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ABSTRACT

Intact insulin signaling and glucose transport in adipocytes are crucial to maintaining whole-body energy metabolism. Focal ad-

hesion kinase stands as a central intracellular protein facilitating signaling between the extracellular matrix and the cytoplasm,

thereby regulating cellular metabolism. Here, we have investigated the role of focal adhesion kinase in adipocyte glucose trans-

port using an array of methods, including affinity purification combined with quantitative mass spectrometry, glucose tracer

assays, western blotting, and confocal imaging. Pharmacological inhibition (PF-573228) of focal adhesion kinase suppressed the

interaction of focal adhesion kinase with numerous actin-associated proteins, reduced Racl activity, as well as phosphorylation

of the Racl downstream target PAK1/2, and further led to impaired GLUT4 translocation and glucose uptake. In summary, we

demonstrate that focal adhesion kinase plays a key role in controlling actin remodeling, subsequent GLUT4 translocation, and

ultimately glucose transport in adipocytes.

1 | Introduction

Intact insulin signaling and glucose transport in adipocytes
are central for maintaining whole-body energy metabolism
[1]. Despite decades of research, the etiology of insulin
resistance is not yet resolved. Impaired translocation of the
main insulin-responsive glucose transporter 4 (GLUT4) has
been proposed as the ultimate defect in insulin resistance

[2]. GLUT4 translocation and fusion of GLUT4 storage ves-
icles with the plasma membrane are processes tightly regu-
lated by an intricate balance of intracellular actin turnover
[3-5]. Actin turnover is controlled by a signaling cascade
initiated at transmembrane receptors (integrins), which par-
ticipate in the communication between the extracellular ma-
trix (ECM) and the cytoplasm [6, 7]. Impaired cytoskeletal
reorganization, as well as ECM-related diseases (e.g., fibrosis),
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have been linked to deteriorated insulin signaling and im-
paired GLUT4 translocation in the expanding adipose tissue
[8-10].

Focal adhesion kinase (FAK) stands as a central intracellular
protein facilitating signaling between the ECM and the cyto-
plasm. FAK is a non-receptor tyrosine kinase widely known
for its role in cell migration [11]. Multiple studies have high-
lighted the role of FAK in cytoskeletal remodeling [12, 13], in-
sulin signaling [14-17], and GLUT4 translocation [12, 18] in
skeletal muscles, while research investigating these relations
in adipocytes is limited. Instead, studies have addressed the
influence of FAK on adipose tissue expansion and inflamma-
tion. For example, Luk et al. demonstrated that adipocyte-
specific FAK knockout in mice is associated with reduced
adipocyte survival, impaired adipose tissue expansion, and
the onset of systemic insulin resistance [17]. In agreement,
Ding et al. proposed that adipocyte FAK knockout in mice
promoted adipose tissue inflammation, which in turn trig-
gered beta-cell apoptosis and diabetes progression [19]. Shin
et al. demonstrated that FAK signaling is essential to stabilize
peroxisome proliferator-activated receptor gamma, which in
turn ensures adipogenesis and “healthy” adipose expansion
[20]. Both genetic and diet-induced obesity in mice, as well as
observations in human subjects, have shown that FAK signal-
ing is altered in enlarged adipose tissue [17, 20, 21]. Still, the
role of FAK in regulating insulin signaling, GLUT4 dynamics,
and glucose uptake at the cellular level in adipocytes remains
largely unknown.

Herein, we explored the impact of acute pharmacologi-
cal FAK inhibition on key mechanisms mediating insulin-
stimulated glucose uptake in both rodent and human primary
adipocytes.

2 | Materials and Methods
2.1 | Antibodies

Antibodies used for western blotting (WB), immunoprecipita-
tion (IP), and confocal microscopy (CM) are provided in Table 1.

2.2 | Animals

Male C57BL/6J mice (Taconic, Ry, Denmark) were housed at
the local animal facility with a 12h light/dark cycle and non-
restricted access to water and food. Mice were fed a chow diet
SAFEA30 (SAFE Complete Care Competence). Ages ranged
from 8 to 14 weeks. All animal procedures were reviewed and ap-
proved by the Malmé /Lund Committee for Animal Experiment
Ethics, approval number 5.8.18-00497/2020.

2.3 | Human Adipose Tissue

Abdominal subcutaneous adipose tissue was collected from
women who underwent reconstructive breast surgery at Scania
University Hospital in Sweden. The participants were given
written and oral information about the study before providing
their informed, written consent. Human studies were approved
by the Regional Ethical Review Boards at Lund University (ap-
proval number 2017/920).

2.4 | Adipocyte Isolation

Primary adipocytes were isolated from inguinal and epididy-
mal mouse or human subcutaneous adipose tissue depots using

TABLE1 | Antibodies used for western blotting (WB), immunoprecipitation (IP), and confocal microscopy (CM).

