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ABSTRACT 

 

 

 

Vav proteins are signal transductors that play bivalent roles as Rho GTPase nucleotide 

exchange factors and adaptor proteins. In mammals, the family is composed of three 

members (Vav1, Vav2 and Vav3) that share a distinctive and highly conserved domain 

structure. These proteins play overlapping but not redundant roles in a wide range of 

physiological and pathological processes. It is also well known that their regulation is 

tightly controlled by tyrosine phosphorylation–dependent conformational changes. 

However, information about other regulatory layers or the contribution of catalytic and 

adaptor activities to organismal physiology is still lacking. Our findings had led to the 

identification and characterization of two novel phosphoinositide– and lysine 

acetylation–mediated regulatory mechanisms for Vav1 in T cells. In addition, we have 

unveiled a new catalysis–dependent role of Vav2 in IGF-1 and insulin signaling in 

skeletal muscle. Altogether, these data expand the current knowledge of Vav proteins in 

terms of family member– and tissue–specific activation processes. They also shed light 

into previously unknown functions of Vav2 in skeletal muscle biology and metabolic 

homeostasis. 
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1. VAV FAMILY 

Vav proteins play bivalent roles as GDP/GTP exchange factors for Rho GTPases and as 

signaling adaptors downstream of protein tyrosine kinases. The family originated in 

choanozoans, the closest unicellular relatives of metazoans, and expanded in vertebrates 

to the three members composition found in mammals. The biological functions of Vav 

proteins are tightly regulated by tyrosine phosphorylation and they play important roles 

in different tissues, including the immune, the cardiovascular or the nervous system. 

Aside from their developmental and effector functions in these cell lineages, Vav 

proteins have also been linked to tumorigenic processes. 

 

1.1. Canonical role as Rho guanosine nucleotide exchange factors 

Rho guanosine triphosphatases (GTPases) are a family of small proteins that act as 

molecular switches. They are involved in a wide range of physiological and pathological 

processes [1]. Although mainly known for their essential role in the regulation of actin 

cytoskeleton, Rho GTPases participate in many other signaling transduction pathways. 

These include the establishment of cell polarity, microtubule dynamics, transcriptional 

regulation or vesicular transport [2-7].  

This variety of responses requires a tight spatiotemporal regulation that is exerted 

by different guanosine nucleotide exchange factors (GEFs), GTPase–activating proteins 

(GAPs) and guanine nucleotide dissociation inhibitors (GDIs). GEFs stimulate the 

release of the nucleoside guanosine diphosphate (GDP) from the GTPase to allow the 

binding of guanosine triphosphate (GTP). This promotes the rapid transition of the 

GTPase from the GDP–bound inactive state to the GTP–bound active form (Fig. 1).  

GAPs, on the contrary, enhance the intrinsic GTPase activity of Rho proteins favoring 

the shift from the active to the inactive, GDP-bound state (Fig. 1). Rho GDIs, on the 

other hand, can sequester the GDP-bound GTPases at the cytosol preventing their 

activation [8].  

There are more than 80 different Rho GEFs in mammals that have evolved to 

accommodate all the tissue–specific regulatory requirements of Rho GTPases [8]. As the 

main activators of the GTPases in cells, most GEFs have themselves sophisticated 

regulatory mechanisms that elicit concrete and cell–specific responses. Consequently, 

alterations in terms of abundance or gain– and loss–of–function mutations lead to 
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aberrant Rho GTPase activation and the development of a broad number of physiological 

alterations and diseases [9, 10].  

Vav is probably one of the most studied families of Rho GEFs. Vav proteins 

activate preferentially members of the Rac subfamily (e.g. Rac1, RhoG), but can also act 

as GEFs for RhoA subfamily proteins [11, 12]. Their catalysis–dependent pathways are 

known to be involved in a diversity of biological processes and exert multiple 

tumorigenic–related functions [12] (Fig. 1). 
Figure)1)

 

 

1.2. Phylogenetic evolution 

No Vav family members have been found so far in the most basic animal unicellular 

organisms or in plants. The most primitive family relatives are found in choanozoans, a 

recently identified group of unicellular organisms considered to be the closest relatives to 

animal! metazoans! [13-15]. A single Vav protein is present in invertebrates and 

urochordates. However, the whole genome duplication events that occurred during the 

first stages of the evolution of vertebrates led to the common composition of three 

members (Vav1, Vav2 and Vav3) found in mammals (Fig. 2). The first expansion in the 

number of family proteins is found in Agnatha, where we can detect a Vav2 analog and a 

 
Figure 1. Activation cycle of Rho GTPases and their known Vav-dependent functions. Rho GTPases 
remain inactive at the cytoplasm in their GDP-bound state and become active upon binding to GTP. GEF 
proteins, such as Vav, can bind to the switch domain of the GTPases to favor the exchange of GDP for 
GTP to promote diverse specific responses both at the cellular and organismal level. Hydrolysis of the 
GTP to GDP stimulated by GAPs returns the Rho protein to the inactive state. 
!
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second family member that shares structural features with the vertebrate Vav1 and Vav3 

proteins (referred to here as Vav1/3) (Fig. 2, highlighted clade).!The three Vav proteins 

typically found in most vertebrate species are first found in chondrichthyes, probably as a 

consequence of a gene duplication event that affected the ancestral Vav1/3 gene 

described above. Interestingly, the origin of Vav1 is associated with the point in 

evolution in which the adaptive immune system became fully developed [16]. Due to the 

subsequent genome–duplication process occurred in Teleostei, most bony fishes 

conserve two Vav3 genes. Besides, alternative splicing events can yield different protein 

isoforms in all species [12]. 

Phylogenetic analyses have also unveiled that, despite the nomenclature, Vav2 is 

the most ancient protein of the family. Vav1 and Vav3, on the other hand, have emerged 

later on in evolution from a common ancestor and, accordingly, are more related to each 

other than to the ancestral Vav2 (Fig. 2). 
Figure)2)

 

 
!

1.3 Structure 

Nearly all Vav family proteins contain an evolutionary conserved multidomain structure 

composed of an N–terminal calponin–homology (CH) domain, an acidic (Ac) region, a 

 
Figure 2. Phylogenetic analysis of the Vav family proteins. Proteins containing DH and SH2 domains 
were obtained from the UniProt database and the phylogenetic tree reconstructed using the maximum–
likelihood method. Node colors indicate if the protein belongs to the single Vav family group (gray color) 
or the vertebrate Vav1 (orange color), Vav2 (green color) or Vav3 (purple color) branch. The lamprey 
(Lethenteron camtschaticum) Vav1/3–like protein node has been highlighted in light brown. The color 
code used for each phylogenetic clade is shown on the light blue box (right). 
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catalytic Dbl–homology (DH) domain, a pleckstrin–homology (PH) region, an atypical 

C1 subtype zinc finger (ZF) domain, a proline–rich region (PRR), and a SH2 domain that 

is flankedby a N– (NSH3) and a C–terminal SH3 (CSH3) (Fig. 3). This complex 

structure is already present in choanozoans and maintained through evolution, with the 

exception of certain groups of invertebrates in which the PRR and the most N–terminal 

SH3 (NSH3) have been concurrently or independently lost [17] (Fig. 4). 
Figure)3)

 

 
Remarkably, Vav proteins display two distinctive structural features: a DH-PH-ZF 

cassette and three consecutive Src homology domains. The former folds together to 

conform a “catalytic core” involved in the exchange of guanosine. The latter, on the other 

hand, enable multiple protein–protein interactions [12].  

Due to this complex structure, Vav proteins can accomplish both catalytic and non–

catalytic functions. Whilst the GEF activity is mediated by the DH in a concerted manner 

with the adjacent PH and ZF, the adaptor functions are more variegated in terms of 

effector domains involved and biological outputs achieved. As an example, the Vav1 CH 

domain is involved in the engagement of a phospholipase C gamma (PLCγ)–dependent 

pathway that triggers the stimulation of the nuclear factor of activated T cells (NFAT) 

[12, 18, 19]. On the other hand, the two Vav1 SH3 domains promote a Cbl–b–dependent 

 
Figure 3. Basic domain structure of vertebrate Vav proteins. The inhibitory intramolecular 
interactions established between domains are specified with lines at the top. The functions associated to 
each region and the main regulatory phosphosites (using the primary amino acid sequence corresponding 
to murine Vav1) are indicated at the bottom.  
!
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tumor suppressor mechanism that promotes the ubiquitinylation–mediated degradation of 

the active signaling fragment of Notch1 in immature T cells [20] (Fig. 3, bottom).!
Figure)4)

 

 
Figure 4. Evolution of the “body plan” of Vav family proteins. Depiction of the structure of Vav 
proteins in representative organisms of both the Choanozoan (in gray) and Metazoan (salmon color 
gradient) phyla. UniProt accession codes are indicated for each protein. N.a., not annotated.  
!
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The multidomain structure also contributes to the regulation of the biological activity of 

these proteins. Vav proteins are regulated by a complex intramolecular autoinhibitory 

mechanism in which the CH, Ac and CSH3 domains intervene. In their inactive state, 

both ends of the protein are folded over the DH (in the case of the CH and Ac) and the 

PH (in the case of the CSH3) domains occluding the catalytic site (Fig. 3). This closed 

conformation inhibits the catalytic and most of the non–catalytic outputs of the proteins 

[21]. After tyrosine phosphorylation of specific residues, the conformational changes 

undergone force the release of the inhibitory contacts and the activation of the protein 

[21-24].  

 

1.4 Regulatory mechanisms 

1.4.1 Tyrosine phosphorylation 

As indicated above, the biological activity of Vav proteins is mainly controlled by 

tyrosine phosphorylation–dependent changes in their conformation. This regulatory 

process is a distinctive characteristic of this family and has been acquired very early on 

in evolution, since the motifs involved are already present in the choanozoan Vav protein 

(Fig. 4). In addition, functional studies have shown that this regulatory mechanism is 

conserved at least from C. elegans [12, 21, 25, 26].  

The nonphosphorylated Vav proteins are inactive due to a “closed” conformation 

mediated by extensive intramolecular interactions between the CH-Ac and the CSH3 

with the catalytic DH-PH-ZF core (Fig. 3). These interdomain interactions occlude the 

GTPase binding site and, at the same time, favor a conformation of the DH-PH-ZF 

cassette that is not compatible with full catalytic efficiency [21, 23, 24, 27-29]. Many 

adaptor–like functions of Vav proteins are also subjected to this type of regulation, 

indicating that those interdomain interactions also contribute to the occlusion of 

noncatalytic effector sites of the molecule. By contrast, the suppressor activity of Vav1 

that contributes to the buffering of Notch1 signaling can be fully engaged by both the 

phosphorylated and nonphosphorylated versions of the protein [20].!In stimulated cells, 

Vav proteins acquire an “open”, biologically active state upon becoming phosphorylated 

on several tyrosine residues located in the Ac (Tyr142, Tyr160, Tyr174), ZF (Tyr541, Tyr544), 

and CSH3 (Tyr836) domains (please note that the amino acid numbers are given 

considering those present in the primary sequence of mouse Vav1) [21, 23, 24, 27-30] 

(Fig. 3). It is not currently known whether the CH-Ac and CSH3 regions fully detach 
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from the rest of the domains of the molecule during this activation step or whether they 

remain in contact with other domains using a different spatial orientation. However, 

functional data obtained using several Vav1 point mutants suggest that the CH-Ac region 

has to remain bound to other parts of the molecule in order to promote the optimal 

stimulation of the NFAT pathway in T lymphocytes [31]. In line with this, electron 

microscopy experiments also suggest that the Vav1 CSH3 maintains interdomain 

contacts with the catalytic core in the “open” conformation of the protein [21]. It is likely 

that the foregoing conformational changes are used in additional regulatory steps. For 

example, the recent use of phosphosite mutant proteins revealed that Vav1 can engage 

different downstream signaling branches depending on the total number of phosphosites 

that are phosphorylated at a given time [31]. This suggests that Vav proteins can 

fluctuate between different conformational and signaling states during cell signaling. 

This phosphorylation step is mediated by transmembrane and/or cytosolic protein 

tyrosine kinases depending on the cell type involved. In the former case, Vav proteins 

interact directly through its SH2 domain with the autophosphorylated cytoplasmic tails of 

the tyrosine kinases [32, 33]. However, in the case of cytoplasmic kinases, the process is 

more complex and involves the interaction of Vav proteins with transmembrane 

coreceptors or cytosolic adaptor molecules that can be docked onto phosphorylated 

proteins located at the plasma membrane. These interactions can be SH2-dependent or 

independent [31, 34-46].  

 

1.4.2 Subcellular localization 

Optimal signaling requires an appropriate localization of the protein. This is important 

not only for their phosphorylation but also for the engagement of downstream effectors. 

In most cell types analyzed, Vav proteins are mainly found in the cytoplasm and must 

translocate to the plasma membrane upon stimulation to fulfill their function [22, 27, 46-

49]. 

