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The molecular events governing skeletal muscle glucose uptake have pharmacological
potential for managing insulin resistance in conditions such as obesity, diabetes, and
cancer. With no current pharmacological treatments to target skeletal muscle insulin
sensitivity, there is an unmet need to identify the molecular mechanisms that control
insulin sensitivity in skeletal muscle. Here, the Rho guanine dissociation inhibitor «
(RhoGDlo) is identified as a point of control in the regulation of insulin sensitivity. In
skeletal muscle cells, RhoGDIa interacted with, and thereby inhibited, the Rho GTPase
Racl. In response to insulin, RhoGDIx was phosphorylated at S101 and Racl disso-
ciated from RhoGDIu to facilitate skeletal muscle GLUT4 translocation. Accordingly,
siRNA-mediated RhoGDIa depletion increased Racl activity and elevated GLUT4
translocation. Consistent with RhoGDIo’s inhibitory effect, tAAV-mediated RhoGDIx
overexpression in mouse muscle decreased insulin-stimulated glucose uptake and was
detrimental to whole-body glucose tolerance. Aligning with RhoGDIo’s negative role
in insulin sensitivity, RhoGDIa protein content was elevated in skeletal muscle from
insulin-resistant patients with type 2 diabetes. These data identify RhoGDIa as a clin-
ically relevant controller of skeletal muscle insulin sensitivity and whole-body glucose
homeostasis, mechanistically by modulating Racl activity.
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There is a growing awareness of the detrimental effects of skeletal muscle insulin resistance
because insulin resistance contributes to several prevalent pathological conditions, includ-
ing type 2 diabetes (1), age-associated diseases (2), cancer (3-5), and cardiovascular disease
(6). Skeletal muscle is a paramount tissue regulating whole-body glucose homeostasis
(1, 7, 8). With no current pharmacological treatments to target skeletal muscle insulin
resistance, there is an unmet need to identify the molecular mechanisms that control
insulin sensitivity in skeletal muscle.

Central to insulin resistance is a reduction in insulin-dependent glucose uptake into
skeletal muscle, underpinned by a reduction in Glucose Transporter Type 4 (GLUT4)
recruitment to the cell surface of rodent (9, 10) and human (11, 12) muscles. While the
proximal steps of the insulin-stimulated signaling pathway that mediate glucose uptake
in skeletal muscle are well-defined (13), the distal signaling events remain poorly under-
stood. We and others identified the Rho GTPase Racl as a key regulator of skeletal muscle
insulin sensitivity based on the requirement of Racl for insulin-stimulated glucose uptake
(14-19). This pathway acts in parallel to and mostly independently of insulin-stimulated
Akt activation (15, 17, 18). Importantly, Racl is dysregulated in insulin-resistant rodent
and human skeletal muscle (17, 18). Yet, the molecular mechanisms regulating Racl
activity in response to insulin in muscle have not been defined.

Classical Rho GTPases, including Racl, cycle between an inactive guanosine diphos-
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phate (GDP)-bound and an active guanosine triphosphate (GTP)-bound state, tightly
controlled by GTPase-activating proteins (GAPs) and guanine nucleotide exchange factors
(GEFs), respectively (20, 21). Yet, to date, only the Rho GEFs FLJ00068 and VAV2 have
been shown to regulate insulin-stimulated Racl activity in skeletal muscle (22, 23).
Therefore, there is a lack of knowledge of the mechanisms regulating Racl in skeletal
muscle. A key point of control could be the Rho guanine dissociation inhibitor (RhoGDI),
which sequesters Rho GTPases in the cytosol in the inactive state by preventing GDP to
GTP exchange (24). RhoGDIs have also been reported to regulate the spatiotemporal
localization of the active Rho GTPases in nonmuscle cell systems (25), yet, this layer of
regulation has not before been studied in skeletal muscle.

Once activated by insulin, Racl activates the group I p21-activated kinases (PAK) 1 and 2
and promotes reorganization of the actin cytoskeleton to form actin ruffles in myotubes (15).
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PAK2, but likely not PAK1 (26) [although debated (27)], as well as
actin ruffle formation, is necessary for full induction of
insulin-stimulated GLUT4 translocation and glucose uptake in mus-
cle. Another downstream target of Racl is the Ral family GTPase,
RalA, which is also required for insulin-stimulated GLUT4 translo-
cation in mouse skeletal muscle (28). Hence, while Racl plays a key
role in regulating skeletal muscle insulin sensitivity in health and
disease, the upstream regulators and downstream mechanisms
involved in Racl-mediated GLUT4 translocation are incompletely
understood.

With the unmet need to define the molecular mechanisms that
control insulin sensitivity in skeletal muscle, we aimed to identify
regulators of Racl. We hypothesized that by determining Racl
interactors, we would be able to detect novel Racl regulators and
thus identify new proteins regulating muscle insulin sensitivity. Our
results identify RhoGDIo as a point of control of insulin sensitivity,
mechanistically via RhoGDIos interaction with and inhibition of
Racl. We show that in response to insulin, RhoGDIa is phospho-
rylated at S101 and dissociates from Racl to activate skeletal muscle
GLUT#4 translocation. In agreement with insulin resistance and
reduced Racl activity, RhoGDIa was up-regulated in the skeletal
muscle of patients with type 2 diabetes, highlighting the transla-
tional value and potential clinical relevance of our findings.

Results

Identification of RhoGDIx as a Part of the Rac1 Interactome in L6
Myoblasts. To identify the Racl interactome and potential novel
candidates involved in the regulation of Racl activity and insulin
sensitivity, L6 muscle cells with stable expression of C-terminal
(Racl-CTF) or N-terminal Flag-tagged Racl (Racl-NTF) were
generated because endogenous Racl could not be successfully
immunopurified. We verified that the Flag-tag did not interfere
with Racl activity by stimulating regular L6 myoblasts and Racl-
CTE Racl-NTE and control L6 myoblasts transfected with a
green fluorescent protein (GFP) with Rac activator II. Rac1-GTP
binding, indicative of Racl activation, was similar between GFP
and Rac1-CTF or Racl-NTF L6 myoblasts (S/ Appendix, Fig. S14).
Despite no apparent reduction in the capacity for activation of
Racl in Racl-CTE the C-terminal of Racl contains a membrane-
targeting domain (29), and the C-terminal Flag-tag could therefore
potentially affect spatial localization of Racl. Therefore, we chose
Racl-NTF L6 myoblasts for subsequent analyses including the
determination of the Racl interactome. Immunopurification
and subsequent proteomic analysis were performed in GFP and
Racl-NTF lysates incubated with either 1 mM inhibitory GDP
or 0.2 mM stimulatory GTP-y-S (SI Appendix, Fig. S1B). The
interactome was used as a guiding tool to discover potential
candidates involved in the regulation of Rac1 activity. We identified
129 proteins that interacted with Rac1-NTF (Dataset S1). Filtering
those proteins with two or more peptide sequence similarities and
enriched (>twofold) in the Racl-GDP purified sample compared
to GFP control, 14 proteins were identified (Fig. 14). The lipid raft
protein Stomatin complexed preferably with active GTP-bound
Racl. Thirteen proteins were preferentially in complex with inactive
GDP-bound Racl. This list included several ribosomal proteins
(gene names: Rps27a, Rbpl, and Rpl15), histones (gene names:
Hist1h1d, Hist1h2bl, and H3{3b), an antioxidant defense protein
(gene name: Prdx1), a protein involved in intracellular trafficking
(gene name: Anxal), the RNA helicase Ddx3y, similar to 14-3-3
protein sigma (gene name: LOC298795), a major component of
large cytoplasmic ribonuclear protein complexes (gene name: Mvp),
a suggested myokine Dermcidin (30) (gene name: DCD), and a
Rho family guanine nucleotide dissociation inhibitor & (RhoGDla,