Target Supplier Article No. RRID Dilution Notes
AS160 Cell Signaling 2670 RRID:AB_2199375 1:1000 WB
AS160 T642 Cell Signaling 4288 RRID:AB_10545274 1:500 WB
FAK Cell Signaling 13009 RRID:AB_2798086 1:1000 WB
FAK Cell Signaling 3285 RRID:AB_2269034 1:50 1P
FAK Y397 Cell Signaling 8556 RRID:AB_10891442 1:500 WB
HSP90 BD Biosciences 610418 RRID:AB_397798 1:2000 WB
PKB 5473 Cell Signaling 4060 RRID:AB_2315049 1:1000 WB
PKB Cell Signaling 4691 RRID:AB_915783 1:1000 WB
IRS-1 Cell Signaling 3407 RRID:AB_2127860 1:250 WB
IRS-1 Y612 Thermo Fisher 44-816G RRID:AB_1501247 1:500 WB
ERK1/2T202/Y204 Cell Signaling 4370 RRID:AB_2315112 1:1000 WB
Phospho-PAK1 (T423)/PAK?2 (T402) Cell Signaling 2601 RRID:AB_330220 1:1000 WB
Arp2 (phospho T237 +T238) Abcam ab119766 RRID:AB_10900743 1:250 WB
Phospho-Cofilin (S3) Cell Signaling 3313 RRID:AB_2080597 1:500 WB
LMO048 Integral Molecular CSB0148 RRID:AB_3106913 1:300 CM
a-Tubulin Sigma-Aldrich CP06 RRID:AB_2617116 1:300 CM
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collagenase digestion according to a previously established pro-
tocol [22]. Isolated primary adipocytes were suspended in Krebs
Ringer Bicarbonate HEPES (KRBH) buffer, pH 7.4, containing
200nM adenosine and 3% (w/v) bovine serum albumin (BSA)
and washed three times in KRBH before being subjected to sub-
sequent analyses.

2.5 | Inhibitor/Activator Treatment

Isolated adipocytes were pre-incubated for 1h with the indi-
cated concentrations of the FAK inhibitor PF-573228 (CS-3375,
ChemScene, USA) dissolved in 100% dimethyl sulfoxide (DMSO)
or the respective amount of DMSO. Thereafter, cells were either
insulin-stimulated (10nM insulin) or remained unstimulated
before further analyses.

For Arp2/3 complex inhibition, isolated adipocytes were pre-
incubated for 5min with the indicated concentrations of CK666
(HY-16926, MedChemExpress, USA) or the respective amount of
DMSO. Thereafter, cells were either insulin-stimulated (10nM
insulin) or remained unstimulated before further analyses.

For activation of Racl, we used the Rho/Rac/Cdc42 activator
CNO04 (Cat. # CNO04, Cytoskeleton Inc., Denver, USA) diluted
in water. Isolated adipocytes were pre-incubated for 1h with
1ug/mL CNO4. Thereafter, cells were either insulin-stimulated
(10nM insulin) or remained unstimulated before further
analyses.

2.6 | Western Blot Analysis

After treatment, cells were washed three times in BSA-free
KRBH and were then lysed 1:1 in a lysis buffer containing 50 mM
Tris/HCl pH7.5, 1mM EGTA, 1mM EDTA, 0.27M sucrose,
1mM Na-orthovanadate, 50mM NaF, 5mM Na-pyrophosphate,
1% (v/v) NP-40, 1 mM DTT, and a complete protease inhibi-
tor cocktail (Roche, Basel, Switzerland). Lysates were centri-
fuged for 10min at 13000xg and bradford measurement was
used to determine the total protein content. Equal amounts of
protein were loaded on Criterion TGX Precast Gels (Bio-Rad
Laboratories Inc.). Secondary antibodies used were anti-rabbit
(No. 314060, Thermo Fisher Scientific, Waltham) and anti-
mouse (No. NXA9311ML, Cytiva, Marlborough) horseradish
peroxidase-conjugated secondary antibodies diluted at 1:2500
and 1:2000, respectively.

2.7 | Glucose Uptake

Glucose uptake was determined as previously described [23].
Briefly, isolated adipocytes were incubated with or without
10nM insulin in KRBH buffer for 30min, and thereafter D-
14C(U)-glucose (2.5uL/mL, NEC042, Perkin Elmer, Waltham)
was added for an additional 30 min. The uptake was terminated
by spinning 300 uL of each cell suspension in microtubes con-
taining 75 uL dinonylphtalate oil. Cell fractions of about 9-15uL
packed cells were dissolved in scintillation fluid (Ultima Gold,
Perkin Elmer) for scintillation counting.

2.8 | Immunoprecipitation

For immunoprecipitation, cell lysates (300ug protein/sample)
were incubated with FAK antibody (Cell Signaling 3285, 1:50)
conjugated to protein A/G sepharose beads (pre-washed with
lysis buffer containing 50mM Tris-HCI pH7.5, 1mM EDTA,
1mM EGTA, 1% [v/v] NP40, 1mM Na-orthovanadate, 50mM
NaF, 5mM Na-pyrophosphate, 0.27M sucrose, 0.5M NacCl,
1mM DTT, and diluted 1:2). Rabbit IgG was used as a negative
control. Protein lysates and beads were incubated for 2h on a
shaking platform at 4°C and thereafter prepared for quantitative
mass spectrometry and western blot analysis.