Several studies have also reported the presence of Vav1 in the nucleus, being its 

translocation dependent on a nuclear localization signal present in the PH region, the 

binding of uncharacterized cytoplasmic sequestering factors to the CSH3 and possibly 

nucleus–specific arginine methylation events [50, 51]. However, the mechanism that 

elicits this translocation step and subsequent activity of Vav1 in the nucleus remains 

obscure as yet. 
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1.4.3 Phosphoinositides 

Early studies suggested that diacylglycerol (DAG) and phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) could activate Vav proteins through their interaction with the ZF and 

the PH domains, respectively [52, 53]. However, such possibility is in conflict with the 

known inability of those domains to directly bind those second messengers [54-56]. 

Consistent with this, it has been shown that these Vav domains do not undergo the 

expected DAG– and PIP3–dependent changes in subcellular localization when expressed 

in cells [54, 55]. Later evidences also indicate that Vav proteins act upstream rather than 

downstream of both PLCγ and phosphoinositide 3–kinase (PI3K) family proteins [57-60], 

further invalidating those two regulatory models. 

 

1.4.4 Acetylation and other posttranslational modifications 

Vav proteins may undergo other posttranslational modifications whose relevance for the 

activity of these GEFs remains mostly undetermined. Negative regulation of Vav1 by 

Cbl family proteins–dependent ubiquitination has been proposed by different studies [61-

64] and a small nuclear pool of Vav1 has been shown to be arginine–methylated under 

anti-CD28 stimulation of the T cell antigen receptor (TCR) in T cells [51, 65].  

Vav proteins have also been recurrently identified in high throughput acetylome 

analyses in different cell types [66-70]. However, the role of acetylation, if any, on the 

regulation of these proteins has not yet been addressed.  The study of the functional 

relevance of this posttranslational modification is one of the goals of this thesis. 

 

1.5 Physiological and pathological roles in mammals 

No information is available regarding the role of Vav proteins in non–mammalian 

vertebrate species. In mammals, most of the genetic evidence regarding the role of Vav 

proteins has been gathered in mice. Despite sharing the same structure, Vav proteins 

display overlapping but not redundant functions. They also exhibit different tissular 

expression patterns. In mammals, Vav1 is primarily detected in hematopoietic cells 

whereas Vav2 and Vav3 are nearly ubiquitously expressed. They known roles include 

physiological functions within the immune, the central nervous and the cardiovascular 

systems as well as in other pathological states such as tumorigenesis [12]. 
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1.5.1. Hematopoiesis 

In mammals, the deletion of Vav1 leads to severe defects in lymphocytes. In T cells, 

Vav1 plays an important role in development, maturation, selection and signaling 

downstream of the TCR [12, 71-76]. Due to this, Vav1 knockout mice are lymphopenic 

and defective for several TCR–mediated immune responses [12]. More recent results 

indicate that Vav1 is also important for the homeostatic production of regulatory T cells 

[77]. Moreover, the use of knock-in mice expressing Vav1R63W, a natural variant that 

harbors a CH domain that lacks adaptor functions [78], has revealed that the adaptor 

functions of this protein can also contribute to the intrathymic negative selection of 

thymocytes and the production of regulatory T cells [79, 80]. In B cells, however, this 

protein collaborates in B cell receptor (BCR) signaling and antigen presentation in a 

non–essential manner [72, 81]. Milder defects have also been observed in other 

hematopoietic cell types [12]. The other members of the family are also important in the 

hematopoietic system and reveal a certain grade of redundancy with Vav1 [82]. Vav2 is 

important for the generation of the peritoneal B1 cells and the stimulation of optimal 

humoral immune responses [83]. It also collaborates in T cell responses [84]. Vav3, apart 

from cooperating with Vav1 and Vav2 in T cell signaling, is important for the normal 

activity of osteoclasts and the regulation of antifungal innate immunity [82, 85-87]. 

 

1.5.2. Central nervous system 

Several studies have shown that Vav2 and Vav3 play redundant and non–redundant roles 

in the nervous system. Both proteins contribute to neurite outgrowth and branching 

together with axon guidance in early developmental stages [47, 88-90]. Although 

dispensable for basal dendritic spine formation, both are also needed for spine 

enlargement in the hippocampus [89, 91]. Vav3 is also involved in a variety of cerebellar 

functions such as Purkinje cell dendritogenesis, survival and migration of granule cells, 

and the formation of the cerebellar intercrural fissure during the perinatal period. This 

leads to motor coordination and gaiting defects in early postnatal periods when Vav3 is 

genetically inactivated in mice [92]. Vav3 also controls the migration of axons of 

GABAergic neurons from the caudal to the rostral region of the ventrolateral medulla 

[93], a brainstem center that controls sympathetic, respiratory, heart, cardiovascular, and 

renal activities [94]. When Vav3 is absent, this GABAergic wiring is not properly 

established, leading to the loss of the tonic inhibition exerted by the ventral over the 
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rostral area of the ventrolateral medulla, and the development of multiple sympathetic-

dependent physiological defects in mice [93, 95-97]. Further functions of Vav3 inside the 

nervous system include the blockage of the differentiation of oligodendrocyte precursors 

and the promotion of myelination processes during both development and injury 

recovery [98]. Additional known functions of Vav2 include the negative regulation of the 

cell surface expression and activity of the dopamine transporter in limbic dopaminergic 

neuron terminals. An important manifestation of this function is the diminished 

behavioral response of Vav2–/– mice to the administration of cocaine [99]. 

 

1.5.3. Cardiovascular system 

Mouse models have shown that Vav2 and Vav3 play roles in cardiovascular homeostasis. 

The depletion of any of these proteins in mouse models leads to a similar phenotype 

characterized by cardiovascular remodeling, thickening of the aorta walls, hypertension 

and tachycardia, although the mechanisms involved are different [95, 100]. In the case of 

Vav2–/– mice, the underlying cause are defects in the nitric oxide–mediated relaxation of 

blood vessels in vascular smooth muscle cells [101, 102]. The depletion of Vav3, 

however, causes chronic sympathoexcitation due to the loss of inhibitory signals in the 

ventrolateral medulla that leads, apart from the cardiovascular symptoms, to the 

development of metabolic syndrome [93, 96, 97].  

 

1.5.4. Other phenotypes 

Single nucleotide polymorphisms (SNPs) upregulating VAV1 expression have been 

linked to autoimmune encephalomyelitis and multiple sclerosis [103]. Vav2 and Vav3 

are also important for the optical nerves, leading its absence to a glaucoma–like 

phenotype [104]. Genomic studies have also unveiled VAV2 SNPs associated to total 

anomalous pulmonary venous connection [105]. VAV3 SNPs have been linked to 

schizophrenia, hypothyroidism and susceptibility to candidemia [87, 106-109].  

 

1.5.5. Tumorigenesis 

Vav proteins have been linked to tumorigenesis since the moment of their discovery, 

when an artifactual N–terminal truncated version of Vav1 with transforming properties 
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was isolated during a focus formation assay used for the identification of novel 

oncogenes [71].  

Due to their role as Rho activators and cytoskeleton regulators, their activity has 

been associated to cancer cell survival, proliferation, migration, invasion and 

angiogenesis [12]. Vav1 is ectopically expressed in a subset of neuroblastomas, 

medulloblastomas, pancreatic duct adenoarcinomas, breast cancer and lung cancer, where 

it can also be mutated [64, 110-115]. Vav2 and Vav3 are both required for breast 

tumorigenesis as well as for the initiation and promotion phases of skin tumors [116-118]. 

High expression of Vav3 is also linked to bad prognosis in prostatic tumors [119, 120]. 

In the hematopoietic system, Vav1 gain–of–function mutations and translocations have 

been found in human leukemias and lymphomas [121-124]. Vav1 and Vav3 are 

important effectors in p190-BCR-ABL–expressing acute lymphoblastic leukemias and 

Vav1 is also involved in the fitness of c-Kit–driven myeloid leukemias [125-127]. 

Unexpectedly, it has been recently demonstrated that Vav1 can also exert a tumor 

suppressor role in TLX+ leukemias [20]. 
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2. METABOLIC REGULATION 

The maintenance of energy balance is essential for life. It is determined by the ratio 

between energy intake (provided by food) and energy expenditure (which depends on 

basal metabolic rate, adaptive thermogenesis and physical activity) [128]. All the 

organisms need a systemic regulation of energy able to face alterations in any of those 

two sides of the scale to preserve metabolic homeostasis. In mammals, such a 

homeostasis requires the coordinated work of several organs interconnected by endocrine 

and neural signals (Fig. 5). The feeding behavior and energy expenditure are under the 

control of the hypothalamus and the brainstem, which integrate the signals received from!
Figure)5)

))

 

Figure 4. Players involved in metabolic homeostasis. The main anabolic and catabolic pathways 
occurring in each organ are indicated in red and blue letters respectively. FGF21, fibroblast growth factor 
21; Il-6, interleukin 6; NRG4, neuregulin 4; Il-15, interleukin 15; LIF, leukemia inhibitory factor; IGF-1, 
insulin-like growth factor 1; bFGF, basic fibroblast growth factor; TNFα, tumor necrosis factor alpha; 
GLP-1, glucagon-like peptide 1; PYY, peptide YY; CCK, cholecystokinin. Anabolic and catabolic 
pathways are indicated in red and blue, respectively. Modified from (130). 
  
!
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the peripheral tissues and respond via efferent neurons or endocrine signals (Fig. 5) [129]. 

The stomach, digestive tract and the associated microbiota, can also communicate with 

other organs through the secretion of hormones such as ghrelin, glucose–like peptide 1 

and other metabolites (Fig. 5) [130]. The pancreas releases insulin or glucagon when 

blood levels are high or low, respectively. In turn, it can induce different responses in 

other organs such as the liver, the adipose tissue and the muscle [131] (Fig. 5). Liver is 

mainly in charge of carbohydrate metabolism and glycogen storage. White and brown 

adipose tissues (WAT and BAT, respectively) are the main players of lipid metabolism, 

being their main function fat storage and thermogenesis, respectively [131]. Muscle 

expends energy through physical activity, accounting for around the 80% of glucose 

disposal [132]. All these organs can at the same time produce hormone-like substances 

called hepatokines (in the case of liver), adipokines (in the case of WAT), batokines (in 

the case of BAT) and myokines (in the case of muscle) that can act in both autocrine and 

paracrine manner (Fig. 5) [133, 134]. On top of that, inflammatory factors and adrenal 

hormones (glucocorticoids and catecholamines) can also modulate metabolism [135]. 

Deregulation of any of these processes, causes energy imbalance and the subsequent 

development of metabolic disorders such as obesity, metabolic syndrome and diabetes 

[131, 135]. 

 

2.1 Insulin signaling and diabetes 

Insulin is the main controller of energy homeostasis in the human body. As the main 

anabolic hormone, dysfunctions in its pathway lead to defects in carbohydrate, lipid and 

protein metabolism [136]. Independently of the target organ, insulin released from the 

pancreas is recognized by the insulin receptor (IR). This tyrosine kinase receptor, in turn, 

phosphorylates the insulin receptor substrate (IRS). IRS triggers the stimulation of PI3K, 

leading to the production of PIP3 from phosphatidylinositol-4,5-bisphosphate (PIP2). Akt, 

a serine/threonine kinase that modulates cell growth and metabolism, is then recruited to 

the plasma membrane and activated through phosphorylation. Akt inhibits via 

phosphorylation the activity of tuberin (TSC2), the forkhead (FoxO) family of 

transcriptional factors, and glycogen synthase kinase 3 (GSK3). The inhibition of TSC2 

unleashes mTOR activity that, in turn, promotes protein synthesis, metabolic programs, 

and cell growth. The inhibition of FoxO favors the expression of genes involved in cell 

metabolism, survival, and cycle progression. The inhibition of GSK3 leads to the 
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stimulation of glycogen synthase (GS) activity, thus favoring the transient storage of 

glucose as glycogen. Akt also contributes to glucose uptake by promoting the 

translocation to the plasma membrane of the glucose transporter GLUT2 (in the case of 

liver) or GLUT4 (in the case of adipose tissue and muscle) (Fig. 6) [136, 137].  
Figure)6)

 

 

!

