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Abstract

Loss of the insulin-stimulated glucose uptake in muscle is a crucial event participating in the defect of whole-body metabolism in type 2 diabetes. Therefore, identification by Pavarotti et al. (Biochem J (2021) 478 (2): 407–422) of complexin-2 as an important contributor to glucose transporter 4 (GLUT4) translocation to muscle cell plasma membrane upon insulin stimulation is essential. The present commentary discusses the biological importance of the findings and proposes future challenges and opportunities.

Main text

Living organisms proceed to a tight regulation of their metabolism to achieve the most favourable use of the various available energy-providing metabolites, allowing an optimal function of their different systems. Accordingly, multiple diseases find their roots in a defect of metabolic regulation. The comprehension of the molecular processes implicated in the regulation of metabolism in pathophysiological conditions is therefore critical to identify new therapeutic targets to treat and prevent those diseases. For example, type 2 diabetes (T2D) is characterized by an impaired glucose uptake in insulin-sensitive tissues such as  in muscles with, as consequences, hyperglycaemia and glucotoxicity [1]. In this context, the recent study of Pavarotti et al. (Biochem J (2021) 478 (2): 407–422) [2] is important as it identified a new actor, complexin-2, regulating the insulin-mediated translocation of glucose transporter 4 (GLUT4) to the plasma membrane (PM) in skeletal muscle. 
Due to their intrinsic physio-chemical properties, hydrophilic molecules used by the organisms cannot cross cellular PM in the absence of dedicated transporters. Therefore, regulation of those transporters represents a first molecular checkpoint in cellular metabolism homeostasis. Glucose is not an exception to this rule.  Several transporters participate in glucose transport and are grouped into two families, the sodium-glucose linked transporters (SGLTs) and the facilitated glucose transporters (GLUTs) [3]. Among them, GLUT4 is particular as unlike other transporters. GLUT4 is not constitutively located at the PM but is stored in specialised vesicles named GLUT4 storage vesicles (GSVs) (Figure 1) [4]. Once stimulated, those vesicles migrate and come in close proximity to the PM where they fuse with it, allowing glucose uptake. GLUT4 is significantly expressed in all insulin-sensitive tissues, namely skeletal muscle, heart and adipose tissue [5]. Therefore, insulin secretion by pancreatic β-cells in fed state promotes PM relocation of GLUT4 and a rapid glucose utilisation and/or storage by insulin-sensitive tissues, in order to maintain plasmatic glucose homeostasis. T2D is characterised by a global insulin-resistance (IR) causing a depressed insulin-stimulated glucose transport, leading to an altered whole body metabolism and major organ-specific metabolic remodelling [1]. Recovery of normal insulin-stimulated glucose uptake is considered essential to restore metabolic homeostasis in order to prevent T2D injury, underlining the importance of deciphering the molecular mechanisms governing insulin-stimulated GSV translocation. 
GLUT4 translocation is a multi-faceted event that involves several critical regulation steps (Figure 1). The molecular underlying mechanisms have been reviewed in detail in several recent publications [6-8] and can be summarised as following. The insulin binding to its receptor (IR) promotes the transphosphorylation of several tyrosine residues located in the receptor cytoplasmic part, allowing recruitment and phosphorylation of the insulin receptor substrate 1 (IRS1). Once phosphorylated, IRS1 recruits and activates the phosphatidylinositol 3-kinase (PI3K) which subsequently phosphorylates at position 3 the members of the phosphatidylinositol membrane lipid with a particular tropism for phosphatidylinositol 4,5 bisphosphate. The resulting phosphatidylinositol 3,4,5 trisphosphate allows protein kinase B (PKB, also known as Akt) docking by its pleckstrin homology domain to PM where it gets phosphorylated and activated by the phosphoinositide-dependent kinase-1 (PDK1). Once activated, PKB/Akt phosphorylates a plethora of substrates including two related GTPase activating protein (GAP) enzymes called TBC1D1 and TBC1D4 (also known as Akt substrate of 160 kDa or AS160) acting on the small G proteins of the Rab family. Their phosphorylation by PKB/Akt inhibits their Rab GAP activities and leads to the stabilisation of the activated GTP-bound form of Rab proteins (mostly Rab8a and Rab13 for muscle). Activated Rabs are essential components of the motor complex allowing the movement of vesicles along tubulin cytoskeleton. Inasmuch as the inhibition of the PKB/Akt/TBC1D1/4 pathway almost fully blocks the insulin-stimulated glucose uptake in muscle, this pathway is considered to be a major limiting step of GLUT4 translocation. However, it was more recently shown that PI3K also induces Rho-family GTPase activation, especially Rac1, which drives the reorganisation of cortical actin cytoskeleton participating in docking and fusion of GSVs with the PM.
The last step of GLUT4 translocation is the fusion between GSVs and PM which is promoted by the formation of a complex composed of soluble N-ethylmaleimide-sensitive-factor attachment protein receptor (SNARE) proteins (Figure 2). This complex brings together vesicular and cellular membranes, promotes their curvature and favours their fusion. Three major proteins compose the SNARE complex involved in GLUT4 vesicles fusion: vesicle associated membrane protein-2 (VAMP-2) located on GSVs (v-SNARE, for vesicular SNARE) and syntaxin4 and SNAP23 on the plasma membrane (t-SNAREs, for target SNAREs) [7]. Associated proteins have been described to regulate the SNARE complex formation and stability via their interaction with SNARE proteins. Among the best characterised, Munc18c is described to directly bind and inhibit syntaxin4, whereas its phosphorylation upon insulin stimulation breaks this interaction and allows SNARE complex formation [9, 10]. Similarly, tomosyn has been proposed to interact with t-SNAREs inhibiting SNARE complex formation and GLUT4 vesicle fusion with PM [11]. Conversely, double C2-like domain beta (Doc2b), favours SNARE complex formation in a Ca2+ dependent-manner, sustaining glucose uptake [12]. The importance of SNARE complexes in glucose uptake regulation has been even reinforced by the fact that the modulation of those proteins influences whole-body glucose homeostasis. For example, transgenic mice overexpressing syntaxin4 are more resistant to glucose imbalance observed during high-fat diet [13] whereas their heterozygous knockout counterparts develop muscle insulin resistance [14]. Therefore, a better characterisation of the mechanisms regulating SNARE complex formation and stability could be extremely beneficial to design new interventions to treat T2D and restore insulin-stimulated glucose uptake. 