2.9 | Sample Preparation for Mass Spectrometry
(MS)

For MS analysis, the immunoprecipitated samples were
washed with 50mM Tris-HCI, pH 7.5, prior to on-bead diges-
tion following Cho et al. [24]. Briefly, to retrieve the captured
proteins, 1 mM dithiothreitol (DTT) in 2M urea and 100 mM
ammonium bicarbonate was added to the beads, followed by
the addition of 0.5ug sequencing grade trypsin (Promega,
V5111). The samples were incubated at 25°C, 1000 rpm, for 2 h.
The supernatant was retrieved, and the beads were washed
with buffer containing 2M urea and 100mM ammonium bi-
carbonate, with the subsequent combining of the washes with
the on-bead digest supernatant. The samples were reduced
using 4mM DTT (25°C, 1000rpm, 30min) followed by al-
kylation with 10mM iodoacetamide (IAA) (25°C, 1000rpm,
45min). The samples were subsequently digested using an
additional 0.5pug sequencing grade trypsin overnight (25°C,
1000rpm, 18 h). The digested samples were acidified with 10%
formic acid to a final pH of 3.0, and the peptides were puri-
fied and desalted using C18 reverse-phase columns (The Nest
Group Inc.) following the manufacturer's recommendations.
Dried peptides were reconstituted in 2% acetonitrile and 0.1%
formic acid prior to MS analysis.

2.10 | Liquid Chromatography-Tandem Mass
Spectrometry (LC-MS/MS)

The peptides were analyzed on an Orbitrap Eclipse mass spec-
trometer connected to an ultra-high-performance liquid chro-
matography Dionex Ultra300 system (both Thermo Scientific).
The peptides were loaded and concentrated on an Acclaim
PepMap 100 C18 precolumn (75 um X 2 cm) and then separated
on an Acclaim PepMap RSLC column (75 um X 25 cm, nanoVi-
per, C18, 2um, 100A) (both columns Thermo Scientific) at
a column temperature of 45°C and a maximum pressure of
900bar. A linear gradient of 3%-25% of 80% acetonitrile in
aqueous 0.1% formic acid was run for 50 min followed by a
linear gradient of 25%-40% of 80% acetonitrile in aqueous
0.1% formic acid for 10min. One full MS scan (resolution
120000; mass range of 350-1400m/z) was followed by MS/
MS scans (resolution 15000) with a 3s cycle time. Precursors
with a charge state of 2-6 were included. The precursor ions
were isolated with a 1.6 m/z isolation window and fragmented
using higher-energy collisional-induced dissociation (HCD) at
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a normalized collision energy (NCE) of 30. The dynamic ex-
clusion was set to 30s.

2.11 | Mass Spectrometry Data Analysis

Raw mass spectrometry data were analyzed with Proteome
Discoverer 2.5. The acquired spectra were analyzed against
an in-house compiled dataset containing the Mus muscu-
lus reviewed reference proteome (UniProt proteome ID
UP000005640) containing a total of 17079 protein entries.
Fully tryptic digestion was used, allowing for two missed cleav-
ages. Carbamidomethylation (C) was set to static, and protein
N-terminal acetylation and oxidation (M) to variable modifica-
tions. The mass tolerance for precursor ions was set to 10 ppm,
and for fragment ions to 0.02Da. The protein false discovery
rate (FDR) was set to 1%. Proteins identified by two or more
unique peptides were considered relevant, whereas others were
discarded.

The immunoprecipitation-mass spectrometry (IP-MS) data con-
sisting of 711 proteins were filtered to retain those identified in
all replicates of at least one condition, resulting in 666 proteins.
The experiment included three biological replicates in three
conditions: (1) untreated adipocytes (DMSO control), (2) treated
with 10nM insulin (DMSO INS), and (3) treated with 10nM in-
sulin and 10uM FAK inhibitor (PF INS). As a negative control,
three samples with IgG antibodies instead of FAK antibodies
(IgG DMSO) were used, though one IgG DMSO sample was
excluded from the analysis as an outlier in quality control met-
rics. Differential enrichment analysis was performed using the
DEP package (version 1.26.0) [25], with significant differentially
enriched proteins defined as those having an FDR <0.05 and
a log2 fold change >0.5. Significant proteins were further an-
alyzed for protein-protein interactions and gene ontology (GO)
enrichment using STRING [26]. The GO enrichment analysis
was conducted using a custom background of the 666 proteins
to identify significant biological processes, molecular functions,
and cellular components.