2.2 Skeletal muscle in glucose homeostasis   

In addition to its intrinsic mechanical functions, skeletal muscle is responsible for ≈80% 

of the insulin-stimulated whole-body glucose uptake and clearance under normal 

physiological conditions [138, 139]. It also influences the metabolic status of other 

tissues such as WAT and BAT via the secretion of a large number of growth factors and 

hormones [138, 140, 141]. As a result, the improper function of this tissue can trigger the 

development of metabolic disorders such as type 2 diabetes and metabolic syndrome 

 

Figure 6. Insulin signaling pathway in skeletal muscle cells. IR, insulin receptor; MEK1/2, MAPK 
(mitogen-activated protein kinase)/ERK (extracellular signal-regulated kinase) kinase 1/2; ERK, 
extracellular signal-regulated kinase; PDK1, pyruvate dehydrogenase kinase 1; mTORC2, mammalian 
target of rapamycin complex 2; mTORC1, mammalian target of rapamycin complex 1; 4EBP1, 4E 
binding protein-1; S6K, p70 ribosomal protein S6 kinase; AS160, Akt substrate of 160 kDa; FOXO1, 
forkhead box protein O1; PEPCK, phosphoenolpyruvate carboxykinase. Other abbreviations have been 
described in the main text. 
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[138, 139]. Given the extent of the contribution of this organ to glucose metabolism, the 

amount of muscle mass is also an important factor for metabolic homeostasis, as it has 

been demonstrated both in mice and humans [132, 142-144].  

 

2.3 Rho GTPases in the regulation of glucose homeostasis 

Rho GTPases have been implicated in glucose-stimulated insulin secretion and glucose 

uptake in both skeletal muscle and adipose tissue. Different studies in cells, rat and 

human islets have identified key roles for Rho, Rac1 and Cdc42 in pancreatic β–cells 

inducing cytoskeletal changes to promote the exocytosis of insulin granules [145]. It is 

also well established that Rac1 is necessary in skeletal muscle for Glut4 translocation to 

the plasma membrane upon the stimuli of insulin or contraction.  In agreement with this, 

a recent study has even shown that type 2 diabetic patients exhibit lower Rac1 activation 

levels [146-150]. It is largely unknown how Rac1 is activated by insulin and there are 

discrepancies regarding the involvement of PI3K in the process [147, 151-154]. In 

adipose tissue, the GTPase TC10 is involved in the actin reorganization events needed 

for the translocation of GLUT4 to the plasma membrane [155]. Rho-kinase 1, a 

downstream effector of RhoA, has also been implicated in the positive regulation of 

insulin signaling in adipocytes and muscle cells through the serine phosphorylation of 

IRS–1 both in vitro and in vivo [156-158]. However, these results are controversial since 

adipose specific Rock1 deletion in mice causes enhanced insulin sensitivity. In addition, 

muscle–specific knock–in mice expressing a constitutively active version of Rock1 are 

insulin resistant [159, 160].  
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3. MUSCLE GROWTH AND PROTEOSTASIS 

The regulation of muscle mass and fiber size during postnatal development reflects the 

protein turnover dynamics. Muscle hypertrophy occurs when the overall rates of protein 

synthesis exceed the rates of protein degradation. The opposite phenomenon applies in 

the case of muscle atrophy [161]. Moreover, in developing muscles the resident muscle 

stem cells undergo extensive proliferation, differentiation and fusion with the existent 

myofibers to increase the size of the muscle. Although at lower levels, this process can 

also be stimulated in adult skeletal muscle by specific stimuli, especially upon 

regenerative demands [161]. Several studies have shown that both processes contribute to 

muscle growth in vivo. However, the extent of the contribution of adult myogenesis to 

muscle mass alterations is still controversial [161-163]. 

 

3.1. Muscle mass and hypertrophy 

The development and growth of the skeletal muscle is under the regulation of the insulin 

growth factor-1 (IGF-1) and, to a lesser extent insulin [136, 164-166]. The signaling 

pathway of the former is very similar to the explained for the latter (see Fig. 6). IGF-1 is 

recognized by the IGF-1 receptor promoting the recruitment and phosphorylation of IRS. 

As in the case of insulin, IRS triggers the stimulation of the PI3K-Akt pathway. The 

activation of this pathway modulates cell growth, differentiation, cell survival and 

protein synthesis [167]. In addition, IGF-1–mediated Foxo3 inhibition leads to the 

silencing of genes encoding E3 ubiquitin ligases, thus preventing the loss of muscle mass 

[168]. Skeletal muscle mass is controlled by additional mechanisms, such as the TGFβ 

family member myostatin [162, 164]. Extensive genetic data indicate that tampering with 

many of the above signaling elements cause muscle atrophy, insulin resistance, type 2 

diabetes, and metabolic syndrome in the case of loss-of-function events. Conversely, 

gain-of-function changes in IGF-1 pathway elements, including IGF-1 itself, lead to 

muscle hypertrophy and protection against high fat diet (HFD)–triggered metabolic 

pathologies [132, 169, 170]. The same metabolic phenotype is observed when the muscle 

hypertrophy is triggered via inhibition of myostatin [132, 142, 171, 172]. 
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3.2. Adult myogenesis 

Adult muscle stem cells, also referred to as satellite cells, play a central role in the 

growth and regeneration of skeletal muscle. In vertebrates, these cells are located in a 

niche between the basal lamina and the sarcolemma [163]. Although mitotically 

quiescent, these cells can become activated upon stimulation by physical trauma or 

growth signals [163, 173]. After their activation, satellite cells enlarge their cytoplasm 

and re–start the cell cycle. They proliferate and undergo symmetric and asymmetric 

divisions to both renew the stem cell pool and give rise to intermediate cells committed 

to terminal differentiation, respectively. These cells, known as myoblasts, differentiate 

into myocytes that fuse to form the multinucleated myotubes that compose the myofibrils 

[173] (Fig. 7).  
Figure)7)

 

 
The process of muscle differentiation is regulated by a number of transcription 

factors that are hierarchically activated along the differentiation process [174]. After the 

Figure 7. Muscle stem cells activation and differentiation processes. After a positive stimulus 
quiescent satellite cells become activated and lose the expression of the stem cell marker CD34. 
Activated satellite cells start to proliferate undergoing symmetric and asymmetric divisions to restore the 
stem cell pool and give rise to a proliferative population of myoblasts characterized by the expression of 
specific determination markers that trigger the differentiation process. The more mature cells named 
myocytes will fuse to form the myotubes which further elongate and mature into myofibers containing 
highly organized myofibrils. 
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MyoD–mediated transition to myocytes, the process of fusion into multinucleated 

myotubes is regulated by the late differentiation factors myogenic regulatory factor 4 and 

myogenin [174]. During the step of terminal differentiation, the myotubes activate the 

expression of specific myosin heavy chains (MHCs) that will define the type of muscle 

fiber and determine physiological characteristics such as the ATPase activity, 

contractibility and endurance (Fig. 7) [174].  

 

3.3. Rho GTPases in myogenesis 

Previous studies have shown that Rho GTPases play stepwise roles in skeletal 

myogenesis, although is not clear how their activation is controlled along this process. 

RhoA is necessary for the initial induction of the myogenic program, but its activity must 

be blocked for the fusion to take place [175-179]. By contrast, Rac1, Cdc42 and their 

effector proteins Pak1 and Pak3 are required for myoblast fusion, a differentiation step 

were extensive cytoskeletal rearrangements take place [180-184]. Previous studies have 

shown that a number of Rho GEFs intervene in the activation of Rac1 during the fusion 

step, namely Dock1, Dock5 and Trio. Dock1 is essential for primary myogenesis and 

myoblast fusion, being Dock5 nonessential and functionally redundant with the former 

[185-188]. Trio is activated by a M-Cadherin–dependent mechanism during the fusion 

step, but the myogenic defects in Trio–/– mice are different and less severe than the 

observed in Dock1 knockout animals, suggesting that the Trio is only required during 

secondary fusion [180, 185, 189]. 
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1. To characterize the role of the lysine rich region in Vav1 signaling 

output. 

2. To elucidate the role of lysine acetylation in the regulation of Vav1 

activity. 

3. To evaluate the involvement of Vav2 catalysis-dependent pathways 

in metabolic homeostasis. 
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1. METHODS USED IN CHAPTERS 1 AND 2 

1.1 Mammalian expression vectors 

All the Vav family constructs used in this work encode versions of the murine species 

and were DNA sequence–verified in our Genomics Facility. Plasmids expressing 

Vav1WT (pJLZ52), Vav1Δ1–186 (pMJC10), Vav1Y174E! (pMB123), EGFP–Vav1WT 

(pSRM3), EGFP–Vav1Δ1–186 (pNM108), EGFP–Vav1Δ835–845 (pMB6), and His–tagged 

Vav2WT (pAO1) were previously described [21,!23,!27,!28,!31,!190]. The pNFAT–Luc, 

the pSRE–luc and the pC.HA Vav3 (Vav3WT) plasmids were obtained from Addgene, the 

pFR–Luc and pFA2–cJun plasmids from Stratagene (now, Agilent Technologies), and 

the pRL–SV40 plasmid from Promega. The plasmids encoding the pmRFP (pmRFP–

Ruby–Lifeact) and the two IpgD versions (pRK5–Myc–IpgD and pRK5–Myc–IpgD–

C438S) were obtained from M.A. del Pozo (Centro Nacional de Investigaciones 

Cardiovasculares, Madrid, Spain) and B. Payrastre (INSERM U1048, Toulouse, France), 

respectively.  

The rest of the plasmids encoding Vav1 mutant proteins were generated in this 

work by site–directed mutagenesis using the high–fidelity NZYProof DNA polymerase 

(Cat. #14601, NZYTech) and the appropriate combination of mutation–bearing 

oligonucleotides (Table 1). The generation of the plasmids encoding the Vav1 KR1Mut 

(pSRF10) and KR2Mut (pSRF9) mutants required a two–step site–directed mutagenesis 

strategy. In the first step, we deleted (in the case of KR1Mut) or inserted (in the case of 

KR1Mut) a single nucleotide before the first codon of the nucleotide sequence that we 

want to mutate. The second mutagenesis step involved the insertion (in the case of 

KR1Mut) and deletion (in the case of KR1Mut) of a nucleotide to recover the reading frame 

at the end of the region that was mutated. In all these cases, the pJLZ52 plasmid was 

used as first DNA template for the PCR reaction. The plasmids encoding Vav1 Δ835–

845+KR1Mut (pSRF79) and Vav1 Δ835–845+KR2Mut (pSRF37) were generated as above 

using the pSRF49 plasmid as template. The vectors encoding Vav1 Δ1–186+KR1Mut 

(pSRF23) and Vav1 Δ1–186+KR2Mut were generated as above using the pMJC10 

plasmid as template. The expression vectors encoding Vav1Δ835–845 (pSRF49), Vav1E591K 

(pSRF41), Vav1E598K (pSRF40) and Vav1G691V (pSRF46) were generated using the 

oligonucleotides shown in Table 1 and the pJLZ52 plasmid as template. The vectors 

encoding Vav1E591K+E5988K (pSRF88) and Vav13xEK (pSRF97) were generated using the 

indicated nucleotides (Table 1) and the plasmids pSRF41 and pSRF88 as templates, 
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respectively. 

To generate the plasmids encoding EGFP–tagged Vav1 KRMut, the vectors 

pSRF10 and pSRF9 were digested with KpnI and EcoRI to liberate a fragment of the 

mouse Vav1 cDNA encoding the KR region. Upon purification, the cDNA fragment was 

ligated into the appropriate Vav1–encoding expression vector that was previously 

linearized with KpnI and EcoRI. Specifically, the KpnI–EcoRI fragments used to 

generate the EGFP–Vav1 KR1Mut (pSRF20) and EGFP–Vav1 KR2Mut (pSRF17) 

encoding vectors were liberated from the pSRM3 plasmid, those for the EGFP–Vav1 

Δ1–186+KR1Mut (pSRF21) and EGFP–Vav1 Δ1–186+KR2Mut (pSRF18) from pNM108, 

and those for EGFP–Vav1 Δ835–845+KR1Mut (pSRF22) and EGFP–Vav1 Δ835–

845+KR2Mut (pSRF19) from pMB6. 

For the generation of the plasmid encoding the His–tagged Vav2+KRVav1 chimera, 

we used a synthetic double stranded DNA flanked by KpnI and XbaI sites (Cat. 

16AB33NC_1918158, Thermo Fisher Scientific) that encoded an altered version of Vav2 

in which its amino acids 572 to 588 were replaced by the Vav1 sequence encoding the 

amino acid sequence between the 564 and the 604 residues. The sequence was then 

cloned into the KpnI–XbaI–linearized pAO1 plasmid that encoded the full–length Vav2 

protein. 

The plasmid encoding Vav1CAAX (pSRF93) was obtained in two mutagenic steps. 

The first one involved an inverse PCR using pJLZ52 as template and the primers shown 

in Table 1 to introduce the most C–terminal sequence (CVLS) of the H–Ras CAAX box. 

In the second step, the nucleotides encoding the sequence most H–Ras amino acids 

located N–terminally to the CVLS box (CMSCK) were inserted via a site–directed 

insertional mutagenesis approach using the former plasmid as template and the second 

pair of primers indicated in Table 1. The plasmids encoding Vav1 KR1Mut+CAAX 

(pSRF98) and Vav1G691V+CAAX (pSRF96) were obtained by site–directed mutagenesis 

using the pSRF93 as template and the indicated primers (Table 1). 