In this context, identification by Pavarotti et al. of a new SNARE associated protein, complexin-2, regulating GSVs translocation and fusion is of great interest. Complexins are a family of 4 different isoforms predominantly expressed in the brain. Complexin-1 and -2, which possess the broader expression in the brain, have been largely studied for their role in SNARE complex regulation involved in the fusion of synaptic vesicles [15]. In their work, Pavarotti et al., show that complexin-2, in addition to its brain location, could be also detected in rat L6 myoblasts, myotubes and mouse skeletal muscle at mRNA level and in L6 myoblasts and myotubes at protein level, therefore suggesting a possible role of complexin-2 in vesicular trafficking occurring in this tissue. Analysis of endogenous complexin-2 location by immunofluorescence in L6 cells stably overexpressing a myc-tagged GLUT4 (L6-GLUT4myc) revealed its relocation upon insulin stimulation from cytosolic punctuate structures to the PM at GLUT4 proximity. The use of MK-2206 and NSC32766 (PKB/Akt or Rac1 inhibitor, respectively) demonstrated that the insulin-mediated complexin-2 relocation is abrogated by Rac1 inhibitor whereas PKB/Akt inhibition does not affect it. Altogether, those results highly suggest a possible role of complexin-2 in the assembly of SNARE complex linking GSVs and the PM upon insulin stimulation in a Rac1-dependent way. To dig deeper into this novel concept, the authors have transcriptionally silenced complexin-2 in L6-GLUT4myc myoblasts and showed a significant decrease in GLUT4 insertion into the PM upon insulin treatment. Follow-up experiments showed that the insulin-signalling pathway, the actin remodelling and the expression of major components such as syntaxin4 and GLUT4 are unaltered in complexin-2 depleted L6-GLUT4myc cells, showing that the observed inhibition of insulin-induced GLUT4 translocation is independent of those features. Next, the authors decided to study the impact of complexin-2 overexpression. Rather strangely, the overexpression of a GFP-tagged complexin-2 similarly inhibits insulin-stimulated GLUT4 translocation and glucose uptake, suggesting that an excess of complexin-2 is also detrimental for GLUT4 vesicle fusion with PM. The authors concluded that an equilibrated level of complexin-2 is a prerequisite for an optimal GSVs fusion to PM.
Pavarotti et al have uncovered with complexin-2 a new actor in the regulation of muscle insulin-stimulated GLUT4 translocation to the PM, opening up new fascinating opportunities and challenges. Description of complexin-2 expression in various muscle tissues and other insulin-sensitive tissues would address the universality of complexin-2 implication in glucose uptake regulation. One could imagine that complexin-2 is also involved in glucose uptake in the heart or adipose tissue or could differ according to muscle fibre types. The characterisation of the role of complexin-2 in pathophysiological circumstances such as T2D to evaluate its significance as a future therapeutic target will be certainly the next story. As shown by the authors, there is a bimodal effect of low or high levels of complexin-2, both negatively affecting GLUT4 translocation in response to insulin. Therefore, a major future experiment could be to assess if complexin-2 abundance correlates with the loss of insulin-stimulated glucose uptake observed during T2D development in a diabetic mouse model and/or T2D patient cohorts. Similarly, effect of the various anti-diabetic drugs on complexin-2 expression will be highly informative with a particular interest for newly described SGLT2 inhibitors. We could also evaluate the susceptibility of mice invalidated for complexin-2 (available in the literature [16]) to develop diabetic phenotype when submitted to diabetogenic diet. As mentioned by the authors, complexin protein family is composed of 4 members including complexin-1 which shares the highest identity with complexin-2. It will be interesting to assess if complexin-1 is able to cover some aspects of complexin-2 defect. In parallel, a deeper characterisation of the molecular mechanisms involved in complexin-2 translocation from cytosol to the PM induced by insulin would be beneficial. The authors have already revealed Rac1 implication but it will be interesting to systematically characterise all phosphorylation events occurring on complexin-2 and SNAREs after insulin treatment via unbiased phosphoproteomic approaches. The possible role of other post-translational modifications is also of interest, especially protein acetylation, which was described to inhibit insulin-stimulated glucose uptake in cardiomyocytes [17]. In complement, an interactomic approach to identify complexin-2 partners present at basal and stimulated states would certainly enlighten us on regulatory events controlling complexin-2 function and regulation.
Besides insulin, both exercise and activation of the AMP-activated protein kinase (AMPK) are also able to stimulate glucose uptake in muscle independently of insulin [18]. This particularity has always been seen as an opportunity to stimulate glucose uptake in insulin-resistant muscle to restore their metabolism and normalise whole-body glycaemia. Of interest, exercise and AMPK have been previously shown to promote muscle Rac1 activation [19, 20]. If complexin-2 is similarly involved in AMPK-stimulated glucose uptake, an alteration of its function during T2D development could jeopardise AMPK activators use as a promoter of muscle glucose uptake in T2D treatment. Last but not least, one of the publication originalities also resides in the transposition of cerebral vesicular trafficking phenomenon into the muscle underlining that a cross-feeding between these two fields could be highly beneficial for their development. In line, we could assess the role of complexin-2 in other SNARE-dependent vesicular trafficking, such as the one regulating CD36 location at the PM, a transporter controlling fatty acids uptake [21].
Definitively, by identifying a new step in the complexity of the regulation of muscle glucose uptake, the authors paved the way for future opportunities in human health.
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Figure legends