2.12 | Confocal Microscopy

Cells were fixed with 4% paraformaldehyde for 7min at room
temperature and subsequently washed twice with PBS. Samples
were blocked with blocking buffer (1% BSA, 1% goat serum in
KRBH) for 30 min and incubated with primary antibody GLUT4
LMO048 [27] for 1h, washed three times with PBS, and then in-
cubated with AlexaFluor-labeled secondary antibodies. F-actin
imaging was performed using Alexa Fluor Plus 647 Phalloidin
(A30107, Invitrogen). F-actin tracers increase upon high-fat diet
(HFD) treatment and are easily detectable. Therefore, we stud-
ied the effect of FAKi on F-actin formation in primary adipo-
cytes isolated after 10weeks of HFD feeding (D12492, 60% fat,
Research Diets, New Brunswick, USA). Imaging was performed
using a Nikon A1 Plus confocal microscope with a x20 Plan Apo
objective with NA of 0.75 (Nikon Instruments Inc., Danderyd,
Sweden). Images were acquired with NIS-elements, version
4.50.02 (Laboratory Imaging, Danderyd, Sweden). Note, adi-
pocytes isolated from inguinal adipose tissue were used for all
analyses except LM048 confocal imaging (Figure 3H), where we

used epididymal adipocytes. Corresponding glucose tracer as-
says were performed in epididymal adipocytes to confirm a con-
sistent effect of FAKi on glucose uptake (Figure S1A). Imaging
was performed blinded.

2.13 | RACI1 Activity Assay

Racl activity was measured in isolated inguinal adipocytes after
pre-treatment with 10 uM FAKi or DMSO for 1h and subsequent
non- or 10nM insulin stimulation for 5min in KRBH without
BSA. Cells were washed once in KRBH without BSA and imme-
diately lysed 1:4 in GL36 lysis buffer (Cytoskeleton Inc., Denver,
USA), centrifuged for 1min at 10000xg and snap-frozen in
liquid nitrogen. Protein concentrations were determined using
precision red, and all lysates were diluted to a protein concen-
tration of 0.6 mg/mL in GL36 lysis buffer. Aliquots of 50 uL ly-
sate per well were used in technical duplicates in a G-LISA assay
to determine Racl GTP loading according to the manufactur-
er's protocol (Racl G-LISA Activation Assay Kit (Colorimetric
Based) 96 Assays #BK128, Cytoskeleton Inc). Absorbance was
measured at 490 nm using a FLUOstar Omega microplate reader
(BMG Labtech, Ortenberg, Germany).

2.14 | Statistical Analysis

Statistical analysis was carried out as indicated in each figure
legend using GraphPad Prism 9 (GraphPad Software) and R ver-
sion 4.2.2 [28]. Linear mixed models were performed using the
ImerTest package and post hoc comparison with the emmeans
package in R version 4.2.2. The number of biological replicates
is stated in the figure legends. No power calculations were per-
formed, and the sample sizes were not predetermined.

3 | Results

3.1 | Inhibition of FAK Y397 Phosphorylation
Is Associated With Impaired Glucose Uptake
Independent of Insulin Signaling

To assess the effect of acute FAKi treatment on FAK autophos-
phorylation, we measured FAK phosphorylation on site Y397
in primary adipocytes after short-term incubation with FAK
inhibitor PF-573228. Western blot analysis showed reduced
FAK Y397 phosphorylation after 1h of FAKi treatment, in a
dose-dependent manner (Figure 1A,B). A 70-80% decrease in
FAK Y397 phosphorylation was detected at 10uM FAKi com-
pared to control (DMSO-treated) cells under basal as well as
insulin-stimulated conditions (Figure 1A,B). Although this re-
duction appeared more pronounced under insulin-stimulated
conditions, we found no significant interaction effect of FAKi
and Insulin (Interaction: FAKi X Insulin: p-value ~0.0786).
Additionally, we observed a slight, although not significant, in-
crease in FAK phosphorylation upon insulin treatment. Using
a glucose-tracer assay, we discovered that FAKi treatment
decreased both basal and insulin-stimulated glucose uptake
(Figure 1C). Indeed, glucose uptake was reduced by ~50% after
pre-incubation with 10uM FAKi (Figure 1C, each experiment
displayed in Figure S1B). These findings were reproducible in
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human primary subcutaneous adipocytes, where we observed
a similar reduction in glucose uptake upon pre-incubation with
10uM FAKi, and a significant interaction effect of FAKi and in-
sulin treatment (FAKi X Insulin: p-value ~0.0102, Figure 1D).
Additionally, we found that a short-term (5min) pre-treatment
with FAKi had similar effects on glucose uptake as the 1-h pre-
treatment (Figure S1C). No cytotoxic effect of FAKi was observed
at the used concentrations (measured by lactate-dehydrogenase
release; Figure S1D).