The rest of the plasmids encoding Vav1 mutant proteins were generated in! this!

work by site–directed mutagenesis using the combination of mutation–bearing primers 

indicated in the Table 2. The plasmids pJLZ52, pSRF49, pMJC10 and pSRF93 were 

used as templates in the case of plasmids encoding mutant versions of Vav1, pAO1 in the 

case of Vav2 and pC.HA Vav3 in the case of Vav3. 
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TABLE 1. Sequence of oligonucleotides used in this study 

Mutant) DNA)sequence)of)primer)

KR1Mut!

F1*! 5’–!CAAGATTTCGCAGGAACCAT(G)GAAGAAGGACAAGCTCCATC!–3’!

R1! 5’–!GATGGAGCTTGTCCTTCTTC(C)ATGGTTCCTGCGAAATCTTG!–3’!

F2! 5’–!GGACAAGCTCCATCG–AGGGCCCAGGACAAG!–3’!

R2! 5’–!CTTGTCCTGGGCCCT–CGATGGAGCTTGTCC!–3’!

KR2Mut!

F1! 5’–!CATCGAAGGGCCCAGGAC–AGAAAAGGAATGAATTGGG!–3’!

R1! 5’–!CCCAATTCATTCCTTTTCT–GTCCTGGGCCCTTCGATG!–3’!

F2! 5’–!TCTGCCTAAGATGGAAGTGTTT(T)CAGGAATACTATGGGATCCCTC!–3’!

R2! 5’–!GAGGGATCCCATAGTATTCCTG(A)AAACACTTCCATCTTAGGCAGA!–3’!

CAAX!

F1! 5’–!GCCTGGTGCCCTGTAGGACACAGCGAG!–3’!

R1! 5’–![p]–GCTCTAGATCAGGAGAGGACGCAGCAATATTCGGAATAGTCTTCC!–3’!

F2!
5’–!GGAAGACTATTCCGAATATTGCTGTATGTCATGTAAGTGCGTCCTCTCCTG!

ATCTAGAGC!–3’!

R2!
5’–!GCTCTAGATCAGGAGAGGACGCACTTACATGACATACAGCAATATTCGGA!

ATAGTCTTCC!–3’!

Δ835–

845!

F! 5’–!CCCTTCTAACTAAGTGGAGGAAGAC!–3’!

R! 5’–!GTCTTCCTCCACTTAGTTAGAAGGG!–3’!

D578K!
F! 5’–!CGCAGGAACCATGAAGAAGAAAAAGCTCCATCGAAGGGCCC!–3’!

R! 5’–!GGGCCCTTCGATGGAGCTTTTTCTTCTTCATGGTTCCTGCG!–3’!

E591K!
F! 5’–!CCCAGGACAAGAAAAGGAATAAATTGGGTCTGCCTAAGATG!–3’!

R! 5’–!CATCTTAGGCAGACCCAATTTATTCCTTTTCTTGTCCTGGG!–3’!

E598K!
F! 5’–!GGGTCTGCCTAAGATGAAAGTGTTTCAGGAATAC!–3’!

R! 5’–!GTATTCCTGAAACACTTTCATCTTAGGCAGACCC!–3’!

G691V!
F! 5’–!CCAACCGTTCTGATGTGACCTATCTGGTGCG!–3’!

R! 5’–!CGCACCAGATAGGTCACATCAGAACGGTTGG!–3’!

MBP–C1!
F! 5’–!GCAGGAACCATGTAGAAGGACAAGC!–3’!

R! 5’–!GCTTGTCCTTCTACATGGTTCCTGC!–3’!

MBP–KR!
F! 5’–!CCTATAGATCTGGTCGCCATGGGCAAGATTTCGC!–3’!

R! 5’–!GGAGGAGGGATCCCATAGTATTCC!–3’!

PHMut!

(R422A)!
F! 5’–!CGCTCAAAGACAGACGCGTATGCCTTCCTGCTG!–3’!

R! 5’–!CAGCAGGAAGGCATACGCGTCTGTCTTTGAGCG!–3’!

C1Mut!

(L536G)!

F! 5’–!AGGGCCTGCCAGATGTTAGGCAGAGGCACATTCTACCAG!–3’!

R! 5’–!CTGGTAGAATGTGCCTCTGCCTAACATCTGGCAGGCCCT!–3’!
!

*F, forward primer (in the case of a two–step mutagenesis protocol, the primers are referred to as 
F1 and F2 for the first and second step, respectively); R, reverse primer (in the case of a two–step 
mutagenesis protocol, the primers are referred to as R1 and R2 for the first and second step, 
respectively); [p]–, phosphorylated primer. Nucleotides used for the generation of the indicated 
mutations are shown in red. Nucleotides that have been inserted or deleted in the WT sequence 
are indicated in red parenthesis and with a red line, respectively. 
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TABLE 2. Sequence of oligonucleotides used in the acetylation study (continues in next page)!

Mutant) DNA)sequence)of)primer)

Vav1K194R!
F*! 5’–!CAGAGTATGATAGGCGCTGCTGCTG!–3’!

R! 5’–!CAGCAGCAGCGCCTATCATACTCTG!–3’!

Vav1K194Q!
F! 5’–!GACAGAGTATGATCAGCGCTGCTGCTG!–3’!

R! 5’–!CAGCAGCAGCGCTGATCATACTCTGTC!–3’ 

Vav1K222R!
F! 5’–!CAGCAGCACTTCATGAGGCCTCTGCAGCTATTC!–3’!

R! 5’–!GAATCGCTGCAGAGGCCTCATGAAGTGCTGCTG–3’!

Vav1K222Q!
F! 5’–!CAGCACTTCATGCAGCCTCTGCAGC!–3’!

R! 5’–!GCTGCAGAGGCTGCATGAAGTGCTG!–3’!

Vav1K252R!
F! 5’–!GCATACCCACTTCTTAAGGGAACTGAAGGATGCCC!–3’!

R! 5’–!GGGCATCCTTCAGTTCCCTTAAGAAGTGGGTATGC–3’!

Vav1K252Q!
F! 5’–!GCATACCCACTTCTTACAGGAACTGAAGGATGC!–3’!

R! 5’–!GCATCCTTCAGTTCCTGTAAGAAGTGGGTATGC!–3’!

Vav1K335R!
F! 5’–!ATGCAGCGGGTGCTGAGGTACCACCTCCTTCTC!–3’!

R! 5’–!GAGAAGGAGGTGGTACCTCAGCACCCGCTGCAT–3’!

Vav1K335Q!
F! 5’–!CCTATGCAGCGGGTGCTGCAGTACCACCTCCTTCTCC!–3’!

R! 5’–!GGAGAAGGAGGTGGTACTGCAGCACCCGCTGCATAGG!–3’!

Vav1K374R!
F! 5’–!TGCGTGAACGAGGTCAGGAGGGACAATGAAACC–3’!

R! 5’–!GGTTTCATTGTCCCTCCTGACCTCGTTCACGCA!–3’!

Vav1K374Q!
F! 5’–!GTGCGTGAACGAGGTCCAGAGGGACAATGAAAC!–3’!

R! 5’–!GTTTCATTGTCCCTCTGGACCTCGTTCACGCAC!–3’!

Vav1K587R!
F! 5’– GGCCCAGGACAGGAAAAGGAATG!–3’!
R! 5’–!CATTCCTTTTCCTGTCCTGGGCC!–3’!

Vav1K587Q!
F! 5’–!GGGCCCAGGACCAGAAAAGGAATG!–3’!

R! 5’–!CATTCCTTTTCTGGTCCTGGGCCC!–3’!

Vav1K588R!
F! 5’–!GGCCCAGGACAAGAGAAGGAATGAATTGG!–3’!

R! 5’–!CCAATTCATTCCTTCTCTTGTCCTGGGCC!–3’!

Vav1K588Q!
F! 5’–!GGGCCCAGGACAAGCAAAGGAATGAATTG!–3’!

R! 5’–!CAATTCATTCCTTTGCTTGTCCTGGGCCC!–3’!

Vav1K716R!
F! 5’–!CAGCATTAAGTATAACGTGGAGGTCAGGCATATTAAAATCATGACGTCAGA!–3’!

R! 5’–!CCTCTGACGTCATGATTTTAATATGCCTGACCTCCACGTTATACTTAATGC–3’!

Vav1K716Q!
F! 5’–!CATTAAGTATAACGTGGAGGTCCAGCATATTAAAATCATGACGTC!–3’!

R! 5’–!GACGTCATGATTTTAATATGCTGGACCTCCACGTTATACTTAATG!–3’!

Vav1K782R!
F! 5’–!CAGCTGGAAGCACCAGGTATTTTGGCACTGC!–3’!

R! 5’–!GCAGTGCCAAAATACCTGGTGCTTCCAGCTG!–3’!

Vav1K782Q!
F! 5’–!CCAGCTGGAAGCACCCAGTATTTTGGCACTG!–3’!

R! 5’–!CAGTGCCAAAATACTGGGTGCTTCCAGCTGG!–3’!

Vav1K815R!
F! 5’–!GATCCTCAATAAGAGGGGACAGCAAGGC!–3’!

R! 5’–!GCCTTGCTGTCCCCTCTTATTGAGGATC!–3’!

Vav1K815Q!
F! 5’–!GATCCTCAATAAGCAGGGACAGCAAGG!–3’!

R! 5’–!CCTTGCTGTCCCTGCTTATTGAGGATC!–3’!

Vav2K718R!
F! 5’–!CAATGATGAGGTGAGACATATCAAGGTGG!–3’!

R! 5’–!CCACCTTGATATGTCTCACCTCATCATTG!–3’!

Vav2K718Q!
F! 5’–!GTTCAATGATGAGGTGCAACATATCAAGGTGG!–3’!

R! 5’–!CCACCTTGATATGTTGCACCTCATCATTGAAC!–3’!
!
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TABLE 2. Sequence of oligonucleotides used in the acetylation study (continuation from 
previous page) 

Mutant) DNA)sequence)of)primer)

Vav3K717R!
F! 5’–!GTACAATAATGAAGCAAGGCACATCAAGATTTTAAC!–3’!

R! 5’–!GTTAAAATCTTGATGTGCCTTGCTTCATTATTGTAC!–3’!

Vav3K717Q!
F! 5’–!CAATAATGAAGCACAGCACATCAAG!–3’!

R! 5’–!CTTGATGTGCTGTGCTTCATTATTG!–3’!

!
*F, forward primer; R, reverse primer. Nucleotides used for the generation of the indicated 
mutations are shown in red. 

 

1.2 Bacterial expression vectors 

The plasmids encoding MBP–Vav1 DH–PH–C1–KR (pXRB7), MBP–Vav1 PH (pJLZ2), 

MBP–Vav1 C1–KR (pXRB1), and MBP–Vav3 C1–KRL (pNM128) were described 

before [21, 27, 28]. The bacterial expression plasmid encoding the MBP–Vav1 C1 

(pSRF120) was obtained by introducing a stop codon after the residue 570 of Vav1 by 

site–directed mutagenesis using the primers indicated in Table 1 and the pXRB1 

template. To generate the plasmid encoding the MBP–Vav1 KR (SRF126), a Vav1 

cDNA fragment encoding the KR flanked by BglII and BamHI restriction sites was 

PCR–amplified from the pJLZ52 vector using the primers indicated in Table 1 and, upon 

purification, cloned into the BamHI–linearized pMAL–c vector (New England Biolabs). 

The plasmids encoding MBP–Vav1 C1–KR1Mut (pSRF149) and MBP–Vav1 C1–KR3xEK 

(pSRF148) were generated using the plasmid pXRB1 as template and the mutagenesis 

strategies described above for the generation of the analogous mutations in full–length 

Vav1. The same strategy was used to generate the vectors encoding MBP–Vav1 KR1Mut 

(pSRF137) and MBP–Vav1 KR3xEK (pSRF144) although, in this case, we utilized the 

pSRF126 plasmid as template. 

 

1.3 Immunological reagents 

The homemade polyclonal antibody to the Vav1 DH domain (Ref. 302–5), phosphoY174 

(Ref. 613), phosphoY280 (Ref. 595) and phosphoY836 (Ref. 622) were raised in rabbits 

and described elsewhere [21, 30, 31]. Other antibodies used in this study include those 

recognizing human CD3 (UCHT1 clone, Cat. #217570; Merk–Millipore), tubulin  α (Cat. 

#CP06; Calbiochem), polyhistidine (Cat. #H–1029; Sigma), chicken IgM (Cat. #8300–
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01; Southern Biotech), MBP (Cat. #M–6295; Sigma), GST (Cat. #G1160; Sigma), Vav1 

(D-7) (Cat. #sc-8039; Santa Cruz Biotechnology), phosphotyrosine (PY99) (Cat. #sc-

7020; Santa Cruz Biotechnology), acetyl-lysine (Cat. #AB3879; Chemicon), CD98 (Cat. 