FIGURE1: Schematic representation of the multi-faceted mechanism involved in insulin-stimulated GLUT4 translocation. The binding of insulin to the insulin receptor (IR) promotes IRS1 recruitment and leads to PKB/Akt activation.  PKB/Akt next phosphorylates and inhibits the Rab-GAP TBCD1/4, maintaining Rab proteins under their active GTP-bound form and promoting GLUT4 storage vesicles (GSVs) translocation along the microtubule tracks towards plasma membrane. Simultaneously, insulin promotes the activation of Rac1 responsible for the reorganisation of cortical actin filaments allowing the GSVs to jump in close proximity to the plasma membrane. Finally, the formation of a SNARE complex, associating v-SNARE and t-SNAREs, favours the fusion of the two membranes and enables GLUT4 integration in the plasma membrane and subsequent transport of glucose into the cell. The proposed role of complexin-2 (Cplx2) is to stabilise SNARE complex and support glucose uptake.

FIGURE2: Role of Complexin-2 in the fusion of GLUT4-containing vesicles and plasma membrane. Once GSVs translocated in the vicinity of the plasma membrane, the association of v-SNARE and t-SNARES promotes the curvature of the plasma membrane and its fusion with vesicles. Once stimulated by insulin in a Rac1-dependent way, complexin-2 (Cplx2) can stabilize the SNARE complex, facilitating membrane fusion.  Among the future challenges, one may wonder whether exercise and AMPK activators, both known to be able to activate Rac1, can similarly regulate complexin-2. In addition, exploring the putative activation of complexin-2 by the anti-diabetic drugs are of potential interest. 
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