20f12 https://doi.org/10.1073/pnas.2211041120

gene name: Arhgdia). RhoGDIa stood out in particular, as it in
nonmuscle cells inhibits Rho GTPase activity by preventing
GDP/GTP exchange and regulates spatiotemporal localization by
sequestering Rho GTPases away from the plasma membrane (31).
Additionally, phosphorylation of RhoGDIot at S101 is a suggested
mechanism for the dissociation of the Racl-RhoGDIa complex
in P-cells (32). RhoGDIu protein content was detected in both
myoblast and myotube stages of differentiation in L6 rat skeletal
muscle cells (ST Appendix, Fig. S1 C and D). In mature mouse
skeletal muscle, RhoGDIa protein content was similar between the
oxidative soleus, the glycolytic extensor digitorum longus (EDL),
and the mixed quadriceps and gastrocnemius muscles (S Appendix,
Fig. S1 E and F). In agreement, skeletal muscle protein content of
RhoGDIa has also previously been identified in both human type
1 and type 2 single fiber using proteomics (33, 34). Besides skeletal
muscle, RhoGDIo was also detectable at the protein level in other
tissues including perigonadal white adipose tissue (pgWAT), brown
adipose tissue (BAT), liver, brain, and cardiac muscle (S7 Appendix,
Fig. S1G).

Silver staining confirmed the interaction between preferably inac-
tive Racl and RhoGDla in skeletal muscle cells (SI Appendix,
Fig. S1H). In agreement with RhoGDIa binding preferentially to
inactive (cytosolic) Racl, subcellular fractionations showed that
RhoGDIa was almost exclusively found in the cytosol in rat hind
limb muscles [S7 Appendix, Fig. S11, verifications of the different
fractions have previously been published (36)], consistent with find-
ings in nonmuscle cells in vitro (37). Hence, the interaction between
RhoGDIa and preferentially inactive GDP-bound Racl suggested
a regulatory role of RhoGDIa on Racl activity in skeletal muscle.

RhoGDIx Inhibits Rac1 Activity in GLUT4myc L6 Myotubes.
Having established that RhoGDIa binds inactive Racl, we next
sought to determine whether RhoGDIa mechanistically regulated
Racl activity. Racl activity was measured after siRNA-mediated
RhoGDIa depletion (-86%) in GLUT4myc L6 myotubes
(Fig. 1B). RhoGDla depletion increased both basal (+49%) and
insulin-stimulated (10 nM: +33%; 100 nM: +55%) Racl activity
(Fig. 1 C, Lef?). Emphasizing the efficiency of RhoGDIa depletion,
Racl activity relative to intramyocellular content of Racl was even
more elevated at both baseline (+163%) and insulin-stimulated
(10 nM: +136%; 100 nM: +175%; Fig. 1 C, Right) states because
RhoGDIa depletion caused a 43% reduction in total Racl protein
content compared to control cells (Fig. 1D). Those data identify
RhoGDla as a potent inhibitor of Racl.

Group I PAKs bind active GTP-bound Racl (38). Active
Racl-binding to PAKI and PAK2 elicits a conformational change
in the kinases allowing for autophosphorylation of T423 and T402,
respectively. This phosphorylation (p) relieves PAK1/2 autoinhibi-
tion (39) and pPAK1 T423 could therefore serve as an indirect read-
out of Racl activity as used previously (17, 18, 40). This contention
was supported since basal and insulin-stimulated pPAK1 T423 cor-
related with Rac1-GTP binding (S Appendix, Fig. S2A) and impor-
tantly, insulin-stimulated pPAK1 T423 is abrogated in muscle in
Racl knockout mice (17). Consistent with the elevated Rac1 activity,
RhoGDIa  depletion  up-regulated  basal ~ (+13%) and
insulin-stimulated (10 nM: +15%; 100 nM: +58%) pPAK1 T423
compared to control cells (Fig. 1 £and F). PAK1 protein content
was unaffected by RhoGDlIa depletion (S Appendix, Fig. S2B).

We next generated a rAAV6 constructed with tropism toward
muscle to overexpress RhoGDIa in myotubes (+143%; Fig. 1G),
hypothesizing that this would lead to inhibition of Racl. RhoGDla
overexpression decreased both basal (-28%) and insulin-stimulated
(10 nM: -30%; 100 nM: -42%) Racl activity (Fig. 1 H, Lefi).
When related to the intramyocellular content of Racl protein, the
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Fig. 1. RhoGDla inhibits Rac1 activity in GLUT4myc L6 myotubes. (A) Heat map showing the Rac1 interactome of proteins differentially bound to active GTP-
bound Rac1 (Rac1-GTP/GFP) compared to inactive Rac1 (Rac1-GDP/GFP). (B) RhoGDl« protein content in GLUT4myc L6 myotubes transfected with RhoGDla SiRNA
(si-RhoGDla) or control siRNA (si-Ctrl). (C) Basal and insulin-stimulated Rac1 activity (Rac1-GTP loading) in GLUT4myc L6 myotubes transfected with si-RhoGDlax
or si-Ctrl. Right Inset: Rac1 activity relative to total Rac1 protein content. The cells were incubated +10 nM or 100 nM insulin for 10 min. (D) Rac1 protein content
and (E) phosphorylated (p)PAK1 T423 in GLUT4myc L6 myotubes transfected with si-RhoGDI« or si-Ctrl. (F) Representative blots showing (B-E), (SI Appendix,
Fig. S2B) and control coomassie staining. (G) RhoGDla protein content in GLUT4myc L6 myotubes with recombinant adeno-associated viral vector-mediated
overexpression of wildtype RhoGDla (rAAV6:RhoGDla). Control cells were transfected with an empty vector (rAAV6:MCS). (H) Basal and insulin-stimulated Rac1
activity in GLUT4myc L6 myotubes transfected with rAAV6:RhoGDla or as a control rAAV6:MCS. Right Inset: Rac1 activity relative to total Rac1 protein content. The
cells were incubated +10 nM or 100 nM insulin for 10 min. (/) Rac1 protein content in GLUT4myc L6 myotubes transfected with rAAV6:RhoGDl« or as a control
rAAVE:MCS. (/) Representative blots showing (G), (/), and control ponceau staining. As indicated by the SuperPlots (35), the siRNA experiment was assayed in
triplicates and repeated twice and the AAV experiment was assayed in duplicates and repeated three times. Total protein content was evaluated with a Student’s
t test. Rac1 activity and protein phosphorylation were evaluated with a two-way ANOVA. Main effects are indicated in the panels. Significant interactions in two-
way ANOVAs and significant Student’s t tests: effect of si-RhoGDIa/rAAV6:RhoGDla ### (P < 0.001); effect of insulin (0 nM vs. 10 nM/100 nM insulin) */**/***
(P <0.05/0.01/0.001); and effect of insulin dose (10 nM vs. 100 nM insulin) 888 (P < 0.001). Data are presented as mean + SEM with individual data points shown
and the average from each experimental round.

