column
(180 μm × 20 mm, 5 μm, Waters). MS raw data and a description of
their analysis are available in the Supplementary data.

2.5. Biotinylation of cell surface proteins

HEK293 cells were first transfected with either siWNK1 or siLUC
and incubated for 24 h. In a second transfection, the Myc-TBC1D1/4 S-
A mutants were transfected into the control (siLUC) dishes, whereas the
Myc-TBC1D1/4 S-D mutants into the siWNK1 dishes. For all conditions,
cells were placed on ice, washed three times with ice cold PBS-CM (PBS
pH 8.0 containing 1 mM CaCl2 and 1 mM MgCl2) and left 5 min in cold
PBS-CM. Cells were then incubated for 45 min with 0.5 mg of EZ-Link
Sulfo–NHS–SS-Biotin (Santa Cruz Biotechnology, Heidelberg Germany)
to label all cell surface proteins. Cells were rinsed twice and left for
15 min on ice with ice-cold Tris-Q [100 mM Tris-HCl pH 8.0, 150 mM
NaCl, 0.1 mM CaCl2, 1 mM MgCl2, 10 mM glycine, 1% (w/v) BSA] to
quench the reaction. Cells were again washed three times with cold
PBS-CM and lysed in 250 μL of pull-down buffer (50 mM Tris-HCl pH
7.5, 100 mM NaCl, 10% (v/v) glycerol, 1% (v/v) NP40, supplemented
with a protease inhibitor cocktail composed of 1 mM PMSF, 1 mM 1,10-
phenanthroline, 1 mM EGTA, 10 μM E64, and 10 μg/mL of each
aprotinin, leupeptin, and pepstatin A; all from Sigma-Aldrich Quimica,
Madrid, Spain). Cell lysates were cleared at 9000×g for 5 min at 4 °C.
An aliquot of 40 μL, representing total protein levels, was removed and
added to 2x SDS modified sample buffer (62.5 mM Tris-HCl pH 6.8, 3%
SDS, 10% glycerol, 0.02% bromophenol blue, 196.4 mM DTT), while
200 μL lysate were added to 15 μL of protein G agarose beads (Roche
Portugal), rotated for 1 h at 4 °C and centrifuged for 1 min at 3000×g.
The pre-cleared lysates were recovered, added to 20 μL streptavidin-
agarose beads (Sigma-Aldrich), previously incubated for 1 h in 1 mL
cold pull-down buffer containing 2% (w/v) milk, and washed three
times in pull-down buffer. Lysate and beads were rotated for 1 h at 4 °C,
centrifuged for 1 min at 3000×g, and washed five times in cold wash
buffer (100 mM Tris-HCl pH 7.5, 300 mM NaCl, 1% (v/v) Triton X-
100). Captured proteins were recovered in 20 μL of 2x SDS modified
sample buffer with 100 mM DTT and analyzed by WB with specific
antibodies, as described below.

Protein lysates were separated by 9% (w/v) SDS-PAGE in 1% (v/v)
glycerol-containing gels run at 4 °C. For detection of specific proteins,
SDS-PAGE gels were transferred onto PVDF membranes (Bio-Rad
Laboratories, Hercules, USA). WB membranes were blocked in 5% (w/
v) milk powder in TBS with 0.1% (v/v) Triton X-100, probed using
primary antibodies listed below, washed 3x, and incubated with a
secondary peroxidase-conjugated antibody. Bands were visualized by
chemiluminescence on X-rays films and quantified on digitalized
images by densitometric analysis with ImageJ software (NIH). Primary
antibodies used were: mouse anti-PCNA (clone PC10; NA03) from
MerckBiosciences (Nottingham, UK); mouse anti-transferrin receptor
(clone H68.4; 13–6800), mouse anti-His (Invitrogen 37–2900) and
rabbit anti-GST (Chemicon AB3282) from Thermo Fisher Scientific;
mouse anti-Tubulin (clone B-5-1-2; T5168) and mouse anti-MYC (clone
9E10; M5546) from Sigma-Aldrich, rabbit anti-GLUT1 (ab652) from
Abcam (Cambridge, UK), and sheep anti-WNK1 (S062B) from Dundee
University, UK.