Interestingly, pre-treatment with 10uM FAKi compared to
DMSO (control) treatment induced no changes in either non- or
insulin-stimulated (10nM, 5min) phosphorylation of the canon-
ical insulin signaling targets, IRS-1 Y612, PKB S473 and T308,
or AS160 T642 (Figure 2A,B). In contrast, we found a clear
reduction in mitogenic signaling, where ERK 1/2 phosphory-
lation at T202/Y204 decreased ~50% in both basal and insulin-
stimulated conditions (Figure 2A,B). These findings from mouse
adipocytes were reproducible in human adipocytes, where we
observed no differences in PKB and AS160 phosphorylation but
a clear reduction in ERK 1/2 phosphorylation following pre-
treatment with FAKi (Figure 2C). In line with the findings in
(Figure 1A,B), FAK Y397 phosphorylation was diminished in
FAKi-treated cells compared to control, whereas insulin alone
induced a slight, but not significant increase in FAK Y397 phos-
phorylation (Figure 2A,B).

3.2 | Inhibition of FAK Y397 Autophosphorylation
Leads to Reduced Association of FAK With
Cytoskeletal Proteins

Next, we applied affinity-purification combined with quantita-
tive mass spectrometry to monitor FAK interactions. Primary
adipocytes remained either untreated (DMSO, no insulin stim-
ulation) throughout or were pre-incubated with either 10 uM
FAKi (FAKIi + insulin) or DMSO (DMSO + insulin) prior in-
sulin treatment. Thereafter, we performed immunoprecipita-
tion of FAK and subsequently analyzed samples using liquid
chromatography-tandem mass spectrometry. Successful im-
munoprecipitation of FAK was confirmed by western blotting
(Figure 3A). Insulin-stimulation alone induced only minor
changes in FAK-binding partners, including Ca4, Gnail,
Gnai2, Gnbl, Rpl36, and Purb (Figure 3B). In contrast, pre-
treatment with 10 uM FAKi (FAKi + insulin vs. DMSO + insu-
lin) changed binding between FAK and 17 proteins (Figure 3C)
associated with the significantly enriched “intracellular ana-
tomical structure” GO term. STRING network analysis re-
vealed strong functional and physical protein associations
between 15 of these proteins, with 13 of them belonging to the
enriched “cytoskeleton” GO term (Figure 3D). Interestingly,
the protein interactions between FAK-Arp2/3 (Arpc2/Arpc4)
were among the most significantly affected by FAKi-treatment
(Figure 3C).
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FIGURE 2 | (A) Representative western blots of insulin signaling targets in primary, inguinal mouse adipocytes after 1h pre-treatment with
10uM FAKi and subsequent incubation with (5min, 10nM) or without insulin. (B) Corresponding quantifications of FAK Y397 (n=3), IRS-1 Y612
(n=3), PKB S473/T308 (n=3), AS160 T642 (n=3) and ERK1/2T202/Y204 (n=6) phosphorylation; data shown as mean + SEM. Statistical analysis
was performed using two-way repeated measures ANOVA with Bonferroni multiple comparison adjustment (o=0.05). (C) Representative western
blots of FAK Y397, PKB S473, AS160 T642, and ERK1/2T202/Y204 in primary human subcutaneous adipocytes after 1h pre-treatment with 10 uM
FAKi and subsequent incubation with (5min, 10nM) or without insulin; n=1.

3.3 | Inhibition of FAK Y397 Autophosphorylation
Leads to Impaired GLUT4 Translocation in a
Racl-Dependent Way

Since Arp2/3 complex activity is proposed to regulate GLUT4
translocation in an actin-dependent way [29], we next investi-
gated whether FAKi treatment exerted effects on GLUT4 trans-
location. For that, we used an antibody that recognizes the
extracellular epitope of endogenous GLUT4 (LM048, [27]), thus
only detecting GLUT4 translocated and inserted into the plasma
membrane. As expected, we found a significant increase in the
LMO048 signal with insulin compared to non-stimulated cells
(two-fold increase, Figure 3E). Interestingly, we detected an ap-
parent decrease (~50%) in LM048 signal in cells pre-incubated
with 10uM FAKi prior to insulin stimulation (Figure 3E). An
experiment illustrating individual cell-to-cell variation and

representative microscopy images are shown in Figure 3E (mid-
dle and right panels).

To investigate the importance of Arp2/3, we made use of the
selective Arp2/3 complex inhibitor CK666. Pre-treatment
with 100uM CK666 caused a significant decrease in insulin-
stimulated glucose uptake in both mouse (Figure 3F) and human
(Figure 3G) adipocytes. To further assess FAK-mediated effects
on cytoskeletal dynamics in adipocytes, we assayed the activ-
ity of Racl, a small GTPase crucial for cytoskeleton remodeling
and GLUT4 translocation [30]. Racl-GTPase activity has pre-
viously been shown to be controlled by FAK in non-adipocyte
cell types [31]. Here, we found that insulin treatment induced a
two-fold increase in Racl GTP-loading in primary mouse adipo-
cytes, while pre-treatment with 10uM FAKi decreased insulin-
stimulated Racl GTP-loading ~40% and basal Racl activity