Racl activity was even more reduced at both baseline (-59%) and ~ RhoGDla in insulin-stimulated compared to nonstimulated
insulin-stimulated (10 nM: -61%; 100 nM: -67%; Fig. 1 A, L6 myoblasts (Fig. 2 A, leff “decreased interaction”). In f-cells,
Right) states because RhoGDIa overexpression caused a 212%  phosphorylation of RhoGDIa at S101 is a suggested mechanism
upregulation of Racl protein content compared to rAAV6:MCS for dissociation of the Racl-RhoGDIa complex (32). Indeed, in

control cells transfected with an empty viral vector (Fig. 1 /and /). response to insulin, we found that phosphorylation of RhoGDIw at
These data show that RhoGDIa is a potent negative regulator of ~ S101 increased by 40% (Fig. 2 A, right “increased phosphorylation”,
Racl activity in skeletal muscle cells. Fig. 2B), showing that insulin elicited phosphorylation of

RhoGDIu at this site. To determine the importance of the S101
Insulin Phosphorylates RhoGDIo S101 to Dissociate from and site in mediating insulin-stimulated Rac1 activation, we introduced a
Activate Rac1 in Skeletal Muscle Cells. The molecular events  nonphosphorylatable RhoGDIax S101A mutant (rAAV6:RhoGDIa
that mediate insulin-induced Racl activation could be via insulin- ~ S101A) into GLUT4myc L6 myotubes. rAAV6:RhoGDIax S101A
dependent Racl-RhoGDIw dissociation. To test if insulin resulted overexpression (+171%; Fig. 2C), repressed both basal (-39%) and
in the dissociation of Racl from RhoGDla, we immunopurified insulin-stimulated (10 nM: -41%; 100 nM: -45%) Racl activity
RhoGDIa and blotted for Racl with or without insulin treatment. (Fig. 2 D, Lef?). Interestingly, the drop in Racl activity by RhoGDIx
We detected a reduction in the Racl content associated with S101A (Fig. 2 D, Right) occurred despite an upregulation of Racl
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protein content (+252%) compared to control cells (Fig. 2 £and F).
Next, to better maintain Racl and RhoGDla protein contents,
we depleted RhoGDIa using siRNA followed by rAAV-mediated
reintroduction of either WT RhoGDIa or RhoGDI S101A (Fig. 2
G-I). RhoGDIa S101A tended to lower basal (-29%) and insulin-
stimulated (100 nM: -40%) Racl activity (Fig. 2 H, Lefi). Despite
the slight upregulation of RhoGDIa S101A, no association was
detected between RhoGDIla protein content and Racl-GTP
loading in response to insulin stimulation (S7 Appendix, Fig. S2C).
Racl activity was even more reduced at both baseline (-42%) and
insulin-stimulated (100 nM: -51%; Fig. 2 H, Right) when related to
intramyocellular content of Racl protein (Fig. 2 / and SI Appendix,
Fig. S2D). These findings indicate that the inability to phosphorylate
RhoGDla at S101 in response to insulin prevents insulin-induced
Racl activation. Together, these results suggest a mechanism whereby
RhoGDIu in response to insulin is phosphorylated at S101 and
dissociates from Racl, whereby Racl is activated in skeletal muscle
cells.

RhoGDIx Is a Negative Regulator of GLUT4myc Translocation to
the Plasma Membrane. Having established that RhoGDIa inhibits
both basal and insulin-stimulated Racl activity in skeletal muscle
cells, and knowing the prominent role of Rac1 in insulin-stimulated
GLUT4 translocation and glucose uptake (1418, 41-43), we tested
whether RhoGDIa regulates GLUT4 translocation dynamics.
Racl activation is sufficient to increase GLUT4 translocation in
GLUT4myc L6 myoblasts and mouse skeletal muscle (16, 42)
and we, therefore, hypothesized that RhoGDIa depletion or
overexpression would positively or negatively, respectively, affect
muscle GLUT4 translocation. Consistent with increased Racl
activity, RhoGDIa depletion increased basal (+34%) and insulin-
stimulated (100 nM: +18%) GLUT4 translocation compared to
control cells (Fig. 34). Expectedly, phosphorylation of Akt at S474
was unaffected by RhoGDla depletion (Fig. 3B), despite a 70%
increased Akt2 protein content compared to control cells (Fig. 3
Cand D). Next, we overexpressed RhoGDIa using rAAV to inhibit
Racl and hypothesized that GLUT4 translocation would diminish.
In agreement, RhoGDla overexpression resulted in a reduction in
basal (-19%) and insulin-stimulated (-11%) GLUT4 translocation
(Fig. 3E). Importantly, pAkt S474 (Fig. 3 Fand G) was unaffected
by RhoGDla overexpression. Finally, because RhoGDla was
phosphorylated by insulin at S101 and this site was important
for insulin-stimulated Racl activation, we determined GLUT4
translocation in cells expressing a nonfunctional mutation at this
site. In line with the inability to optimally activate Racl, insulin-
stimulated (10 nM: -9%; 100 nM: -19%) GLUT4 translocation
was diminished by RhoGDIa S101A overexpression (Fig. 3H),
endorsing its participation in the pathway of insulin-stimulated
GLUT4 translocation.

Because Racl is less active during states of insulin resistance
(15, 17), our findings prompted us to explore whether activating
Racl, via a reduction in RhoGDIa protein content, would restore
insulin sensitivity as a clinically relevant end-point. Insulin resist-
ance was induced by 25 pM C2-ceramide [a known agent reducing
insulin action in muscle cells (44)], and the short-chain ceramide
attenuates Racl activation more than Akt in L6 myotubes (15).
C2-ceramide treatment abrogated GLUT4 translocation in con-
trol cells in response to a submaximal insulin dose (Fig. 37).
Intriguingly, C2-ceramide—induced insulin resistance was atten-
uated with RhoGDIa depletion (Fig. 37), suggesting that transient
RhoGDIa downregulation or inhibition has the potential to pre-
vent muscle insulin resistance. This scenario is concordant with
the observation above that silencing RhoGDIa potentiates insulin
action via activation of Racl.

40f12 https://doi.org/10.1073/pnas.2211041120

A distal Racl-regulated event necessary for GLUT4 translocation
in myotubes in response to insulin is the reorganization of the actin
cytoskeleton, known as membrane ruffling (14, 15, 45-48). As the
final step in GLUT4 translocation, we, therefore, estimated
RhoGDla’s involvement in actin-cytoskeleton dynamics in response
to insulin. RhoGDla knockdown altered actin membrane ruffling
in response to insulin showing as more elongated ruffle areas in con-
trast to the more concentrated areas in the control cells, although we
were unable to quantify the cytoskeletal reorganization (S Appendix,
Fig. S3). This isin agreement with Racl’s known role in insulin-induced
membrane ruffle formation (14, 15, 45-48). Taken together, our data
identify RhoGDla as a negative regulator of GLUT4 translocation
in GLUT4myc L6 myotubes, suggesting a mechanism whereby
RhoGDlw in response to insulin dissociates from Racl, whereby Racl
is activated leading to altered actin cytoskeleton remodeling and
thereby increased GLUT4 translocation.