2.6. Glucose uptake assays

HEK293 cells were treated as described and glucose uptake was
measured using Glucose Uptake-Glo™ Assay (Promega, Madison, USA),
according to the manufacturer's instructions. Briefly, this assay is a
fluorescence-based method measuring the amount 2-deoxyglucose
(2DG) transported into cells during a period of 10 min 2DG is trans-
ported into cells and phosphorylated to produce 2-deoxyglucose-6-
phosphate (2DG6P). The addition of Stop Buffer stops 2DG transport,
lyses cells, destroys any NADPH within the cells and denatures cellular
proteins. A neutralization buffer is added before the 2DG6P detection
reagent, containing glucose-6-phosphate dehydrogenase (G6PDH) that
oxidizes 2DG6P to 6-phosphodeoxygluconate (6PDG) and reduces
NADP + to NADPH. The reductase uses the NADPH to convert the
proluciferin to luciferin, which is then used by luciferase to produce
light measured in the Lucy-2 luminometer (Anthos Mikrosysteme,
Friesoythe, Germany). The relative light units (RLU) were then nor-
malized to the total protein levels based on the PCNA levels in lysates
detected by WB.

2.7. Statistical analysis

Data were analyzed using Student's t-tests for paired samples or
ANOVA tests followed by post-hoc Tukey's tests when comparing
multiple treatments. P < 0.05 was accepted as the level of statistical
significance. Shown data reflect the mean ± SEM from at least three
independent experiments.

3. Results

3.1. WNK1 modulates glucose uptake in HEK293 cells

Previously, we identified a role for WNK1 in regulating glucose
transporter GLUT1 expression at the PM in HEK293 cells [17]. In
pursuit of these studies, we determined whether the observed increase
in GLUT1 at the PM would indeed correspond to an increase in glucose
uptake. For this, we transfected cells with specific siRNAs to deplete
endogenous WNK1 in HEK293 cells and 48 h later measured both, their
glucose uptake and GLUT1 expression at the PM. The efficiency of
WNK1 depletion was around 80% as confirmed by WB (Fig. 1B). Under
these conditions, the levels at the PM of the transferrin receptor, which
undergoes constitutively endosomal uptake and recycling, were not
affected; however, the GLUT1 levels decreased (Fig. 1A) and cellular
glucose uptake was reduced by 40% (Fig. 1C). A comparable reduction
was also observed upon WNK1 depletion in HT29 colorectal cells (data
not shown). Thus, the presence of WNK1 contributes to cellular glucose
uptake.

3.2. Phosphorylation of TBC1D proteins by kinases WNK1, AKT and SGK

The mechanism by which WNK1 affected GLUT1 was shown to in-
volve phosphorylation of the RAB-GAP protein TBC1D4 [17]. Phos-
phorylation of TBC1D4, but also of its paralog TBC1D1, is a key reg-
ulatory step in the kinase cascades leading to changes in glucose uptake
[21,22]. AKT was the first protein kinase described to phosphorylate
the RAB-GAPs TBC1D1 and TBC1D4 in response to insulin stimulation
[20,22].

We therefore compared the sites of phosphorylation in TBC1D4 and
TBC1D1 that the kinases AKT and WNK1 would recognize, and also
included SGK1 for comparison. For this, we performed in vitro protein
kinase assays using recombinant RAB-GAP proteins TBC1D1 and
TBC1D4 as substrates and incubated them either alone or together with
one of the following recombinant protein kinases: AKT1, AKT2, WNK1,
SGK1 and SGK3. As shown in Fig. 2A, AKT1 autophosphorylated and in
addition phosphorylated TBC1D1 and TBC1D4. As expected both
TBC1D proteins were not radio-labelled in the presence of γ32P-ATP
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alone. For further validation, a phospho-specific antibody for TBC1D4
threonine (T) 642 was used, one of the first phosphosites described for
AKT [20]. Using this antibody, we were able to confirm that the in vitro
kinase assay reproduced the specific phosphorylation of TBC1D4 by
AKT1 at an already described phosphosite (Fig. 2A). Identical results
were obtained with recombinant AKT2 (data not shown).