60f 11

The FASEB Journal, 2025



FIGURE 3

- INS _PF 13
w2 v 20 2 (2] =
>3 > 3 >3 ' w =
R R A W 2 £a5%
FAK 150
D s G e ———
100
75
50
)
3 a
Gnait 3 Arpca C.‘
o B ) o Acto )
® ® S Mye
I2 . de L) g
3 L e, 557
g g
‘ .
1 1
0{1DMSO DMSO + insulin 01 DMSO + insulin PF + insulin
-2 =y o 1 2 -2 2

log; Fold change [

m

[
> Fold change

Myh10

(i\\

Splant

L ¢

\ \ Lewa

o
'Sptbnt Myp,ic( Y
7Y .
A

P

,\‘MMG C )

Capza2 o

2000 2500
3 <0.0001 o < ° Basa.l
5T <0.0001 5 g 20004 ° Meuin o8 INSULIN INSULIN+FAKi
2 35 15004 5% og ©
E 3 =] o )
< s
£ g E3 1500 ©g,0
£ 5 1000 £ 2
[ w v S 98
s £ 2 § 1000+ 0289 >
c € P
< & < £ 8o
- -
5¢g S0 55 500
o~ -©- Basal é g
~_| =@ Insulin - N
e T T T d T T
FAKi(uM) 0 0 10 FAKi(uM) 0 0
2000 500—Human SAT 12
—_ CK666: P~0.0013 — O Basal ¢} —~ [ Faxi:r-0.0198 -~ Basal
< Insulin: P~0.0044 0.0006 T © Insulin E Insulin: P~0.0026 —o Insulin
o E CK666 x Insulin: P~0.0065 @ o E 400 8 FAKi x Insulin: P~0.0664
%o 1500 ° o° o —_— < 1.0
o (€] S0 [=)
5g 22 300 e oo
2 '8 1000 ;‘ @8 * 2 0.8
- o= - >
5o 500 :IL 52 100 9 Jo06{ o
é o) o - _8_ g e
[e) [e] [e] 3o 13
v T T T T T T T T v 1 T T T 0.4
CK666 (uM) 0 1 10 100 0 1 10 100 CK666 (uM) 0 100 0 100 FAKi("M“') 1'0 (') 1'0
BASAL INSULIN
—_ FAKi: P~0.0008 O Basal
2 3 Frixnmuin progisz ©  Insulin
=1 00176
2 sotst °© PAK1 (T423)
227 .3 PAK2 (T402)
g <+ HSPo0 [ e s
g 1 o ©o | FAKi(IOWM) -+ - 4+
2 ) ® INS (1onM) - - + +
]
o %
.g 0 [elele) €]
Qo

K

FAK (M) 0

800
FAKi: P~0.0001 0.0049
CNO4: P~0.0234
= FAKi + CNO4: P~0.1766
2 & 600 0.0021
s@
k) 0.0235
29
@ © 400
o=
92 0.0001
2= gJo
O ° 200+
£
N
o = i l

Legend on next page.