RhoGDIx Suppresses Insulin-Stimulated Glucose Uptake
in Mouse Skeletal Muscle In Vivo. To cement the relevance
of RhoGDIua in mature mouse skeletal muscle in vivo, we
administered rAAV6:RhoGDla into the gastrocnemius (also
targeting the soleus), tibialis anterior (alto targeting the EDL),
and triceps brachii muscles of one side while the contralateral
muscles were injected with an empty viral vector, rAAV6:MCS
(Fig. 4A). The overexpression of RhoGDIa was specific to the
injected muscle groups (Fig. 4B), appeared in all fibers (Fig. 4C),
and did not result in visible fiber degeneration at either 2 or 4 wk
after rAAVG6-administration (S Appendix, Fig. S4A4). Glycemia
and maximal insulin-stimulated glucose uptake were measured
in mice 4 wk after the administration of rAAV6. Ten minutes
following insulin administration, blood glucose was lowered
by 1.6 + 0.5 mM (-17%; SI Appendix, Fig. S4B), while blood
glucose was stable in saline-treated mice. RhoGDIa overexpression
attenuated insulin-stimulated glucose uptake in gastrocnemius
(-24%) and EDL (-45%), but not in soleus or triceps brachii
(Fig. 4D). Higher [’H]-2DG availability per se could result in an
increased uptake of ’H]-2DG, so importantly, due to the paired
design (one rAAV6:RhoGDla-treated leg and one rAAV6:MCS-
treated leg), circulating PH]-2DG availability was the same for both
legs and the availability only differed between saline- and insulin-
administered mice (§/ Appendix, Fig. S4C). The effect of RhoGDIa
overexpression on insulin-stimulated glucose uptake persisted in
muscles from mice fed a high-fat diet (HFD, 60E%) for 8 wk (-36%
in gastrocnemius and -54% in EDL, Fig. 4F). Interestingly, in the
context of 60E% HEFD, RhoGDIa overexpression also induced
marked insulin resistance in triceps brachii (-39%; Fig. 4E), which
was not seen in chow-fed mice (Fig. 4D). Similar to what we
found in L6 myotubes, RhoGDIa overexpression increased Racl
protein content (+136%; Fig. 4 F and G). RhoGDla likely also
regulates other Rho GTPases in muscle, and indeed, RhoA protein
content was markedly up-regulated by rAAV6:RhoGDIat (+146%;
SI Appendix, Fig. S4D). In contrast to protein content, mRNA
levels of RACI and RHOA (Fig. 4H and SI Appendix, Fig. S4E)
were unaffected by rAAV6:RhoGDla-treatment. This is in line with
data from nonmuscle cells showing that Racl ubiquitination occurs
exclusively when Racl is activated (49), indicating that RhoGDIa
stabilizes the Rho GTPases proteins by preventing their degradation
rather than stimulating transcription. Verifying that the RhoGDIa
overexpression was specific to the injected muscle groups, no Flag-
tagged RhoGDIa was detected in cardiac tissue, perigonadal white
adipose tissue, liver, or the brain (SI Appendix, Fig. S4F). These
findings establish RhoGDIa as a negative regulator of insulin-
stimulated glucose uptake in mature mouse skeletal muscle in vivo.
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Fig. 2. Insulin phosphorylates RhoGDla S101 to dissociate from and activate Rac1 in skeletal muscle cells. (A) Violin plot showing immunopurification of RhoGDla
followed by immunoblotting for Rac1 (Left; RhoGDlo-Rac1 interaction) or pRhoGDla S101 (Right) £100 nM insulin for 10 min in GLUT4myc L6 myoblasts. (B)
Representative blots for (A). (C) RhoGDla protein content in GLUT4myc L6 myotubes with recombinant adeno-associated viral vector-mediated overexpression of a
RhoGDIa S101A mutant (rAAV6:RhoGDIx S101A). Control cells were transfected with an empty vector (rAAV6:MCS). (D) Basal- and insulin-stimulated Rac1 activity in
GLUT4myc L6 myotubes transfected with rAAV6:RhoGDla S101A or control rAAV6:MCS. Right Inset: Rac1 activity relative to total Rac1 protein content. The cells were
incubated +10 nM or 100 nM insulin for 10 min. () Rac1 protein content in GLUT4myc L6 myotubes transfected with rAAV6:RhoGDIa S101A or control rAAV6:MCS.
(F) Representative blots showing (C), (E), and control ponceau staining. (G) RhoGDla protein content in GLUT4myc L6 myotubes transfected with rAAV6:RhoGDla or
rAAV6:RhoGDIa S101A after siRNA-mediated knockdown of endogenous RhoGDla. Control cells were transfected with rAAV6:MCS and control siRNA. (H) Basal- and
insulin-stimulated Rac1 activity in GLUT4myc L6 myotubes transfected with rAAV6:RhoGDla, rAAV6:RhoGDIa S101A, or control rAAV6:MCS after siRNA-mediated
knockdown of endogenous RhoGDlw or si-Ctrl. Right Inset: Rac1 activity relative to total Rac1 protein content. The cells were incubated +100 nM insulin for 10 min.
(/) Rac1 protein content in GLUT4myc L6 myotubes transfected with rAAV6:RhoGDlw, rAAV6:RhoGDIa ST01A, or control rAAV6:MCS. As indicated by the SuperPlots
(35), the experiments were assayed in duplicates and repeated three times. Total protein content was evaluated with a Student’s t test or one-way ANOVA. Rac1
activity was evaluated with a two-way ANOVA. For (H), the effect of rAAV6:RhoGDIlx or rAAV6:RhoGDIla S101A was tested separately. Main effects are indicated in
the panels. Significant interactions in two-way ANOVAs and significant Student’s t tests and one-way ANOVAs: Effect of rAAV6:RhoGDIa/rAAV6:RhoGDIo STOTA ###
(P <0.001). Data are presented as mean + SEM with individual data points shown and the average from each experimental round.

Canonical Insulin Signaling Proteins and Glucose Handling in the basal and insulin-stimulated states (Saline: —14%; Insulin:
Proteins Are Not Regulated by RhoGDIx Overexpression. We next -89%; Fig. 5F). Total TBC1D4 protein content was not affected
explored possible molecular explanations for the reduced insulin- (Fig. 5 G and H). The protein content of GLUT4 (S Appendix,
stimulated glucose uptake and used immunoblotting techniques  Fig. S4G) and hexokinase IT (HKII; a suggested rate-limiting enzyme
to analyze intracellular insulin signaling and glucose-handling  for in vivo glucose uptake in skeletal muscle (51)] (SI Appendix,
proteins in gastrocnemius muscle. RhoGDIa overexpression  Fig. S4H) was unchanged in rAAV6:RhoGDIa-treated muscles
reduced intracellular phosphorylation of PAK1 T423, a proxy for ~ compared to control muscles. Because the muscles were insulin
Racl activity, in both saline- and insulin-treated muscles (Saline: ~ resistant, and there is evidence in the literature linking Rho GTPase
-31%; Insulin: -24%; Fig. 5A). This occurred despite a trending  signaling not only to the actin cytoskeleton but also to markers of
30% increase in PAK1 protein content (Fig. 5B) and even with the  mitochondrial content and morphology (52), we next analyzed the
marked upregulation of Racl protein content (Fig. 4F). As expected,  complexes of the electron transport chain and, by use of transmission
since Racl signals in parallel (14, 17, 18) or downstream of Akt (50),  electron microscopy, the mitochondrial volume and morphology.
RhoGDIa overexpression did not affect pAkt S474, pAkt T309, nor ~ None of the electron transport chain complexes were affected by
total Ake2 protein content (Fig. 5 C—E). Yet, pTBC1D4 T649, a Rab- RhoGDla overexpression (SI Appendix, Fig. S4 I and ). There