For the in vitro WNK1 kinase assay (Fig. 2B), recombinant kinase-
dead OSR1 (a previously identified physiological WNK1 substrate),
served as a positive control [17,33], and the negative control, that a
kinase-dead WNK1 mutant cannot phosphorylate TBC1D4, was pre-
viously shown [17]. His-tagged WNK1 autophosphorylated in the pre-
sence of γ32P-ATP, but also phosphorylated both TBC1D proteins in
vitro. Positive phosphorylation was further observed when GST-SGK1
and GST-SGK3 were used as kinases (Fig. 2C), consistent with a pre-
viously described role in regulating GLUT translocation to the PM [29].

3.3. Identification of phosphorylated sites in TBC1D1 and TBC1D4

Having established the in vitro phosphorylation of both TBC1D1 and
TBC1D4, we next determined the specific phosphorylated residues in
both RAB-GAPs. Although for AKT, several sites of phosphorylation in
both TBC1Ds were already known [20,22,34,35], it was unknown
whether WNK1, SGK1 and SGK3 would target the same or unique
phosphosites. Phosphorylation sites were determined by MS following
kinase assays repeated under non-radioactive conditions and the results
summarized in Table 1 (raw MS data and their analysis are available as
Supplementary data and Table S2).

The data identified well-known phosphosites for AKT1, such as
serine (S) 237 and threonine (T) 596 from TBC1D1 [36], and S588 from
TBC1D4 [20]. Importantly, novel TBC1D1 phosphosites were identi-
fied: T505 as a SGK1-specific phosphosite, and S565 as a WNK1-specific
phosphosite. In the case of TBC1D4, S704 was identified to be pre-
ferentially phosphorylated by WNK1, SGK1 and SGK3. Other previously
unreported phosphosites included S609, S673 and S725.

3.4. Validation of the WNK1-regulated phosphosites as modulators of PM
expression of GLUT1

For further studies of the WNK1-phosphorylated sites TBC1D1-S565
and TBC1D4-S704, their functional relevance for the regulation of PM

expression of GLUT1 was validated. First, site-directed mutagenesis was
used to introduce the respective phosphomimetic aspartate (D) or un-
phosphorylatable alanine (A) residues at codons 565 or 704. Then,
these Myc-tagged constructs were transfected into HEK293 cells, fol-
lowed by biotinylation of cell surface proteins and WB. The unpho-
sphorylatable S565A and S704A mutants were expected to maintain the
respective TBC1D proteins active, and thus lead to a decrease in the
amount of GLUT1 at the PM. As a positive control and term of com-
parison, we used WNK1 depleted cells (see Fig. 1). By contrast, the
phosphomimetic mutants S565D and S704D should inactivate the RAB-
GAP activity of the TBC1D proteins and promote an increase in PM
GLUT1. Moreover, the phosphomimetic mutants should also be able to
rescue the loss of PM GLUT1 induced by WNK1 depletion alone if they
act downstream of WNK1. The transferrin receptor (TfR) was labelled to
exclude unspecific effects on endocytosis or recycling.

As shown in Fig. 3A, transfection of HEK293 cells with the non-
phosphorylatable TBC1D1-S565A mutant led to a decrease in PM
GLUT1. The quantified magnitude of this effect (Fig. 3B) was compar-
able to the one caused by the depletion of WNK1, used as a positive
control. The same decrease in PM GLUT1 was observed in cells trans-
fected with the non-phosphorylatable mutant TBC1D4-S704 (Fig. 3C
and D). The effect of these non-phosphorylatable mutants was not
further increased by simultaneous depletion of endogenous WNK1 (data
not shown).