#ab108300; Abcam), HA (Cat. #5017; Cell Signaling) and GAPDH (Cat. #sc-25778; 

Santa Cruz Biotechnology). Rhodamine–labeled phalloidin (Cat. #PHDR1) was obtained 

from Cytoskeleton. 

 

1.4 Phylogenetic and conservation analyses 

Amino acid sequences from Vav family proteins were obtained from the UniProt 

database (National Center for Biotechnology Information, Bethesda, MD) and aligned 

using the multiple sequence alignment by log–expectation algorithm [191, 192] in the 

Jalview software [193]. The PhyML software was used to build the phylogenetic trees 

based on the maximum–likelihood principle [194]. 

 

1.5 Calculation of the isoelectric point 

Isoelectric points were calculated using the ExPASy ProtParam (Swiss Institute of 

Bioinformatics). 

 

1.6 Cell culture and treatments 

Jurkat and Raji cells were obtained from the ATCC and grown in RPMI–1640 medium 

supplemented with 10% fetal calf serum, 1% L–glutamine, penicillin (10 µg/ml) and 

streptomycin (100 µg/ml). DT40 cells were obtained from the Riken Bioresource Center 

(Ibaraki, Japan) and grown in RPMI–1640 medium supplemented with 10% fetal calf 

serum, 1% chicken serum, 0.1 mM β–mercaptoethanol, 1% L–glutamine, penicillin (10 

µg/ml) and streptomycin (100 µg/ml). COS1 cells were grown in DMEM supplemented 

with 10% fetal calf serum, 1% L–glutamine, penicillin (10 µg/ml) and streptomycin (100 

µg/ml). All tissue culture reagents were obtained from Gibco. All cell lines were 

maintained at 37ºC and a 5% CO2 humidified atmosphere. When required, cells were 

stimulated for the indicated periods of time with antibodies to human CD3 (7.5 µg/mL), 

chicken IgM (5 µg/ml) and EGF (50 ng/mL, Cat. number E9644, Sigma; COS1 cells). In 

the latter case, cells were previously starved without serum for 3 hours. 
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1.7 Luciferase reporter assays  

Exponentially growing Jurkat (2 x 107 cells per condition) and DT40 cells (1 x 107 cells 

per condition) were electroporated (250V, 950 µF pulses) using a Gene Pulser II 

apparatus (Cat. #165–2106; BioRad). In the case of JNK assays, the cells were 

electroporated with the firefly luciferase reporter pFR–Luc (5 µg), pFA2–c–Jun (2 µg), a 

vector constitutively expressing the Renilla luciferase (pRL–SV40, 10 ng), and 20 µg of 

the indicated expression vector. When two experimental plasmids were introduced, 10 µg 

of each plasmid were electroporated in order to maintain constant the total amount of 

transfected plasmids. In the case of NF–AT assays, the cells were electroporated with 3 

µg of a luciferase reporter plasmid containing three NFAT binding sites (pNF–AT/luc), 

10 ng of pRL–SV40, and the indicated experimental plasmids as above. When required, 

empty plasmids were included in the electroporations to maintain constant the total 

amount of DNA introduced in cells among all the experimental samples. After 36 hours 

in complete medium, the electroporated cells were either left untreated or stimulated with 

the indicated antibodies for seven hours. Cells were then washed in serum–free media, 

lysed in Passive Lysis Buffer (Cat. #E1960; Promega), and the luciferase activity 

obtained in each condition recorded using the Dual–Luciferase Reporter System (Cat. 

#E1960; Promega) according to the supplier’s recommendations in a Lumat LB 9507 

luminometer (Berthold). The raw values obtained were normalized according to the 

activity of the Renilla luciferase recorded in each sample. Final values are represented as 

the fold–change of the normalized luciferase activity obtained when compared to the 

control sample. In the case of experiments using COS1 cells, we transfected 1 x 106 

exponentially growing cells with 1 µg of pSRE–luc, 1 ng of pRL–SV40, and 1 µg of the 

appropriate experimental vectors using Lipofectamine 2000 (Cat. #11668019; 

Invitrogen). Cells were cultured in complete medium for 36 hours, washed, lysed, and 

luciferase activities determined as indicated above. In all cases, the abundance of the 

ectopically expressed proteins under each experimental condition was verified by 

analyzing aliquots of the cell extracts used in the luciferase experiments by immunoblot. 

 

1.8 Western blotting 

Protein samples were denatured by boiling in SDS-PAGE Laemmli buffer, separated 

electrophoretically and transferred onto nitrocellulose filters using the iBlot Dry Blotting 
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System (Invitrogen) according the manufacturer’s protocol. Membranes were blocked in 

5% bovine serum albumin (Cat. #A4503; Sigma) in TBS-T (25 mM Tris–HCl [pH 8.0], 

150 mM NaCl, 0.1 % Tween–20) for 1 h and then incubated overnight at 4 ºC with the 

appropriate primary antibodies diluted in blocking buffer. After three washes with TBS-

T, the membrane was incubated with horseradish peroxidase-conjugated Protein A or the 

appropriate secondary antibody (1:5,000 dilution) for 45 min at room temperature. 

Immunoreacting bands were developed using a standard chemoluminescent method 

(ECL; Cat. #32106, Pierce). 

 

1.9 Immunofluorescence 

Liposome–transfected COS-1 cells (Lipofectamine 2000, Cat. #11668019; Invitrogen) 

were fixed in 4 % formaldehyde in a phosphate–buffered saline solution (PBS) for 15 

min, washed twice with PBS, permeabilized with 0.5 % Triton X–100 in TBS–T for 10 

min, washed three times with TBS–T, blocked in TBS–T supplemented with 2% bovine 

serum albumin (Cat. #A4503; Sigma) for 30 min, incubated with anti-Vav (DH) (1:400) 

for 2 hours, washed three times with TBS–T, incubated with Alexa Fluor 488-conjugated 

anti-rabbit IgG (1:400; Cat. #A-21206; Molecular Probes) for 50 minutes, washed three 

times with TBS–T, incubated with rhodamine–labeled phalloidin (Cat. #PHDR1; 

Cytoskeleton) diluted 1:200 in blocking solution for 20 min, washed three times in TBS–

T and finally mounted onto microscope slides using Mowiol (Cat. #9002–89–5; 

Calbiochem). Microscopic analysis was performed using a Leica DM 6000B 

fluorescence microscope and a Hamamatsu ORCA-ER C4742-80 camera (Hamamatsu, 

Hamamatsu, Japan). 

 

1.10 Confocal microscopy analyses 

Liposome–transfected COS1 cells were fixed in 4 % formaldehyde in a phosphate–

buffered saline solution (PBS) for 15 min, washed twice with PBS, permeabilized with 

0.5 % Triton X–100 (Cat. #T8787; Sigma) in TBS–T for 10 min, washed three times 

with TBS–T, blocked in TBS–T supplemented with 2 % bovine serum albumin for 30 

min, incubated with rhodamine–labeled phalloidin (diluted 1:200 in blocking solution) 

for 20 min, washed three times in TBS–T and, finally, stained with 1 µg/ml of 4’,6–

diamidino–2–phenylindole (Cat. #D1306; Invitrogen) for 5 min to visualize the nuclei. In 
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the case of nonconjugated Jurkat cells, 2 x 106 cells were transfected with the Program #5 

of the Neon transfection system (Cat. #MPK5000; Invitrogen) according to the 

manufacturer’s instructions. After 36 hours, the cells were washed in RPMI–1640 

medium, plated onto 12–mm–diameter poly–D–lysine–coated coverslips (Cat. #354086; 

Corning BioCoat), and allowed to settle for 15 min. Cells were then fixed for 10 min 

with 4% paraformaldehyde in PBS, washed twice with PBS, permeabilized for 15 min in 

0.5% Triton X–100 in TBS–T, washed again as above, and blocked in 2% bovine serum 

albumin in TBS–T for at least 15 min. The cells were then incubated for 20 min in a wet–

chamber with a 1:200 dilution of rhodamine–labeled phalloidin in blocking buffer, 

washed three times with TBS–T, and stained with 4’,6–diamidino–2–phenylindole as 

above. In all cases, the stained preparations were mounted onto microscope slides using 

Mowiol (Cat. #9002–89–5; Calbiochem). Images were acquired using a Leica TCS SP5 

confocal microscope and processed using the LAS AF software (version 2.6.0.72266, 

Leica). 

For immune synapse studies, Jurkat cells were transfected as above and, after 36 

hours, washed with RPMI–1640 medium and then gently mixed with an equal number of 

Raji cells that had been previously incubated in the presence of both 0.5 µg/ml of 

superantigen E (Cat. #ET404; Toxin Technology) and 10 µM of the 7–amino–4–

chloromethylcoumarin membrane permeable cell tracker (Cat. #C2110; Invitrogen) for 1 

hour at 37ºC in serum free media. After 15 min, cells were plated on 12–mm–diameter, 

poly–D–lysine–coated coverslips, allowed to settle, and further processed for microscopy 

analyses as indicated above.  

For the experiments using live cells, the Jurkat cells were transfected with 30 µg 

of the appropriate Vav1–encoding expression plasmid plus 15 µg of pmCherry–LifeAct. 

After 36 hours, cells were washed in RPMI–1640 medium, and allowed to adhere onto 

poly–L–lysine coated coverslips (1:100 dilution incubated overnight). Upon mounting 

the coverslips onto Attofluor open chambers (Cat. #A7816; Invitrogen), the cells were 

maintained in 500 µl of RPMI–1640 medium at 37°C on the microscope stage. Upon 

addition of equal numbers of superantigen E–loaded Raji cells to the chambers, the 

formation of Jurkat–Raji conjugates was recorded using a TCS SP5 confocal microscope 

(Leica) and images processed using the LAS AF software (version 2.6.0.72266, Leica). 

For the immunostaining of Vav1 in COS1 cells, blocked samples were incubated 

with anti-Vav (DH) (1:400) for 2 hours, washed three times with TBS–T, incubated with 

Alexa Fluor 488-conjugated anti-rabbit IgG (1:400; Cat. #A-21206; Molecular Probes) 
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for 50 minutes, washed three times with TBS–T, incubated with rhodamine–labeled 

phalloidin (Cat. #PHDR1; Cytoskeleton) diluted 1:200 in blocking solution for 20 min, 

washed three times in TBS–T and finally mounted onto microscope slides using Mowiol 

(Cat. #9002–89–5; Calbiochem). In this case, microscopic analysis was performed using 

a Leica DM 6000B fluorescence microscope and a Hamamatsu ORCA-ER C4742-80 

camera (Hamamatsu, Hamamatsu, Japan). 

 

1.11 Quantification of confocal images 

Profiles of fluorescence intensity and levels of protein colocalization along the indicated 

axes of the cell images were obtained using the ImageJ software (National Institutes of 

Health, Bethesda, MD). The ratio of Vav1 protein at the plasma membrane was 

calculated creating a mask with the phalloidin staining to discriminate between the 

fluorescence of Vav1 at the membrane (coincident with phalloidin–positive structures) 

and the cytoplasmic fraction (noncoincident with phalloidin–positive F–actin). The 

orthogonal reconstruction of the contact area between Jurkat–Raji conjugates was carried 

out using the 3D module of the LAS X software (Leica). The polymerization of F–actin 

was determined using the ImageJ plug–in previously described [195]. In brief, the 

rhodamine–phalloidin fluorescence present in either the contact area (inside) or the 

adjacent area (outside) of the immune synapse was compared with nonengaged 

membrane areas of both the T cell and the superantigen–presenting cell membrane. The 

same approach was used to calculate Vav1 polarization to the immune synapse, 

comparing the fluorescence within the contact area to the signal in other areas of the T 

cell.  

 

1.12 Purification of MBP fusion proteins 

Exponentially growing cultures of E. coli DH5α cells were treated with isopropyl β–D–

1–thiogalactopyranoside (Cat. # I5502; Sigma) at 25 °C for 90 min, centrifuged at 6,000 

rpm for 10 min at 4ºC and resuspended in lysis buffer [10 mM sodium phosphate, 0.25% 

(w/w) Tween-20, 30 mM NaCl, 10 mM β–mercaptoethanol, 10 mM EDTA, 10 mM 

EGTA]. The samples were frozen overnight, thawed in ice, disrupted by sonication on 

ice, centrifuged again, and the supernatant containing the MBPs subjected to purification 

using an amylose resin (Cat. #E8021; New England Biolabs). The MBPs were eluted 

with 5 ml of 10 mM maltose in column buffer (20 mM Tris–HCl, 200 mM NaCl, 1 mM 
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EDTA, pH 7.4) and 500 µl fractions were serially collected. Proteins were conserved at –

20ºC until further use. Protein concentration was quantified on polyacrylamide gels using 

known concentrations of bovine serum albumin as standard. 