GAP downstream target of Akt, was mildly but significantly reduced ~ were also no changes in intermyofibrillar, subsarcolemmal, total
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Fig. 3. RhoGDla is a negative regulator of GLUT4 translocation to the plasma membrane. (4) Basal and insulin-stimulated GLUT4 translocation (cell surface
GLUT4myc) in GLUT4myc L6 myotubes transfected with RhoGDla siRNA (si-RhoGDla) or control siRNA (si-Ctrl). The cells were incubated +£10 nM or 100 nM insulin
for 15 min. (B) Phosphorylated (p)Akt S474 and (C) Akt2 protein content in GLUT4myc L6 myotubes transfected with si-RhoGDl« or si-Ctrl. (D) Representative
blots showing (B), (C), and control coomassie staining. (E) Basal and insulin-stimulated GLUT4 translocation in GLUT4myc L6 myotubes with recombinant adeno-
associated viral vector-mediated overexpression of wildtype RhoGDla (rAAV6:RhoGDla) or control empty vector (rAAV6:MCS). The cells were incubated +10 nM
or 100 nM insulin for 15 min. (F) pAkt S474 in GLUT4myc L6 myotubes transfected with si-RhoGDl« or si-Ctrl. (G) Representative blots showing (F) and control
ponceau staining. (H) Basal and insulin-stimulated GLUT4 translocation in GLUT4myc L6 myotubes transfected with rAAV vector-mediated overexpression of a
RhoGDIla S1T01A mutant (rAAV6:RhoGDIla S101A). Control cells were transfected with rAAV6:MCS. The cells were incubated +10 nM or 100 nM insulin for 15 min.
(/) Basal and submaximal insulin-stimulated (10 nM) GLUT4 translocation in GLUT4myc L6 myotubes transfected with si-RhoGDla« or si-Ctrl + 25 uM C2-ceramide
during the last 2 h of serum deprivation and the acute insulin challenge. Data were evaluated with two two-way ANOVAs to test the factors “siRNA” (si-Ctrl vs.
si-RhoGDla) and “insulin concentration” (0 nM vs. 10 nM) in nontreated and C2-ceramide-treated cells, respectively. The effect of C2-ceramide treatment was
assessed by two two-way ANOVAs to test the factors “siRNA” and “C2-ceramide” (nontreated cells vs. C2-ceramide-treated cells) at 0 nM and 10 nM insulin,
respectively. As indicated by the SuperPlots (35), the experiments were assayed in duplicate (F) or triplicate (A-C, E, H, /) and repeated twice (B and (), three
(E, F, and H), or four times (A and /). Total protein content was evaluated with a Student’s t test. Unless otherwise stated previously in the figure legend, GLUT4
translocation and protein phosphorylation were evaluated with a two-way ANOVA. Main effects are indicated in the panels. Significant interactions in two-way
ANOVAs and significant Student’s t tests: Effect of si-RhoGDIla/rAAV6:RhoGDIo/rAAV6:RhoGDla STO1A #/##/### (P < 0.05/0.01/0.001). Effect of insulin (0 nM vs.
10 nM/100 nM insulin) */*** (P < 0.05/0.001). Effect of insulin dose (10 nM vs. 100 nM insulin) 8 (P < 0.05). Data are presented as mean + SEM with individual
data points shown and the average from each experimental round. A.U., arbitrary units.

mitochondrial volume, or mitochondrial cristae density (Fig. 57and
SI Appendix, Fig. S4 K~O). Thus, there is no evidence to suggest that
the decrease in insulin-stimulated glucose uptake upon RhoGDIa
overexpression is due to decreased oxidative capacity in young,
adult mice. Overall, we find that insulin resistance in response to
RhoGDla overexpression did not involve canonical insulin signaling
but was likely due to RhoGDIo-mediated inhibition of Rho GTPase
signaling evidenced by reduced PAK activation.

Chronic RhoGDIxx Knockdown Negatively Affects Insulin-Stimu-
lated Glucose Uptake and Intracellular Insulin Signaling in
Skeletal Muscle. As RhoGDIa overexpression decreased insulin-
stimulated glucose uptake in muscle, and transient RhoGDIa
knock-down in cells elevated GLUT4 translocation in myotubes,

60f 12 https://doi.org/10.1073/pnas.2211041120

we hypothesized that chronic muscle-specific RhoGDIo knockdown
would benefit insulin sensitivity. We generated a rAAVG6 carrying
an expression cassette that encodes for a short-hairpin RNA
targeting mouse RhoGDIa (rAAV6:RhoGDIa shRNA) (Fig. 6A4).
Contralateral muscles were injected with a control vector encoding
an shRNA sequence targeting LacZ (rAAV6:LacZ shRNA). Mouse
gastrocnemius muscles investigated 8 wk after rAAV6:RhoGDIa
shRNA administration demonstrated a 69% reduction in endogenous
RhoGDla protein content (Fig. 6B). In line with our findings that
RhoGDIa overexpression increased Rho GTPase protein content in
mouse skeletal muscle, RhoGDIx knockdown caused a reduction
in the protein content of Racl (-36%; Fig. 6C) and RhoA (-26%;
SI Appendix, Fig. S5A). Likewise, the Rho GTPase target, PAK1
protein content was 30% decreased (Fig. 6 D and E). Insulin
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Fig. 4. RhoGDla suppresses insulin-stimulated glucose uptake in mouse skeletal muscle in vivo. (A) Schematic of the experimental design. A recombinant
adeno-associated viral vector encoding RhoGDla (rAAV6:RhoGDIa) was administered intramuscularly in gastrocnemius (also targeting the soleus), tibialis anterior
(also targeting the EDL), and triceps brachii muscles, while the contralateral muscles were injected with an empty viral vector (rAAV6:MCS). (B) Representative
blot of Flag-tagged and endogenous RhoGDla in gastrocnemius or nontransfected control quadriceps muscle 2 or 4 wk after administration. (C) Representative
image of Flag (RhoGDla) staining of cross-sections from rAAV6:RhoGDla- or rAAV6:MCS-treated tibialis anterior muscle. (D) Insulin-stimulated (0.5 U kg™ body
weight) glucose uptake index in rAAV6:RhoGDla- or rAAV6:MCS-treated gastrocnemius (Gast), EDL, soleus (SOL) and triceps brachii (Tri) muscles from chow-fed
young adult mice 4 wk after rAAV6-administration. Saline, n =8/7/8/8 (Gast/EDL/SOL/Tri); Insulin, n =7/7/7/7. Data were evaluated with a two-way RM ANOVA
for each of the muscles. (£) Insulin-stimulated (0.4 U kg™' body weight) glucose uptake index in Gast, EDL, SOL, and Tri muscles from 8 wk 60E% HFD-fed young
adult mice 4 wk after rAAV6-administration. Saline, n = 8/7/6/8 (Gast/EDL/SOL/Tri); Insulin, n = 8/7/7/8. Data were evaluated with a two-way RM ANOVA for each
of the muscles. The effect of diet was evaluated with a Student's t test comparing rAAV6:MCS-treated muscle in chow- and 60E% HFD-fed mice. (F) Rac1 protein
content in rAAV6:RhoGDla- or rAAV6:MCS-treated gastrocnemius muscle. Data were evaluated with a paired t test. (G) Representative blots showing RhoGDla,
(G), and control coomassie staining. (H) RacT mMRNA expression in rAAV6:RhoGDla- or rAAV6:MCS-treated TA muscle 2 or 4 wk after rAAV6-administration in
chow-fed, male mice, n = 4. Data were evaluated with a paired t test. Main effects are indicated in the panels. Significant interactions in two-way RM ANOVAs
and significant ¢ tests: Effect of rAAV6:RhoGDla vs. rAAVE:MCS ##/### (P < 0.01/0.001); Effect of insulin */*** (P < 0.05/0.001); Effect of HFD 60E% (1)/tt (P <
0.1/0.001). Data are presented as mean + SEM or when applicable mean + SEM with individual data points shown. A.U., arbitrary units.