When cells were then transfected with the phosphomimetic mutants
TBC1D1-S565D or TBD1D4-S704D (Fig. 3A and C, respectively), both
were able to increase PM GLUT1 when transfected alone (not shown)
and, most importantly, to counteract the inhibitory effect of siWNK1, as
quantified in Fig. 3B and D.

Thus, both phosphorylation sites, TBC1D1-S565 and TBC1D4-S704
were identified as novel regulatory phosphosites in these RAB-GAP
proteins that are involved in the regulation of GLUT1 PM levels.

Another phosphorylated TBC1D1 residue identified in Table 1 was
T505, which was recognized by SGK1. When the respective unpho-
sphorylatable and phosphomimetic mutants were transfected into
HEK293 cells, the analysis of biotinylated cell surface proteins revealed
that neither the TBC1D1-T505A nor the -T505D mutant caused any
significant change in the amount of GLUT1 present at the PM (Fig. S1).
Thus, in contrast to the two sites TBC1D1-S565 and TBC1D4-S704, the
TBC1D1-T505 residue does not seem to play a role in the regulation of

Fig. 1. WNK1 modulates glucose uptake in
HEK293 cells. Cells were transfected with either
siLUC (control) or siWNK1 and incubated for 48 h.
Then cell surface proteins were biotinylated before
cells were lysed and biotinylated proteins captured
with Streptavidin-beads followed by SDS-PAGE and
transfer to PVDF blotting membranes. (A) Detection
of the indicated proteins in the whole-cell lysate
(WCL) or in the biotinylated protein fraction
(Surface). In both fractions, the PCNA protein served
as a control to document either the amount of total
protein loaded (WCL), or the absence of con-
taminating cytosolic proteins (Surface). The trans-
ferrin receptor (TfR) served to exclude unspecific
effects on endocytosis or recycling (Surface). (B)
Quantification of WNK1 depletion. Band intensities
from the densitometry of membranes shown in (A)
from at least three independent experiments were
quantified and graphically displayed. (C)
Quantification of glucose uptake levels. The glucose
uptake assay was performed using the Glucose
Uptake-Glo™ Assay (Promega) following the manu-
facturer's instructions and glucose values determined
by relative light units (RLUs) normalized to total
protein values using ImageJ (NIH) for quantification
of the PCNA bands shown in (A). All data shown re-
present means ± SEM; ** = P < 0.01.
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GLUT1 abundance at the PM.

4. Discussion

The results presented in this work highlight that the regulation of
GLUT1, the constitutive glucose transporter expressed in most cell
types, through phosphorylation of the RAB-GAP proteins TBC1D4 and
TBC1D1 may be more complex than previously reported. We identified
novel phosphorylation sites in TBC1D4 and TBC1D1 and show the in-
volvement of two WNK1-phosphorylated sites in the regulation of
GLUT1 plasma membrane expression.

Although AKT has been predominantly studied as the kinase re-
sponsible for the phosphorylation of TBC1D4 and TBC1D1, other ki-
nases including WNK1 were shown to contribute to the regulation of
glucose uptake [17,28,29,35]. Indeed, phosphorylation at various
serine/threonine residues in either TBC1D member is the functionally
decisive modification leading to inactivation of their RAB-GAPs activity
[21,23,35,37]. We identified WNK1-regulated phosphorylation sites in
each member, and demonstrate their involvement in the regulation of
GLUT1 PM levels. Consistently, neither the TBC1D1 phosphosite
FKLLGS565, nor the TBC1D4 motif LHTSFS704 contain the consensus
AKT recognition motif (R/K)x (R/K)xxS/T. Whereas TBC1D1-S565 was
exclusively recognized by WNK1, the phosphorylation of TBC1D4-S704
was detected preferentially in the presence of WNK1, SGK1 or SGK3.