 

1.13 Phospholipid binding assays 

Membranes with spotted phospholipids (PIP strips, Cat. #P–6001; PIP arrays, Cat. 

#P6100; Echelon Biosciencies) were blocked for 1 hour in blocking buffer (1% nonfat–

dry milk in phosphate–buffered saline solution) at room temperature, incubated overnight 

with either 1 µg/ml (in the case of PIP strips) or 0.5 µg/ml (in the case of PIP arrays) of 

the indicated MBPs in blocking buffer at 4 °C, washed three times in PBS–T (phosphate–

buffered saline containing 0.1 % Tween–20), incubated with an antibody to MBP 

(1:3000 dilution) in PBS–T for one hour at 4 °C, washed three times in PBS–T, and 

incubated with the secondary antibody for one hour in PBS–T. After three serial washes 

with PBS–T, the protein bound to the lipids was detected by chemoluminiscence (Pierce 

ECL, Cat. #32106; Thermo Fisher Scientific). The blots with the control GST–PLC– δ1 

PH fusion proteins (provided by Echelon Biosciences) were done as above with the 

exception of the primary antibody used to detect the protein. The dot blots were scanned 

in ImageJ and the results fitted into a five–parameter nonlinear regression model using 

the GraphPad Prism software (version 6.0). 

 

1.14 Alignment of amino acid sequences 

The appropriate amino acid sequences of the indicated proteins were obtained from the 

UniProt (National Center for Biotechnology Information, Bethesda, MD) or the Simple 

Modular Architecture Research Tool (SMART) database [196] and aligned using Jalview. 

 

1.15 Immunoprecipitation 

In the case of COS1 cells, we ectopically expressed the indicated proteins using the 

diethylaminoethyl-dextran (10 mg/mL, Cat. #D9885, Sigma)/chloroquine (2.5 mM, Cat. 

#C6628, Sigma) method [197]. Two 10-cm diameter plates were transfected per 

condition using 10 µg of plasmid per plate. 48 hours post-transfections, cells were 

washed in a phosphate-buffered saline (PBS) solution and lysed with the aid of a 

scrapper in 1 mL of RIPA buffer [10(mM Tris-HCl (pH(7.5), 150(mM NaCl, 1% Triton 
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X-100 (Cat. number X100, Sigma), 1 mM Na3VO4 (Cat. number S6508, Sigma), 1 mM 

NaF (Cat. number S7920, Sigma) and the CØmplete protease inhibitor cocktail (Cat. 

number 11836145001, Roche)]. Cellular extracts were kept 5 min on ice and 

subsequently centrifuged at 14 000 rpm for 10 min at 4 ºC to eliminate cell debri. The 

supernatants were then incubated with either 7 µL of an antibody to Vav1 or 5 µL of an 

antibody to acetylated lysines overnight at 4 ºC. Immunocomplexes were then collected 

with Gammabind G-Sepharose beads (Cat. number GE17-0885-01, GE Healthcare), 

washed three times in RIPA buffer, resuspended in SDS-PAGE buffer, boiled for 5 min, 

electrophoresed, and subjected to immunoblot analyses with the indicated antibodies. 

 In the case of Jurkat, 10 × 106 cells were transfected with 20 µg of DNA per 

condition using the Program #5 of the Neon transfection system (Cat. number MPK5000, 

Invitrogen) according to the manufacturer’s instructions. After 48 hours, the cells were 

washed, transferred to a 1.5 mL Eppendorf tube and, after low speed centrifugation at 4 

ºC, resuspended in lysis buffer with extensive vortexing. The cell extracts obtained 

processed as above. However, in the case of immunoprecipitation experiments using 

GFP-Vav1, the cell lysates were incubated with the GFP-Trap reagent (Cat. number gta-

100, ChromoTek) for 1 hour at 4 ºC. Washed immunocomplexes were collected by 

centrifugation and subjected to immunoblot analyses as above. In all cases, total cellular 

lysates were analyzed in parallel to monitor the expression of the ectopically expressed 

proteins used in each experiment. In all cases analyses of total cellular lysates were 

performed in parallel to detect the expression of the indicated proteins. 

 

1.16 Subcellular fractionation 

20 × 106 exponentially growing Jurkat cells were electroporated when indicated as for 

luciferase reporter assays. After 24 hours, cells were either left nonstimulated or 

stimulated with anti–CD3 for 2 minutes. Cells were then centrifuged, resuspended in 1 

ml of hypotonic buffer [10 mM Tris–HCl (pH 7.5), 38 mM sodium chloride, 1 mM 

sodium orthovanadate, 1 mM sodium fluoride and cØmplete Protease Inhibitor Cocktail] 

and kept on ice for 5 min. After 5 freeze/thaw cycles (4 min at –80º C and 20 sec at 42º 

C), cells were centrifuged at 14 000 rpm for 10 min at 4°C and the pellets discarded. The 

supernatants were then centrifuged in an ultracentrifuge (Optima TL Ultracentrifuge; 

Beckman Coulter) at 60 000 rpm for 1 hour at 4 °C using polycarbonate centrifuge tubes 

(Cat. #349622; Beckman Coulter). The supernatant was considered as the cytoplasmic 
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compartment and Triton X–100 was added to a final 1% concentration. The pellet was 

resuspended again in hypotonic buffer and centrifuged as above. This new pellet was 

resuspended in hypotonic buffer with 1% Triton X–100 to obtain the plasma membrane 

fraction. SDS–PAGE buffer was added to all the samples, boiled for 5 min, and analyzed 

by immunoblot as indicated above. 

 

1.17 Mass spectrometric analysis 

Upon the GFP-trap–mediated immunoprecipitation, the GFP-Vav1 proteins were 

separated by one-dimensional SDS–PAGE electrophoresis and Coomassie blue–stained. 

The area of the gel containing the GFP–Vav1 (according to molecular weight mobility) 

was excised and subjected to in-gel digestion with trypsin following a modified protocol 

from Shevchenko et al. [198]. To this end, the gel pieces were destained at 37ºC for 15 

min using a solution of 50% acetonitrile in 50 mM sodium bicarbonate. Subsequently, 

the protein reduction and alkylation steps were performed using 10 mM DTT (56 ºC, 45 

min) and 55 mM iodoacetamide (room temperature, 30 min). Upon digestion with 

trypsin (6.25 ng/mL) at 37 ºC for 18 hours, the peptide-containing solutions were 

acidified with formic acid (FA) and desalted by using C18-Stage-Tips columns [199], 

partially dried, and stored at –20 ºC. For mass spectrometry analysis, the peptides were 

dissolved in 0.5% FA/3% acetonitrile (ACN), loaded onto a trapping column 

(nanoACQUITY UPLC 2G-V/M Trap Symmetry 5 µm particle size, 180 µm × 20 mm 

C18 column; Cat. number 186006527, Waters Corp., Milford/MA, USA), and separated 

using a nanoACQUITY UPLC BEH C18 column (1.7 µm, 130 Å and a 75 µm × 250 

mm; Cat. number 186003545, Waters Corp., Milford/MA, USA) at 40ºC and with a 

linear gradient ranging from 7 to 35% of solvent B (ACN/0.1% FA; flow rate: 300 

nL/min over 30 min and 5 min to 55%). The LTQ-Orbitrap Velos was operated in the 

positive ion mode applying a data-dependent automatic switch between survey mass 

spectra (MS) scan and tandem mass spectra (MS/MS) acquisition. MS scans were 

acquired in the mass range of m/z 400 to 1400 with 30,000 resolution at m/z 400, with 

lock mass option enabled for the 445.120025 ion [200]. The 10 most intense peaks 

having ≥2 charge state and above 500 intensity threshold were selected for fragmentation 

by high energy collision-induced dissociation (HCD) at 42% normalized energy, 100 ms 

activation time and 2 m/z precursor isolation width. Maximum injection time was 1,000 

ms and 500 ms for survey and MS/MS scans, respectively. Automatic gain control was 1 
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× 106 for MS and 5 × 104 for MS/MS scans. Dynamic exclusion was enabled for 90 s. 

MS/MS spectra were acquired in the Orbitrap with 7,500 resolution. A parent mass list 

with m/z corresponding to possible acetylated peptides was build using Skyline and 

included in the acquisition method [201]. 

Mass spectra were analyzed using the SEQUEST HT algorithm of the Proteome 

Discoverer software (Cat. #OPTON-30795, Thermo Fisher Scientific). All tandem mass 

spectra were searched against a custom database containing Uniprot complete mouse 

sequences and Mann contaminants. The search parameters were fully-tryptic digestion 

with a maximum of 2 missed cleavages, 20 ppm and 0.02 Da mass tolerances for 

precursor and product ions respectively, carbamidomethylated cysteines, variable 

oxidation of methionine and variable acetylation on lysine. 1% false discovery rate using 

Percolator [199] was used for peptide validation. In order to evaluate the proportion of 

acetylated peptides, a mass deviation of 2 ppm was used for precursor ion area detection, 

and peptides with 5% false discovery rate were also included in the calculation. Spectra 

of peptides identified as acetylated were manually inspected for the presence of 

acetylation marker ions [201, 202].  

 

1.18 Image processing 

All images and figures were assembled and processed for final presentation with Canvas 

Draw 2 for Mac software (version 2.0, Canvas X). 

 

1.19 Statistical analyses 

Statistical analyses were carried out using GraphPad Prism software (version 6.0 and 8.0). 

The number of replicates and the statistical test used in each case are indicated in the 

figure legends. In all cases, the P values have been depicted using the * (when < 0.05), 

** (when < 0.01), and *** (when < 0.001) notation. 
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2. METHODS USED IN CHAPTER 3 

2.1 Animals 

Vav2Onc/Onc (C57BL/6 background) and Vav2−/− (C57BL/10 genetic background) mice 

have been described before [83, 102]. Vav2L332A/L332A knock-in mice (mixed genetic 

background, generated by GenOway, Lyon, France) will be described elsewhere (L.F.L-

M., S.R-F. and X.R.B., manuscript submitted). All mice and their proper WT controls 

were housed with an artificial 12-hour light /12-hour dark cycle under controlled 

temperature and humidity conditions. They were routinely maintained under ad libitum 

access to a standard chow global diet (Cat. #2018; Teklad global 18% protein) and tap 

water. When indicated, 8-week-old mice were shifted to a HFD (45% fat, 4.73 kcal/g; 

Cat. #D12451; Research Diets) for four months before being euthanized. All the 

experiments were performed according to protocols approved by the Bioethics 

Committees of both the University of Salamanca and the University of Santiago de 

Compostela. 

 

2.2 Cell lines 

C2C12 cells were obtained from P. Muñoz-Cánovas (University Pompeu-Fabra, 

Barcelona, Spain) and cultured in DMEM containing 10% fetal bovine serum, 1% L-

glutamine, penicillin (10 µg/ml) and streptomycin (100 µg/mL) and maintained at 37 ºC 

and a 5% CO2 humidified atmosphere. All the reagents were obtained from Gibco. For 

cell stimulation studies, C2C12 cells were starved for 3 hours and then stimulated with 

insulin (75 nM; CN #775502, Actrapid NovoNordisk) for the indicated times. When 

indicated, cells were treated for 1 hour with the indicated concentration of Wortmannin 

(Cat. #19545-26-7, Calbiochem), PIK-75 (Cat. #372196-77-5, Cayman Chemical) or 

TGX-221 (Cat. #663619-89-4, Cayman Chemical). The Lenti-X 293T lentiviral 

packaging cell line was obtained from Clontech (Cat. #632180) and cultured as above.  

 

2.3 Mammalian expression vectors 

All the constructs used in this work encode the murine versions of the proteins and were 

DNA sequence-verified in our Genomics facility. Plasmids encoding EGFP-Vav2 

(pAA7) and EGFP-Rac1Q61L (pNM42) have already been described [190, 203]. To 

generate the plasmid encoding EGFP-Vav2Onc (pNM115), the plasmid pKES19 [23] was 
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digested with BstXI, filled-in, and cloned into the SmaI-linearized pEGFP-C2 vector 

(Clontech, Cat. #632481). The plasmid encoding EGFP-Vav2Onc+E200A (pFLM07) was 

obtained by site-directed mutagenesis using the plasmid pNM115 as template for the 

PCR, the high-fidelity Pfu Turbo DNA polymerase (Cat. #600250, Agilent), and the 

primers 5’-GAC AAG AGA AGC TGC TGC TTG TTA GCG ATT CAG GAG ACC 

GAG GCC AAG TAC-3’ and 5’-CAT GAA CCG GAG CCA GAG GAC TTA GCG 

ATT GTT CGT CGT CGA AGA GAA CAG-3’ (the altered nucleotides used to create 

the E200A mutation are underlined). The plasmids pMD-G and pNGVL-MLV-gag-pol 

were provided by Drs. R.C. Mulligan (Children’s Hospital, Boston, MA, USA) and A. 