administration lowered blood glucose by 3.7 + 0.4 mM compared
to baseline after 10 min (-43%; SI Appendix, Fig. S5B). Contrary
to our hypothesis, chronic RhoGDIa knockdown in mouse muscle
in vivo attenuated the insulin-dependent gain in glucose uptake in
gastrocnemius (-19%) and EDL (-25%), whereas soleus muscle
was unaffected by the reduced RhoGDIa protein content (Fig. 6F).
Together with the effect of RhoGDIa overexpression, these data
suggest that long-term manipulation of RhoGDla content in either
direction (and thereby Rho GTPase content and activity) in mouse
muscle is detrimental to skeletal muscle glucose uptake. These
findings reveal an important role for RhoGDIa in maintaining
homeostatic glucose metabolism in skeletal muscle.

To explain the detrimental effects of chronic RhoGDIo knock-
down on insulin-stimulated glucose uptake, we analyzed intracel-
lular insulin signaling and glucose-handling proteins in
gastrocnemius muscle. Interestingly, RhoGDla knockdown resulted
in the downregulation of multiple important insulin-responsive

PNAS 2023 Vol.120 No.27 2211041120

proteins, including Ake2 (-16%; Fig. 6G), TBC1D4 (-21%;
Fig. 6H), and glycogen synthase kinase (GSK)-3p protein (-34%;
Fig. 61). While Akt phosphorylation was preserved (Fig. 6 / and K),
signaling downstream of Akt was down-regulated. Thus, RhoGDla
knockdown reduced basal (-33%) and insulin-stimulated (-14%)
TBC1D4 phosphorylation at T649 (Fig. 61) and attenuated basal
(-42%) and insulin-stimulated (-39%) GSK-3p S9 indicating
downregulation of glycogen synthesis (Fig. 6M4) (53). Potentially as
a counter-regulatory mechanism, there was an upregulation of
GLUT4 (+17%; Fig. 6N) and HKII (+39%; Fig. 60) protein con-
tent. Complexes of the electron transport chain were unaffected by
RhoGDla knockdown (87 Appendix, Fig. S5C). Taken together,
chronic RhoGDIa knockdown reduced insulin-stimulated glucose
uptake. Multiple intracellular remodeling of the insulin-signaling
cascade was observed due to RhoGDIa knockdown, including i)
decreased protein content of Racl, Ake2, TBC1D4, and GSK-3p,
ii) reduced insulin signaling downstream of Ak, and iii) increased
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Fig. 5. Canonical insulin signaling proteins and glucose-handling proteins are not regulated by RhoGDla overexpression. (A) Phosphorylated (p)PAK1 T423,
(B) total PAK1, (C) pAkt S474, (D) pAkt T309, (E) total Akt2, (F) pTBC1D4 T649, and (G) total TBC1D4 protein content in gastrocnemius from chow-fed mice with
recombinant adeno-associated viral vector encoding RhoGDla (rAAV6:RhoGDla) administered intramuscularly in muscles of the right leg, while the contralateral
muscles were injected with an empty viral vector (rAAV6:MCS). Saline, n = 8; Insulin, n = 7. Total protein content was evaluated with a paired t test. Protein
phosphorylation was evaluated with a two-way repeated measures (RM) ANOVA. (H) Representative blots showing (A-G) and control coomassie staining. (/)
Representative TEM images showing skeletal muscle mitochondria in TA from rAAV6:RhoGDla- or rAAV6:MCS-treated muscle of young adult mice. n = 6. Main
effects are indicated in the panels. Data are presented as mean + SEM with individual data points shown. A.U., arbitrary units.

HKII and GLUT4 protein content. Thus, RhoGDIa knockdown
caused marked intracellular signaling alterations, most remarkably
revealing a hitherto unidentified link between TBC1D4- and
GSK-3p-signaling with Rho GTPases.

Elevated Muscle RhoGDIx Protein Is Associated with Whole-
Body Glucose Intolerance in Mice and Humans. Given that
RhoGDIa overexpression in striated muscle caused muscle
insulin resistance, we explored the potential clinical relevance
of RhoGDIa in muscle insulin resistance and glycemic control
in human skeletal muscle. RhoGDIa protein content was
determined in vastus lateralis biopsy samples from lean normal
glucose tolerant (NGT), obese NGT, and obese type 2 diabetic
(T2D) subjects of mixed sex with baseline characteristics
previously published and insulin sensitivity verified (54, 55).
The glucose disposal rate during a euglycemic hyperinsulinemic
clamp was lower in T2D subjects compared to both lean NGT
and obese NGT subjects (54). Obesity per se did not alter
RhoGDIwa protein content, as RhoGDIa protein content was
similar between muscles from obese NGT and lean control
NGT subjects (Fig. 74). Yet, and notably, RhoGDIa protein
content was 50% higher in obese T2D subjects compared
with obese NGT subjects (Fig. 7 A and B). Impaired Racl
signaling has previously been reported in skeletal muscle from
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insulin-resistant obese subjects with T2D (17). Thus, our results
implicate RhoGDIa in the development of human insulin
resistance, via elevated interaction with, and thereby inhibition
of, Racl.