T
10 0 10

7of 11



FIGURE3 | (A) Western blot of total FAK after FAK immunoprecipitation in primary, inguinal mouse adipocytes treated with DMSO (-), 10nM
insulin (INS), or 10uM FAKi (PF); crtl=rabbit-IgG control. Input cell lysates (Lys) and supernatants after FAK IP (SUP) and immunoprecipitated
samples (IP) were loaded to confirm successful pull-down. (B) Volcano plot displaying FAK-associated proteins; contrasting DMSO and DMSO +
insulin conditions to investigate the effects of insulin stimulation. Proteins that show significant differences (FDR <0.05 and a log2 fold change
>0.5) are highlighted and labeled with names (n =3). (C) Volcano plot displaying FAK-associated proteins contrasting DMSO + insulin and PF +in-
sulin conditions to investigate the effects of FAKi treatment. Proteins that show significant differences (FDR <0.05 and a log2 fold change >0.5)
are highlighted and labeled with names (n=3). (D) STRING network of proteins showing significant differences in the PF + insulin versus DMSO +
insulin contrast. Nodes are labeled with corresponding protein names. The edges represent both functional and physical protein associations, with
line thickness indicating the strength of data support (confidence score 0.4-1.0). Proteins associated with the enriched “cytoskeleton” GO cellular
component term (GO:0005856) are marked in blue. (E, left panel) Quantification of LM048 GLUT4 intensity per area in primary, epididymal mouse
adipocytes treated with DMSO (Basal, 0), 10nM insulin (Insulin, 0), or 10uM FAKi + 10nM insulin (Insulin, 10) in n =4 experiments; the mean in-
tensity of 30 cells per experiment was averaged and analyzed. Statistical analysis was carried out using linear mixed models in R. Bonferroni multiple
comparison adjustment was used for post hoc analysis, a« =0.05. For statistical analysis, the mean intensity was log-transformed. (E, middle panel)
Corresponding quantification of LM048 GLUT4 intensity per area in approximately 30 cells for one experiment to visualize cell-to-cell variation,
displayed as mean + SD. (E, right panel) Representative confocal images of LM048-stained epididymal adipocytes. Scale bar =100 um. (F) Glucose
uptake in primary inguinal mouse and (G) subcutaneous human adipocytes after 1 h pre-incubation with respective doses of CK666 and subsequent
incubation with (30 min, 10nM) or without insulin; n=4 in (F) and n=2 in (G); Statistical analysis in (F) was carried out using repeated measures
two-way ANOVA. The effect of stimulation (Insulin), condition (CK666), and interaction of insulin and CK666 (CK666 X Insulin) were evaluated.
Bonferroni multiple comparison adjustment was used for post hoc analysis, «=0.05. (H) Racl activity assay in primary, inguinal mouse adipocytes
after treatment with 10uM FAKi (1 h) and subsequent incubation with (5min, 10nM) or without insulin. Statistical analysis in H) was carried out us-
ing repeated measures two-way ANOVA. The effects of stimulation (Insulin), condition (FAKi), and interaction of insulin and FAKi (FAKi X Insulin)
were evaluated. Bonferroni multiple comparison adjustment was used for post hoc analysis, «=0.05, n=3. (I, left panel) Confocal images of F-actin
tracers (yellow, phalloidin) and microtubules (purple, alpha-tubulin) in inguinal adipocytes from either chow-fed or mice fed a high-fat diet (HFD,
10weeks); scale bar =20 um. (I, right panel) Confocal images of primary, inguinal adipocytes incubated with (10 M, 1h) or without FAKi from mice
fed a high-fat diet (10 weeks). (J) Western blot of p21-activated kinase (PAK) phosphorylation and corresponding quantification in primary, ingui-
nal mouse adipocytes after pre-treatment with 10uM FAKi for 1h; samples were subsequently insulin-stimulated (10nM, 5min) or remained non-
stimulated. Statistical analysis was carried out using repeated measures two-way ANOVA. The effects of stimulation (Insulin), condition (FAKi),
and interaction of insulin and FAKi (FAKi X Insulin) were evaluated. Bonferroni multiple comparison adjustment was used for post hoc analysis,
a=0.05, n=6; mean + SEM. (K) Glucose uptake in primary, inguinal mouse adipocytes after 1 h pre-incubation with DMSO control (0), 10 uM FAKi
(FAKIi), 1ug/mL CN04 (CN04), or 10uM FAKi and 1ug/mL CN04 (FAKi + CN04) combined and subsequent incubation with (10nM, 30min) or
without insulin; n=3. Statistical analysis was carried out using linear mixed models in R. The glucose uptake outcome was log-transformed for sta-
tistical analysis. A random subject effect (mouse), as well as fixed effects of stimulation (insulin) and condition (FAKi, CN04, and FAKi + CN04),
were included. No multiple comparison adjustment was used in post hoc analysis.

~10% (Figure 3H). Although this reduction appeared more pro-
nounced under insulin-stimulated conditions, it did not reach
significance (Interaction: FAKi X Insulin p-value: ~0.0644).

Using confocal microscopy, we further investigated changes in
cytoskeletal organization and found that FAK inhibition evoked
no endpoint changes in the abundance of filamentous actin or
microtubules (Figure 3I), suggesting a mechanism that is re-
stricted to actin turnover rather than changes in the net ratio
between globular/filamentous actin. Using western blotting, we
assessed the phosphorylation of Racl downstream targets and
found a significant inhibition of p2l-activated kinase (PAK)
phosphorylation (Figure 3J) upon pre-treatment with FAKi,
while we observed no FAKi-induced changes in phosphorylation
of Arp2 T237/T238 or Cofilinl S3 protein levels (Figure S1E).
Next, we made use of the Rho/Rac/Cdc42 activator CN04 to
investigate whether restoration of the Racl GTP-loading levels
could restore the FAKi-induced impairment in glucose uptake.
Interestingly, we found that CN04 treatment itself induced a sig-
nificant increase in basal glucose uptake (Figure 3K). Further,
we observed that the FAKi-induced reduction in basal glucose
uptake was restored by ~70% with CN04 treatment (Figure 3K).
No such effects were found under insulin-stimulated conditions
(Figure 3K). These findings highlight the importance of Racl

activity for glucose uptake in adipocytes and provide evidence
that FAK exerts its effect on glucose transport via Racl.

4 | Discussion

Understanding the mechanisms coordinating extra- to intra-
cellular signaling is essential to resolve the contribution of im-
paired adipocyte function to systemic insulin resistance and
obesity. One of the proteins connecting changes in the extracel-
lular environment to intracellular adaptations is FAK [11].