Bernard (CNIC, Madrid, Spain, EU), respectively. The pEGFP-C1-PH-Akt and 

pmCherry-C1-PH-Akt vectors were obtained from Dr. J.P. Simas (Lisbon University, 

Lisbon, Portugal) [204]. 

 To generate the lentiviral vector encoding HA-tagged Vav2Onc (pCCM34), a 

cDNA fragment encoding HA-Vav2Onc was amplified by PCR using the plasmid pCMV-

Vav2 HA as template[204] and the primers 5’-AAT AAC TAG TGC CAC CAT GTA 

CCC ATA CGA CGT CCC AGA CTA CGC TAA AAT GGG AAT GAC TGA GGA 

CGA C-3’ and 5’-ATA GAC CGC GGC CGC TCA CTG GAT GCC CTC CTC TTC 

TAC GTA-3’ (restriction sites underlined). Upon purification and digestion with SpeI 

and NotI, the fragment was cloned into the SpeI-NotI linearized pLVX-IRES-Hyg vector 

(Cat. #632185, Clontech). The pCCM34 vector was used as template to generate the 

plasmid encoding HA-Vav2Onc+E200A (pFLM12) by site-directed mutagenesis using the 

primers 5’- GAC AAG AGA AGC TGC TGC TTG TTA GCG ATT CAG GAG ACC 

GAG GCC AAG TAC -3’ and 5’-CAT GAA CCG GAG CCA GAG GAC TTA GCG 

ATT GTT CGT CGT CGA AGA GAA CAG -3’ to introduce the mutation E200A (the 

altered nucleotides used to create the E200A mutation are underlined). Site-directed 

mutagenesis was performed using the high–fidelity NZYProof DNA polymerase (Cat. 

#14601, NZYTech). 

 

2.4 Nuclear magnetic resonance 

Body composition was measured by nuclear magnetic resonance (Whole Body 

Composition Analyzer; EchoMRI, Houston, TX) as indicated [205].  
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2.5 Histology 

Tissues were extracted, fixed in 4% paraformaldehyde (Cat. #252931, PanReac), paraffin 

embedded, cut in 2–3 µm (in the case of muscle, liver and BAT) or 5 µm (in the case of 

the WAT) thick sections, and stained with hematoxylin-eosin. Images were captured 

using an Olympus BX51 microscope coupled to an Olympus DP70 digital camera. 

 

2.6 Histological quantifications 

The cross-sectional area of the skeletal fibers was measured with the ImageJ software 

(National Institutes of Health, Bethesda, MD) using the Region of Interest Manager tool 

and manually selecting the limits of at least 50 fibers per animal. Two independent 

regions of hematoxylin-eosin-stained gastrocnemius sections (x400 amplified pictures) 

were used for each quantification. Values obtained were transformed according to the 

scale used. 

 The diameter of the adipocytes was measured using x100 amplified images of the 

stained histology samples from either 2 or 3 representative regions per animal utilizing 

the macro “Adipocyte Tool” of the ImageJ software [206]. To this end, the options in the 

“p” and “s” buttons of macro were configured for values between 80 and 20 000 using 

the Huang thresholding method. Errors in the automatic detection of the adipocytes were 

manually corrected. Values obtained were transformed according to the scale used. 

 The number of nuclei per field in BAT was quantified in hematoxylin-eosin-

stained sections with ImageJ using at least two different x200 amplified pictures per 

animal. After splitting the color channels, the threshold was adjusted in the red channel 

to select the cell nuclei. The number of nuclei was obtained using the tool “Analyze 

Particles” after the selection of the adequate size range. For the analysis of the brown 

adipose tissue lipid vacuoles, the green channel was selected after the color separation 

and the colors inverted to visualize the vacuoles in black. The threshold was adjusted to 

select the lipid droplets. The size of the vacuoles was quantified using also the ImageJ 

“Analyze Particles” tool. 

 

2.7 Isolation of muscle satellite cells 

Muscles were minced with razors and digested twice in DMEM media containing 

collagenase D (0.08%, Cat. # 11088866001; Roche) and trypsin (0.125%, Cat. #1590-



!

54!
!

)
M
E
T
H
O
D
S!

D
IS
C
U
SI
O
N
)

M
E
T
H
O
D
S)

!

!

046; Invitrogen) at 37 ºC for 25 min in a shaking water bath. Samples were then 

centrifuged at low speed and the digestion repeated with the pelleted fragments. Cells 

were then filtered, centrifuged, and incubated in Lysis buffer 1x (Cat. #555899; BD) for 

10 min on ice. After centrifugation, cells were resuspended in phosphate-buffered saline 

solution supplemented with 2.5% fetal bovine serum (Cat. #10270, Gibco) and stained 

for 20 min with allophycocyanine-conjugated anti-CD45 (Cat# 103112, BioLegend), 

Pacific blue-conjugated-conjugated Sca1 (Cat. #108119, BioLegend), phycoerythrin-

conjugated-conjugated anti-α7-integrin (Cat# 53-0010-05, Ablab), and fluorescein 

isothiocyanate-conjugated-conjugated anti-CD34 (Cat. #11-0341-82, eBioscience). Sca1–

;CD45–;integrin α7+;CD34+ cells were sorted using a FACS Aria II (BD). The purified 

satellite cells were cultured in Ham’s F10 medium (Cat. #11550-043, Gibco) 

supplemented with 30% fetal bovine serum (Cat. #10270, Gibco) and 0.025 µg/ml 

human basic fibroblast growth factor (Cat. #hFGDBCF, Immunostep) on collagen type I-

coated wells (Cat. #3447-020-01, Cultrex, R&D systems). 

 

2.8 In vitro activation and proliferation of satellite cells 

1000 cells were plated on collagen I-treated 10 mm diameter coverslips in 12-well plates 

with growth medium. After 24 (before the first division to assess activation) and 72 (to 

assess proliferation) hours in culture, cells were labeled with EdU (Click-iT EdU Alexa 

Fluor 647 Imaging kit, Cat. #C10340; Invitrogen) according to the manufacturer’s 

instructions and stained with 4’,6-diamidino-2-phenylindole dihydrochloride (1 µg/mL, 

Cat. #D1306; Invitrogen). The percentage of EdU positive cells was quantified under a 

fluorescence microscope. 

 

2.9 Myogenic differentiation of satellite and C2C12 cells 

10 000 satellite cells were plated on collagen I-treated 12-well plates and maintained in 

Ham’s F10 medium supplemented with 30% fetal bovine serum and 0.025 µg/ml human 

basic fibroblast growth factor until a 70 % confluence was reached. The fetal bovine 

serum in the medium was then decreased to a 2% and replaced every other day until the 

end of the experiment. C2C12 cells were shifted into a differentiation medium (DMEM 

supplemented with 2% horse serum (Cat. #16050122, Gibco), 1% L-glutamine, penicillin 
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(10 µg/ml) and streptomycin (100 µg/ml) when they reached 80% confluency. Medium 

was replaced since then every other day until the end of the experiment. 

 

2.10 Immunofluorescence 

Cells were fixed in 4% formaldehyde (Cat. #F8775, Sigma) in phosphate-buffered saline 

solution for 30 min, washed twice with phosphate-buffered saline solution, 

permeabilized with 0.5% Triton X–100 (Cat. #X100, Sigma) in TBS-T [25 mM Tris–

HCl (pH 8.0), 150 mM NaCl, 0.1 % Tween–20 (Cat. #P7949, Sigma)] for 15 min, 

washed three times with TBS–T, blocked in TBS–T supplemented with 2 % bovine 

serum albumin (Cat. #A4503, Sigma) for 2 hours, and then incubated with antibodies to 

MHCII (1:700, Cat. #M4276; Sigma) in blocking buffer at 4 °C overnight. Alexa Fluor 

647-labeled goat anti-mouse IgG (1:500 in blocking buffer, Cat. #A28181; Thermo 

Fisher Scientific) was used as secondary antibody. After 30 min, the cells were washed 

three times in TBS-T and, finally, stained with 1 µg/mL of 4’,6–diamidino–2–

phenylindole (Cat. #D1306, Invitrogen) for 5 min to visualize the nuclei. Images were 

captured in an EVOS FL Cell Imaging System microscope (Cat. #AMF4300, Thermo 

Fisher Scientific). 

 

2.11 RNA isolation and quantitation 

Total RNA was isolated using NZYol (Cat. # MB18501, NZYtech) and analyzed by 

qRT-PCR using the Power SYBR Green RNA-to-CT™ 1-Step Kit (Cat. #4389986, 

Applied Biosystems) and the StepOnePlus Real-Time PCR System (Cat. #4376600, 

Applied BioSystems) according to the supplier’s instructions. Raw qRT-PCR data were 

processed with the StepOne software v2.1 (Applied Biosystems) using Gadph as 

intersample normalization control. Primers used included 5’-AGT CCC AGG TCA ACA 

AGC TG-3’ (forward for Myh1 and Myh4), 5’-TCT TTG GTC ACT TTC CTG CAC T-3’ 

(reverse for Myh1), 5’-TTT CTC CTG TCA CCT CTC AAC A-3’ (reverse for Myh4), 

5’-CAC TGG AGT TCG GTC CCA A-3’ (forward for MyoG), 5’-TGT GGG CGT TAG 

GGT C-3’ (reverse for MyoG), 5’-GTG AAT GAG ATG GCG AGG GT-3’ (forward for 

Hsl), 5’-GAG CTC CGC CTT TAA TGG GT-3’ (reverse for Hsl), 5’-GTC GGT CCT 

TCC TTG GTG TA-3’ (forward for Ucp1), 5’-TGC ACC ACC AAC TGC TTA GC-3’ 

(reverse for Ucp1), 5’-GAG GGG CTA CCT TCC TCT CA-3’ (forward for Trim63), 5’-
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TTT ACC CTC TGT GGT CAC GC-3’ (reverse for Trim63), 5’-TCT GGG ACC TTA 

GGA GAG CC-3’ (forward for Fbxo32), 5’-CCC CCA CCC CAG GAA TTA AC-3’ 

(reverse for Fbxo32), 5’-TGC ACC ACC AAC TGC TTA GC-3’ (forward for Gapdh), 

5’-TCT TCT GGG TGG CAG TGA TG-3’ (reverse for Gapdh).  

 

2.12 In vivo infusion of mice with insulin and IGF-1 

Mice were fasted for 7 hours, deeply anesthetized with a combination of ketamine (CN 

#571267.3; Merial) plus xylazine (Cat. #572126.2; Bayer), and injected via the inferior 

vena cava with either insulin (0.5 UI/kg, Cat. #775502; Actrapid NovoNordisk) or IGF-1 

(0.2 and 0.5 mg/kg in the case of Vav2Onc/Onc and Vav2L332A/L332A mice, respectively; Cat. 

#100-11, PreproTech). After 2 (liver), 5 (skeletal muscle) and 7 (perigonadal WAT) min, 

tissues were collected and snap frozen. 

 

2.13 Western blotting 

In the case of mouse tissue extracts, the frozen samples were disrupted with the help of a 

Dispomix Drive homogenizer (Cat. #900020.00, Medic Tools AG) in gentleMACS M 

tubes (Cat. # 130-096-335, Myltenyi Biotec) in ice-cold lysis buffer [50 mM Tris-HCl 

(pH 7.5), 1 mM ethylene glycol tetraacetic acid (Cat. #E3889, Sigma), 1 mM 

ethylenediaminetetraacetic acid (Cat. #ED-2SS, Sigma), 1% Triton X-100 (Cat. #X100, 

Sigma), 1 mM sodium orthovanadate (Cat. #S6508, Sigma), 50 mM sodium fluoride (Cat. 

#S7920, Sigma), 5 mM sodium pyrophosphate (Cat. #221368; Sigma), 0.27 M sucrose 

(Cat. #S9378, Sigma), 1 mM phenylmethanesulfonyl fluoride (Cat. #P7626, Sigma) and 

cØmplete Protease Inhibitor Cocktail (Cat. #11836145001, Roche)]. After a short 

centrifugation to eliminate cellular debri, the samples were centrifuged once (in the case 

of muscle), twice (in the case of liver) or thrice (in the case of WAT) at 4 ºC and 10 000 

rpm for 30 min to clarify the sample. In the case of extracts from cultured cells, samples 

were washed with phosphate-buffered saline solution and lysed in RIPA buffer [10(mM 

Tris-HCl (pH(7.5), 150(mM sodium chloride, 1% Triton X-100 (Cat. #X100, Sigma), 1 

mM sodium orthovanadate (Cat. #S6508, Sigma), 1 mM sodium fluoride (Cat. #S7920; 

Sigma) and CØmplete Protease Inhibitor Cocktail]. Cellular extracts were kept 5 min on 

ice and centrifuged at 14 000 rpm for 10 min at 4 ºC. Regardless of the source, protein 

extracts were separated electrophoretically in SDS-PAGE gels, transferred onto 

nitrocellulose membranes, and subjected to immunoblot analyses as described in the first 
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part of the methods section. Antibodies used include those to phospho-Akt (Thr308) 

(dilution 1:1000; Cat. #4056, Cell Signaling Technologies), Akt (dilution 1:1000; Cat. 