Since RhoGDla protein content was up-regulated in the skel-
etal muscle of insulin-resistant T2D subjects, we determined the
whole-body consequences of rAAV-induced skeletal muscle
RhoGDIu overexpression. RhoGDIa was overexpressed specifi-
cally in all striated muscles (i.e., skeletal and cardiac muscle) after
a single intravenous rAAV6 administration in mice (Fig. 70).
Muscle-specific RhoGDIa overexpression did not affect body
weight (Fig. 7D and SI Appendix, Fig. S6A), fat mass, or lean body
mass (Fig. 7D) in 8 wk chow- or 60E% HFD-fed mice. RhoGDla
overexpression in striated muscles slightly increased habitual activ-
ity in the fasting state but did not alter energy intake or substrate
utilization (SI Appendix, Fig. S6 B—D). Blood glucose concentra-
tion was 16% elevated by HFD- compared to chow-fed mice 7 wk
into the diet intervention but unaffected by RhoGDla overex-
pression (SI Appendix, Fig. SGE). Interestingly, mice overexpress-
ing RhoGDIa in skeletal and cardiac muscles were glucose
intolerant, particularly diet-induced obese mice (Fig. 7E). Thus,
the incremental area under the blood glucose curve during the
first 60 min of the test was 49% larger in HFD-fed mice overex-
pressing RhoGDIa in muscle compared to control mice
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Fig. 6. Chronic RhoGDla knockdown negatively affects insulin-stimulated glucose uptake and intracellular insulin signaling in skeletal muscle. (A) Schematic
of the experimental design. A recombinant adeno-associated viral vector encoding RhoGDla shRNA (rAAV6:RhoGDla shRNA) was administered intramuscularly
in gastrocnemius (also targeting the soleus) and tibialis anterior (also targeting the EDL), while the contralateral muscles were injected with a control vector
(rAAV6:LacZ shRNA). (B) RhoGDly, (€) Rac1, and (D) PAK1 protein content in rAAV6:RhoGDIla ShRNA- or rAAV6:LacZ shRNA-treated gastrocnemius muscle. Saline,
n=8; Insulin, n = 8. (F) Representative blots showing (8-D) and (G-0) and control ponceau staining. (F) Insulin-stimulated (0.5 U kg™' body weight) glucose uptake
index in rAAV6:LacZ shRNA- or rAAV6:RhoGDIa shRNA-treated gastrocnemius (Gast), extensor digitorum longus (EDL), and soleus (SOL) muscles. Saline, n = 8/7/6
(Gast/EDL/SOL); Insulin, n = 8/8/8. Data were evaluated with a two-way repeated measures (RM) ANOVA for each of the muscles. (G) Akt2, (H) TBC1D4, (/) GSK-38,
and (/) phosphorylated (p)Akt S474, (K) pAkt T309, (L) pTBC1D4 T649, (M) pGSK-3p S9, (N) GLUT4 and (0) HKIl protein content in gastrocnemius muscle. Saline,
n =38; Insulin, n = 8. Total protein content was evaluated with a paired t test. Protein phosphorylation was evaluated with a two-way RM ANOVA. Main effects
are indicated in the panels. Significant interactions in two-way RM ANOVAs and significant paired t tests: effect of rAAV6:RhoGDIla shRNA vs. rAAV6:LacZ ShRNA
#/#3#/### (P < 0.05/0.01/0.001) and effect of insulin ** (P < 0.01). Data are presented as mean + SEM with individual data points shown. A.U., arbitrary units.

administered an empty viral vector (Fig. 7F). The impaired glucose
tolerance occurred despite fourfold increased Racl protein content
in skeletal muscle (S7 Appendix, Fig. S6 F and G). In response to
the glucose administration, the plasma insulin concentration
tended (2 = 0.057) higher in HFD-fed mice with muscle-specific
RhoGDIa overexpression compared to control HFD-fed mice
(+63%s; Fig. 7G), suggesting impaired insulin sensitivity. However,
an insulin tolerance test (Fig. 7H) failed to reveal insulin resistance
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in response to cither the HFD or RhoGDIa overexpression, so
possibly other tissues compensate for the systemic effects of
RhoGDIw overexpression in muscle. This scenario is in line with
our previous results that muscle-specific Racl KO mice do not
develop whole-body insulin resistance despite reduced muscle
glucose uptake (43). These findings show that elevated skeletal
muscle RhoGDla protein is associated with whole-body glucose
intolerance in mice and humans.

https://doi.org/10.1073/pnas.2211041120 9 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2211041120#supplementary-materials

B C

RhoGDla Tissue expression
. Intravenous injection R
proteln content Chow or 60E% HFD ~ Chow or 60E% HFD HFD 60E%: - - o+ - - +*
2.5 § NGT Obese
a NGT Obese T2D
2.0
A Insulin: PEEE T T

rAAV6:RhoGDla: +

Fla -tagged RhoGDlo.—>
rAAV6: rAAV6: g %g ¢ [4—* ql -l _ 25
Mcs RhoGDIﬂ

CoomaSSIe - -

I Gastrocnemius  Cardiac tissue
rAAV6:MCS
rAAVG:RhOGDIG  HESRIECT RNOCDI S | s o | il

Coomassie

Rel. to NGT

NGT Obese Obese

———
Liver Brain
D Body composition E Glucose tolerance test Chow F Area Under the Curve
Chow HFD 60E% - rAAV6:MCS
409 \E: Diet for FM and BW (p<0.001) 25 Chow 6001 ME: Diet (p<0.05)
— - . .
% 2 AAV6:RhoGDlo. ME: rAAV6:RhoGDla (p<0.0§)
Y HFD 60E%
[ -0 - £ i
15 rAAVE:MCS £ 400 ° 7
o o
=] © o
> 10 -m- HFD 60E% < S
3 rAAV6:RhoGDla € 200
& 57 ME: Time (p<0.001) 00 3
OI ME: Diet at time point 0', 30" and 90' (p<0.05)
& ' ME: rAAV6:RhoGDla at time point 30' and 120 (p<0.05) o
FM LBM BW FM LBM BW 0 30 60 90 120 Chow HFD 60E%
Time
G i i (minutes) H )
Plasma insulin Insulin tolerance test
Chow HFD 60E%
4-ME: Time (p<0.001) 10
ME: Diet at time point 0' (p<0.01) —
(#) S
34 : p=0.057 E 3
- ' Tt %
o 1
E 2 : 36
2 ot o
: g
14 : S 4
'
1
|

J' ME: Time (p<0.001)
ME: Diet at time point 0', 30" (p<0.05)

o

Time 0 20 0 20 0 20

=

T 0 30 60 90 120
(minutes)  AAve:  rAAV6:  rAAVG:  rAAVE: Time
MCS  RhoGDla  MCS  RhoGDIo (minutes)
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Discussion 2 diabetes. Taken together, our findings not only unravel RhoGDla
as a new component to the insulin signaling cascade but also high-
light previously unrecognized molecular mechanisms implicated
in muscle insulin resistance.

Targeting proteins involved in GLUT4 translocation would be

The present study identifies RhoGDIa as a negative regulator of
Racl in skeletal muscle, muscle insulin action, and whole-body
glucose homeostasis. We establish five major functions of skeletal

muscle RhoGDla in cell systems and mouse and human skeletal
muscle: First, RhoGDIa interacts with Racl thereby inhibiting
Racl activity. Second, phosphorylation of RhoGDIa at S101 was
necessary for insulin-induced Racl activation and GLUT4 trans-
location in skeletal muscle. Third, RhoGDIa provides input to
multiple intracellular insulin signaling processes in skeletal muscle.
Fourth, muscle-specific RhoGDIa overexpression impairs whole-
body glucose tolerance. Finally, RhoGDIa protein content is
increased in insulin-resistant skeletal muscle in patients with type
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worth exploring for pharmacological strategies to treat insulin
resistance in conditions such as T2D and obesity. We took an
unbiased proteomics approach to identify new regulators of Racl
activity and found that inactive Racl interacted with RhoGDIa
in L6 myoblasts. Mechanistically, we show that RhoGDIa inhibits
Racl activity in skeletal muscle, as RhoGDIa depletion increased
Racl activity. Correspondingly, overexpression of RhoGDIa
inhibited Racl activity. Aligning with our results, RhoGDIa
reportedly exists in a heterodimer with Racl and RhoA in several
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nonmuscle cells (24, 31, 56, 57) and GTP-bound Racl is increased
in kidneys of RhoGDIo™ mice (58).