The crucial role for TBC1D4 in GLUT regulation has solid support:
experimental suppression of TBC1D4 leads to insulin-independent
GLUT4 release to the PM and mutational inactivation of the GAP do-
main [38] or of major phosphorylation sites [39] impede insulin-sti-
mulated GLUT4 translocation. Furthermore, rare human mutations in
the TBC1D4 gene severely affect the carriers’ insulin response [40,41].
TBC1D1 shares high sequence homology and domain structure with
TBC1D4 [42], including multiple homologous phosphorylation sites.
Both contribute to insulin-dependent glucose uptake, although TBC1D1
seems to be predominantly expressed in glycolytic muscle [27].
Nevertheless, TBC1D1 has been reported to increase the GLUT1 ex-
pression levels in adipocytes [43] and TBC1D4 contributes to the
muscle cell response [44].

Although S565A mutant transfection caused a significant decrease
in GLUT1 PM expression, comparable with the effect observed in
WNK1-depleted cells, transfection of S565D mutant after WNK1 de-
pletion was not enough to fully restore the levels of PM GLUT1 to that
observed in control conditions. Accordingly, we might infer that S565
phosphorylation in TBC1D1 is necessary but not sufficient for the in-
activation of the RAB-GAP and that phosphorylation by WNK1 or other
kinases on additional residues might be required for full TBC1D1 in-
hibition. However, it cannot be excluded that the S565D mutant is only
partially phosphomimetic, for example if the phosphorylation site
serves as a recognition motif for adaptor proteins. Then, the S-D al-
teration might change the binding pocket causing a reduced ability of

Fig. 2. In vitro protein kinase assays to determine the phosphorylation of
TBC1D1 and TBC1D4 by the protein kinases (A) AKT1, (B) WNK1 and (C) SGK1
and SGK3. Recombinant tagged kinases were incubated in kinase buffer con-
taining γ32P-ATP, for 30 min at 30 °C, either alone or with one of the Myc-
tagged recombinant TBC1D1 or TBC1D4 substrates. In (B), a recombinant ki-
nase-dead mutant of OSR1 (HIS-OSR1) was used as a positive control for WNK1
kinase activity. After incubation with the radiolabeled ATP, the protein samples
were separated by SDS-PAGE and transferred to PVDF blotting membranes.
First, the incorporated radioactive γ32P-phosphate was detected by exposing the
membranes for 8 or 24 h to X-ray films (Kinase assay). Subsequently, the
quantities of the recombinant proteins present on the radioactive membranes
were documented by using anti-GST, anti-Myc and anti-His antibodies. Note
that all studied kinases autophosphorylated and also phosphorylated the sub-
strate proteins, TBC1D1 and TBC1D4.

Table 1
Major phosphorylated sites identified by mass spectrometry in the indicated
human TBC1D family member after in vitro protein kinase reactions with the
indicated kinases (S = serine; T = threonine).

Human TBC1D1

AKT1 S237 S585 T596
WNK1 S237 S565 S585
SGK1 S237 T505 T596
SGK3 T596

Human TBC1D4

AKT1 T568 S588 S725 S751 T766
WNK1 S704 S725
SGK1 T568 S588 S673 S704 S751
SGK3 T568 S588 S704 S725
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the mutant to bind the adaptor protein [45].
By contrast, transfection of mutant TBC1D4 S704D reverted the

decrease of GLUT1 PM expression caused by WNK1 depletion.
Phosphorylation at S04 was also reported in skeletal muscle following
physical exercise and shown to result from a PI3K-independent me-
chanism that requires activation of AMPK [46,47]. However, regarding
non-exercise related phosphorylation little was known about this
phosphosite. In the present work, we related the phosphorylation of
S704 in TBC1D4 with the protein kinases WNK1, SGK1 and SGK3.

Interestingly, the transfection of the mutants TBC1D1 T505A (non-
phosphorylatable mutant) and TBC1D1 T505D (phosphomimetic mu-
tant) did not cause a significant change in the PM expression of GLUT1
(Fig. S1). Therefore, we were not able to validate T505 as a determinant
phosphosite for GLUT1 localization. Nevertheless, the transfection of a
constitutively active SGK1 mutant (SGK1 CA) increased GLUT1 PM
expression, concordant with previous results on SGK1 regulating
GLUT1 [29] (data not shown). Interestingly, proteogenomic studies
revealed a TBC1D1 T505 phosphosite enrichment in breast cancer
samples [48].