Herein, we demonstrate that inhibition of FAK autophosphory-
lation is associated with decreased glucose uptake and impaired
GLUT4 translocation in adipocytes. Bisht et al. and Huang
et al. have previously demonstrated the importance of FAK
for insulin-stimulated GLUT4 translocation in skeletal mus-
cle [12, 16]. Notably, the authors examined the effects of total
FAK expression rather than the state of FAK phosphorylation
in those studies [18]. Using affinity purification of FAK-binding
proteins combined with quantitative mass spectrometry, we
found that FAK inhibition almost exclusively affected the as-
sociation of FAK with proteins involved in cytoskeletal orga-
nization. These findings fit a number of studies demonstrating
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a central role of FAK in cytoskeletal remodeling [11, 12, 32].
Other studies have also demonstrated that insulin regulates
actin remodeling, which in turn is essential to sustain GLUT4
translocation and GSV fusion with the plasma membrane
[10, 30, 33-35]. Our findings demonstrate that FAK inhibition
diminished the association between FAK and the actin nucle-
ator Arp2/3 complex and led to reduced Racl activation, both
of which are key nodes for actin turnover [29, 30, 36]. Further,
we provide evidence for the importance of actin turnover for
adipocyte glucose uptake using an Arp2/3 complex inhibitor.
Together, this implies that FAK regulates GLUT4 transloca-
tion and glucose transport in primary adipocytes by regulating
cytoskeletal turnover. This is in line with a study by Cai et al.
showing that conditional beta-cell specific FAK knockdown
impaired insulin secretion via reduced cortical actin polym-
erization, leading to impaired exocytosis and fusion of insulin
granules [37]. Also, in the study by Bisht et al. modulation of
FAK expression altered insulin-mediated actin remodeling,
thereby affecting GLUT4 exocytosis [12]. In their study, insulin
was shown to induce a redistribution of FAK to sites where actin
remodeling occurred, forming insulin signaling hubs that also
harbored GLUT4, facilitating GLUT4 exocytosis. Although not
tested herein, a similar FAK redistribution might occur in adi-
pocytes. While Bisht et al. and others have proposed that FAK
influences the canonical insulin signaling cascade in skeletal
muscle [15, 37], we found no evident changes in phosphoryla-
tion of IRS-1 Y612, PKB S473 and T308 or AS160 T642 follow-
ing inhibitor treatment in adipocytes. Therefore, we conclude
that the reduced insulin-stimulated glucose uptake cannot be a
mere consequence of impaired insulin signaling. Rather, FAK
inhibition affects glucose transport via cytoskeleton remodel-
ing [38]. Accordingly, we previously demonstrated improved
insulin-stimulated glucose transport via changes in cytoskel-
eton remodeling, independent of insulin signaling in primary
adipocytes [38]. This is further supported by our findings show-
ing that insulin-stimulated Racl GTP-loading is diminished
under FAKi-treated conditions, and further that the insulin-
induced phosphorylation of the Racl downstream target PAK
is decreased upon FAKi treatment. Furthermore, we show that
Racl/Rho/Cdc42 activation increases basal glucose uptake and
partially restores FAKi-induced reduction in basal glucose up-
take. Racl is a small GTPase that regulates insulin-stimulated
glucose uptake in skeletal muscle and adipocytes, likely via
its effects on the actin cytoskeleton and GLUT4 translocation
[30, 39]. In line with our findings here, Chiu et al. demonstrated
that FAK Y397 phosphorylation is critical for FAK-promoted
Racl activation [40], and Chang et al. showed that FAK facili-
tates the activation and translocation of Racl to focal adhesions
through the tyrosine phosphorylation of BPIX [41]. This sug-
gests that Racl is indeed a central node in the FAKi-mediated
effects on adipocyte glucose uptake. Possibly, the lack of a re-
storative effect using a Racl activator in the insulin-stimulated
state could arise from different actin-dependent GLUT4 recy-
cling mechanisms, where insulin promotes rapid GLUT4 vesicle
fusion in a transient fashion, distinct from GLUT4 exocytosis
in the basal state, forming GLUT4 clusters [42]. Intriguingly,
we did observe a trend towards an insulin-mediated increase
in FAK Y397 phosphorylation. Also, insulin potentiated the
FAKi-induced Racl inhibition. Together, these findings point
towards a mechanism where insulin accelerates actin remodel-
ing, which in turn potentiates the inhibitory effect of FAKi on

cytoskeletal turnover. While these observations did not reach
statistical significance, they urge for further studies addressing
a potential role of insulin-regulated FAK activity.

In a study by Luk et al. adipocyte-specific FAK knockdown
led to systemic insulin resistance in mice, potentially due to
reduced adipocyte survival [17]. Although we detected an
apparent reduction in ERK1/2 phosphorylation with FAK
inhibition, we found no induction of cytotoxicity upon short-
term incubation with a FAKIi. In line with our findings, ERK
has been shown to regulate phosphorylation of the WAVE2
Regulatory Complex and thereby its binding to Arp2/3, pro-
moting actin polymerization [43]. This impairment in ERK
phosphorylation could also play a role in actin dynamics in
adipocytes. Ridyard et al. highlight that FAK manipulation
induces cytoskeletal changes without altering apoptosis in
chick embryo cells [44]. Nevertheless, we cannot rule out the
possible involvement of FAKi-induced cellular apoptosis and
its contribution to impaired glucose metabolism [17, 21].

In summary, our findings indicate that inhibition of FAK au-
tophosphorylation leads to diminished glucose uptake via im-
pairment of cytoskeletal turnover, likely attributed to changes in
Racl activity and Arp2/3 function, and consequent disruption of
GLUT4 translocation in adipocytes.
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