Mechanistically, our findings suggest that insulin-induced Racl-
RhoGDIa dissociation in response to insulin is mediated by phos-
phorylation of RhoGDIa S101. Thus, expression of a RhoGDla
S101A mutant abolished insulin-stimulated Racl activation and
attenuated insulin-stimulated GLUT4 translocation in GLUT4myc
L6 myotubes. The kinase(s) responsible for RhoGDla S101 phos-
phorylation remains to be identified. Previous studies have suggested
that PAK1, which is a downstream target of Racl, in turn phospho-
rylates RhoGDIot at S101 causing Racl activation (59). That raises
the possibility of Racl-induced feed-forward stimulation of Racl
activity. Yet, other kinase groups (e.g., calcium/calmodulin-dependent
kinases [CAMK], tyrosine-kinase like kinases [TKL], the AGC
[cAMP-dependent, cGMP-dependent and protein kinase C] protein
kinase family) are also predicted potential regulators (60), constitut-
ing an exciting area of future research.

While RhoGDIo—Racl complex formation inhibited Racl,
potentially being in complex with RhoGDIa also protected Racl
from degradation. This was suggested by RACI mRNA being stable,
while RhoGDIa knockdown or overexpression caused a reduction
or elevation, respectively, in Racl protein abundance. However,
further studies are needed to support this function of RhoGDIa
in skeletal muscle. The requirement for RhoGDIa to maintain a
stable intramyocellular Rho GTPase protein pool corroborates
findings in HeLa cells (49) and resonates with observations in non-
muscle cells showing that Racl ubiquitination occurs exclusively
when Racl is activated (61). Taken together, our findings unravel
a mechanism by which insulin causes phosphorylation of RhoGDIa
S101 to destabilize the RhoGDIo—Racl complex, resulting in dis-
sociation of Racl from RhoGDla, thereby freeing up Racl for
subsequent activation and potentially resulting in degradation.

A second discovery of our study was that RhoGDla evokes neg-
ative regulation upon insulin-stimulated GLUT4 translocation and
glucose uptake in skeletal muscle in vitro and in vivo. Given that
RhoGDIa negatively regulated Racl, our results agree with other
studies showing that Racl depletion or expression of a dominant-
negative Racl mutant inhibits insulin-stimulated GLUT4 translo-
cation in L6 myotubes (14, 15), and Racl knockout mice displayed
reduced insulin-stimulated glucose uptake (16-18, 43).

In L6 myotubes, acute RhoGDIa knockdown increased GLUT4
translocation and restored ceramide-induced insulin resistance, sug-
gesting that RhoGDIa downregulation or inhibition may have the
potential to prevent muscle insulin resistance. This finding builds
on work showing that C2-ceramide—induced insulin resistance
attenuates Racl activity and Racl-mediated actin cytoskeleton
remodeling and insulin-stimulated GLUT4 translocation (15).
Because of those collective in vitro results, we were surprised to find
that chronic (8 wk) RhoGDIa depletion in mouse skeletal muscle
actually reduced insulin-stimulated glucose uptake. The cause of the
discrepancy between in vitro and in vivo results could be what was
our third major discovery, the remarkable intramyocellular remod-
eling that occurred by chronic RhoGDIa depletion in muscle
in vivo, including a clear lowering of Racl, PAK1, Ake2, TBC1D4,
and GSK-3p protein content, and reduction in intracellular insulin
signaling downstream of Akt. Possibly to counterbalance these
effects, chronic RhoGDIa depletion resulted in an increase in the
content of HKII and GLUT4 proteins. The same degree of intramy-
ocellular remodeling was not observed in response to overexpression
of RhoGDIa in vivo. Here, and consistent with our in vitro results,
phosphorylation of PAK1 T423 was lowered in the basal and
insulin-stimulated state of RhoGDla overexpressing muscles, indi-
cating decreased Racl activity (39). PAK1 and 2 initiate a signaling
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cascade that regulates the actin cytoskeleton. Accordingly, RhoGDIa
knockdown resulted in accelerated actin-cytoskeleton reorganization
in response to insulin in L6 myotubes. However, it should be noted
that insulin-stimulated glucose uptake only partially requires PAK2,
while PAKT is dispensable in isolated mouse muscle (26). As another
potential effector protein downstream of Racl, RalA is also required
for insulin-stimulated GLUT4 translocation in myoblasts and
mouse skeletal muscle (28). Moreover, regulators of actin cytoskel-
eton dynamics downstream of Racl, Arp3, and cofilin are associated
with the regulation of GLUT4 translocation in L6 myoblasts (62).
However, these mechanisms remain to be confirmed in mature mus-
cle in vivo. Thus, additional mechanisms may be acting downstream
of the RhoGDIo—Racl complex to control insulin-stimulated glu-
cose uptake in skeletal muscle which should be the topic of future
research. In aggregate, our results illustrate that prolonged manip-
ulation of RhoGDIa (and thereby Rho GTPase content and
activity) is detrimental to skeletal muscle glucose uptake, endorsing
an important role for RhoGDIa in maintaining homeostatic glucose
metabolism in mouse skeletal muscle. To investigate the acute effects
of RhoGDIa knockdown in vivo, the generation of a transient,
muscle-specific knockdown model or pharmacological inhibition
of RhoGDIa in vivo in mouse muscle is needed. Interestingly, skel-
etal muscle insulin resistance, caused by skeletal muscle RhoGDIa
overexpression, impaired whole-body glucose tolerance in both lean
and diet-induced obese mice.

‘The human relevance of RhoGDIw is likely as we observed ele-
vated RhoGDIa protein content in skeletal muscle from patients
with obesity and T2D compared to obese but normoglycemic sub-
jects. These results extend previous findings showing that Racl is
dysregulated in insulin-resistant rodent and human skeletal muscle
(17, 18). Conceivably, the increased RhoGDIa protein content
could contribute to the decrease in Racl activity in insulin-resistant
T2D patients (17, 54). Our findings thus provide a potential mech-
anism for the establishment of insulin resistance in humans.

In conclusion, we here provide results that not only unravel the
RhoGDIo—Racl complex as a crucial component to the insulin
signaling cascade but also identify novel molecular mechanisms
implicated in muscle insulin resistance.

Materials and Methods

Please see S/ Appendix, Materials and Methods for a full description of the meth-
ods used.

Statistical Analyses. Data are presented as means = SEM. with individual data
points shown for all bar graphs. Statistical tests varied according to the dataset
being analyzed and the specific tests used are indicated in the figure legends.
P < 0.05 was considered statistically significant. P < 0.1 was considered a ten-
dency.All statistical analyses were performed using Sigma Plot, version 13 (Systat
Software Inc.; RRID:SCR_003210).

Data, Materials, and Software Availability. The authors confirm that the
data supporting the findings of this study are available within the article and/
or supporting information. The mass spectrometry proteomic dataset from the
Flag-Rac1 interactome in L6 myoblasts is provided in Dataset S1.
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