Together, these data provide additional insights into glucose uptake
regulation through protein kinase WNK1-mediated phosphorylation of
TBC1D1 and TBC1D4, two key regulators of glucose transporters. We
showed that WNK1 contributed to the regulation of about 40% of the
overall cellular glucose uptake (Fig. 1), consistent with the fact that
several regulatory kinases, including AKT, AMPK and SGK, have been
identified to converge on TBC1D proteins as a common regulatory
target.

Dysregulation of glucose uptake in human tissues is of high

importance in two major illnesses, type 2 diabetes and cancer. Our
findings have thus potential biomedical implications. First, the bio-
chemical response to insulin is lost in type 2 diabetes, a leading health
problem worldwide. Therefore, more detailed knowledge about sig-
naling and trafficking pathways regulating GLUT4 and GLUT1, and how
they are coordinated, is essential to understand the pathogenesis of
diabetes and to generate new therapeutic options for the restoration of
insulin response in the growing population of type 2 diabetes patients.
According to the International Diabetes Federation, the total number of
patients with diabetes is predicted to rise to over 600 million by the
year 2045 [49]. Second, reprogramming energy metabolism is one of
the hallmarks of cancer cells in order to fuel their rapid cell growth and
division [50]. Otto Warburg observed that cancer cells use the less
energy-efficient glycolysis despite the presence of oxygen [51]. In this
process, cancer cells compensate for the lower yield in ATP production
by upregulating glucose transporters, markedly GLUT1, which sub-
stantially increases import of extracellular glucose into the cytoplasm
[52]. Overexpression of GLUT1 is correlated with poor survival in most
solid tumors [53]. Interestingly, S565 in TBC1D1, a phosphosite de-
scribed in this work as a GLUT1 PM expression regulator, was found to
be phosphorylated in samples from non-small-cell lung carcinoma
(NSCLC) cell models [54]. WNK1 phosphorylates S565 and also affects
several cancer signaling pathways, including MAPK cascades, PI3K-AKT
and TGF-β [8,55]. Thus, deregulation of WNK1 expression or activity
could conceivably promote tumor cell metabolism. It remains to be
explored whether the other three WNK family members also participate
in the regulation of GLUT1 PM expression. WNK-specific inhibitors that
are being developed based on the distinct catalytic domain features

Fig. 3. Validation of the effect of the WNK1-targeted
phosphosites TBC1D1-S565 (A–B) and TBC1D4-S704
(C–D) on GLUT1 PM expression. HEK293 cells were
transfected as indicated either with siLUC and empty-
vector (EV) as control, or siLUC and a non-phos-
phorylatable Myc-tagged TBC1D mutant [(A–B)
TBC1D1-S565A, (C–D) TBC1D4-S704A)], or siWNK1
and EV as control, or siWNK1 and a phosphomimetic
Myc-TBC1D mutant [(A–B) TBC1D1-S565D, (C–D)
TBC1D4-S704D)]. After 48 h, cell surface proteins
were biotinylated, then cells were lysed and proteins
analyzed as described in the legend to Fig. 1. (A, C)
Detection of the indicated proteins in the whole-cell
lysates (WCL) or in the biotinylated protein fraction
(Surface). As a further control, cells were not in-
cubated with biotin (w/o biotin). (B, D) Corre-
sponding quantification of GLUT1 detection in the
biotinylated cell surface fraction, obtained from at
least three independent experiments. Data are shown
as fold change relative to siLUC + EV (control) and
represent means ± SEM; * = P < 0.05 compared
to respective control.
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[56,57] may help to increase the knowledge about WNK signaling
pathways in the regulation of glucose uptake and cancer development.
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