#2920, Cell Signaling Technologies), phospho-GSK3α/β (dilution 1:1000; Cat. #9327, 

Cell Signaling Technologies), GSK3α/β (dilution 1:1000; Cat. #5676, Cell Signaling 

Technologies), phospho-S6K (Thr389) (dilution 1:1000; Cat. #9215, Cell Signaling 

Technologies), tubulin α (dilution 1:2000; Cat. #CP06, Calbiochem), MHCII (dilution 

1:2000; Cat. #M4276; Sigma), S6K (dilution 1:1000; Cat. #sc-7020, Santa Cruz 

Biotechnology), and HA (dilution 1:1000; Cat. #3724, Cell Signaling Technologies). The 

polyclonal rabbit antibody to Vav2 (dilution 1:1000) was homemade using as epitope the 

acidic region of this protein [101]. For quantification of the relative protein 

phosphorylation levels, the intensity of the bands was measured with the ImageJ software. 

Values were normalized taken into consideration the amount of total protein present in 

each sample. 

 

2.14 Generation of stable cell lines 

We used the CRISPR/Cas9-gene editing strategy to knockout the Vav2 locus in C2C12 

cells. To this end, two different sgRNAs targeting the exon 1 of Vav2 at the sequences 

5’-CGC CCA ACC ACC GCG TCG TG-3’ (guide 1) and 5’-GCA GTG CCG GGA 

CCC TCA CC-3’ (guide 2) were annealed and ligated into the plasmid pSpCas9(BB)-

2A-GFP (Cat. #48138, Addgene). Plasmids were introduced into C2C12 cells using 

Lipofectamine 2000 (Cat. #11668019; Invitrogen) and, 36 hours later, the GFP positive 

cells were single-cell sorted using a FACS Aria II (BD) to obtain individual clones. Cell 

clones were grown in 96 well plates, screened by PCR, and further verified by both DNA 

sequencing and immunoprecipitation. To this end, 2 mg of protein extracts obtained from 

C2C12 cells were incubated in 1 mL of RIPA buffer with 1.5 µL of antibody to Vav2 

(see above) for 2 hours at 4ºC. Immunocomplexes were collected with Gammabind G-

Sepharose beads (Cat. # GE17-0885-01; GE Healthcare), washed three times in RIPA 

buffer, resuspended in SDS-PAGE buffer, boiled for 5 min, and subjected to immunoblot 

analysis using antibodies to Vasv2 as indicated above. Independent clones (WT and Vav2 

null) were then used in the experiments. 

 Cell pools ectopically expressing the indicated proteins were generated using a 

lentiviral delivery method. To generate the viral particles, 2.5 µg of pMD-G, 7.5 µg of 

pNGVL-MLV-gag-pol, and 10 µg of the appropriate lentiviral plasmid were transfected 
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into HEK293T cells using Lipofectamine 2000 according to the manufacturer’s 

instructions. Cell culture supernatants were collected 24, 48 and 72 hours later, passed 

through 0.45 µm filters (Cat. #10462100, GE Healthcare), supplemented with Polybrene 

(8 µg/ml; Cat. #H9268, Sigma) and poured onto exponentially growing C2C12 cells. 24 

hours after the infection, the cells were washed and selected with hygromycin B (Cat. 

#21414000, Roche). Expression of proteins was verified using immunoblots with 

antibodies to the HA epitope. 

 

2.15 In vivo detection of PI3K activation using bioreporters 

1 x 106 exponentially growing C2C12 cells were electroporated using the Neon 

Transfection System (1650 V, 15 msec, 2 pulses; Cat. #MPK5000, Invitrogen) and 20 µg 

of the appropriate plasmids following the manufacturer’s instructions. In all cases, cells 

were transfected with the bioreporter-encoding plasmid (pEGFP-C1-PH-Akt or 

pmCherry-C1-PH-Akt) and, whenever required, cotransfected with expression vectors 

expressing the indicated EGFPs. After 36 hours, cells were trypsinized, resuspended in 

serum-free medium, and replated onto coverslips. After 3 hours of starvation plus the 

indicated treatments, cells were either left stimulated or stimulated with 75 nM insulin 

for 10 min. Cells were then washed with phosphate-buffered saline solution, fixed in 4% 

formaldehyde (Cat. #F8775, Sigma) in phosphate-buffered saline solution for 15 min, 

permeabilized in 0.5% Triton X-100 in TBS-T for 10 min, washed in phosphate–buffered 

saline solution, and mounted with Mowiol (Cat. #475904, Calbiochem). Images were 

captured with LAS AF software (version 2.6.0.72266, Leica) in a Leica TCS SP5 

confocal microscope. 

 

2.16 Glucose and insulin tolerance tests 

The animals were fasted overnight for 14 hours and basal blood glucose levels measured 

with an Accu–Chek glucometer using blood samples collected from tail bleeds (Cat. 

#04680430003, Roche). In the case of glucose and insulin tolerance test, mice fasted as 

above were injected intraperitoneally with either D-glucose (2 g/kg; Cat. #G8270, 

Sigma) or insulin (0.5(units/kg; CN #775502, Actrapid NovoNordisk). The levels of 

glucose in plasma were determined from tail bleeds taken at the indicated time-points. 
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2.17 Determination of plasma concentrations of insulin and C-peptide 

Levels of insulin and C-peptide were determined in blood samples using the Rat/Mouse 

Insulin (Cat. #EZRMI-13K, Merck Millipore) and the mouse C-peptide (Cat. #80-

CPTMS-E01, Alpco) ELISA kits, respectively. 

 

2.18 Determination of triglyceride concentration in liver 

Liver fragments (50(mg) were manually homogenized by mincing with a scalpel blade 

and triglycerides extracted in 500 µL of an ice-cold chloroform-methanol solution (2:1, 

vol/vol) by shaking in a thermoblock at room temperature for 2 hours. For phase 

separation, Milli-Q water (Millipore) was added and samples centrifuged at room 

temperature for 30 minutes at 10 000 rpm. The organic bottom layers resulting from that 

centrifugation were collected in a new tube, dried up using a vacuum concentrator 

centrifuge (UNI VAPO 100 ECH; UniEquip) and resuspended in chloroform. After 

evaporation of the organic solvent in a thermoblock, the solid residue was resuspended in 

the Triglycerides-LQ reagent (Cat. #1001314, Spinreact) and triglyceride content 

determined using a spectrophotometer (Cat. #170-2501, BioRad). 

 

2.19 Metabolic determinations 

Food intake of individually–caged mice was measured every other day. Energy 

expenditure, respiratory quotients, and locomotor activity of animals were analyzed using 

a calorimetric system (LabMaster, TSE Systems, Bad Homburg, Germany). Rectal 

temperature was measured using a digital thermometer (VedoBEEP, Artsana, Grandate, 

Italy). Skin temperature surrounding BAT was recorded with an infrared camera 

(B335:Compact-Infrared-Thermal-Imaging-Camera, FLIR, West Malling, Kent, UK) as 

previously described [96]. 

 

2.20 Statistical analyses  

The number of replicates (n), the type of statistical test performed, and the statistical 

significance for each experiment is indicated in the appropriate figure legend. Whenever 

possible, data normality was analyzed using Shapiro–Wilk tests. Nonparametric tests 

were applied to non-normally distributed data. In the case of Student’s t tests, 
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RESUMEN DE LA INTRODUCCIÓN 
 
1. La familia de proteínas Vav 

La función principal de las proteínas de la familia Vav es la de actuar como activadoras 

de las GTPasas de la familia Rho. Estas GTPasas regulan procesos en las células 

alternando entre un estado activo (unido a GTP) e inactivo (unido a GDP). El control 

espacial y temporal de su activación está regulado principalmente por los factores de 

intercambio nucleotídico o GEFs, entre los que se encuentran las proteínas Vav. Estos 

factores favorecen el intercambio de GDP por GTP, lo que facilita la rápida activación de 

las GTPasas. 

 Las proteínas Vav, ya desde su aparición en coanoflagelados, presentan una 

estructura en 8 dominios altamente conservada. Esta arquitectura molecular les permite 

llevar a cabo además de su función catalítica dependiente de los dominios centrales de la 

molécula (DH-PH-ZF), un gran número de funciones no catalíticas en las que intervienen 

otros dominios de la proteína. 

 La regulación de estas proteínas depende principalmente de un mecanismo de 

inhibición intramolecular regulado a través de fosforilación en tirosinas. En estado 

inactivo, las proteínas Vav se encuentran en una conformación cerrada en la que los 

dominios CH, Ac y CSH3 se pliegan sobre la región central DH-PH-ZF. Esto impide 

tanto su actividad catalítica como gran parte de las adaptadoras. La fosforilación de las 

proteínas Vav en tirosinas específicas provoca un cambio de conformación que elimina 

estos contactos intramoleculares, lo que permite su activación. Además de este 

mecanismo, también afectan a la actividad de las proteínas Vav otros factores entre los 

que se encuentra la localización subcelular y modificaciones postraduccionales como la 

metilación en argininas o, potencialmente, la acetilación en lisinas. 

 En mamíferos existen tres miembros de la familia Vav: Vav1, Vav2 y Vav3. 

Mientras que la expresión de la primera se restringe al sistema hematopoyético, donde 

juega un papel especialmente relevante en linfocitos T, las otras dos formas se expresan 

ubicuamente. Sus funciones son diversas y afectan a diferentes sistemas, incluyendo el 

sistema hematopoyético, el sistema nerviosos central o el sistema cardiovascular. 

Además, también son altamente relevantes en diferentes procesos tumorales. 
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2. Regulación del metabolismo 

La regulación del metabolismo requiere la acción coordinada de un gran número de 

órganos que, a su vez, están regulados por señales nerviosas y endocrinas. Los 

principales órganos implicados en esta regulación son el sistema nervioso central, el 

páncreas, el tracto digestivo, el hígado, el tejido adiposo blanco, la grasa parda y el 

músculo esquelético. El sistema inflamatorio, los glucocorticoides, las catecolaminas y 

sustancias análogas a hormonas segregadas por los órganos citados contribuyen también 

al control de la homeostasis metabólica. 

 La insulina segregada por el páncreas juega un papel primordial en la regulación 

de los niveles de glucosa a nivel de organismo. Esta hormona actúa sobre los órganos 

sensibles a través del receptor de insulina, que, a su vez, estimula la ruta de PI3K/Akt. 

Ello favorece la síntesis proteica, la captación de glucosa, la síntesis de glucógeno y el 

crecimiento celular. La desregulación de esta ruta de señalización lleva al desarrollo de 

defectos metabólicos. Una de las dianas principales de esta hormona es el músculo 

esquelético, que es el responsable de la captación de entre el 60 y el 80% de la glucosa 

circulante. No es sorprendente, por tanto, que defectos en señalización de insulina en el 

músculo o alteraciones en la proporción de masa muscular estén asociados al desarrollo 

de síndrome metabólico y diabetes tipo 2. 

  

3. Masa muscular y proteostasis 

El control de la cantidad de masa muscular depende del equilibrio entre la producción y 

la degradación de proteínas. El regulador principal del crecimiento muscular es el factor 

de crecimiento IGF-1, el cual señaliza a través de una ruta semejante a la de la insulina. 

Otros factor importante es la miostatina, que regula negativamente el proceso inhibiendo 

la diferenciación y la síntesis proteica. Se ha visto que el aumento de la masa muscular 

mediante alteraciones en cualquiera de estas dos vías en ratones conlleva una mejor 

sensibilidad a insulina y protección frente a la obesidad inducida por dieta rica en grasa. 

Un segundo factor importante en la formación de músculo son las células satélite o stem 

musculares. Especialmente relevantes en músculo en formación o procesos regenerativos,  

estas células se encargan de formar fibras a través de un proceso de diferenciación 

denominado miogénesis.  
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RESUMEN DE LOS RESULTADOS 
 

1. Fosfatidilinositol monofosfatos regulan la activación optima de las 

rutas efectoras de Vav1 
 

Vav1 es la única proteína de la familia que presenta una región rica en lisinas (KR) entre 

el dominio ZF y el cassette SH3-SH2-SH3. Esta región está totalmente ausente en Vav2 

y en el caso de Vav3 está presente con aminoácidos básicos mucho más dispersos y en 

menor cantidad. Para analizar su papel en la regulación de Vav1, se realizaron mutantes 

que alteraban esta región haciéndola más ácida (KR1Mut) o más básica (KR2Mut). La 

actividad de estas formas mutadas se testó en linfocitos T mediante ensayos de actividad 

luciferasa, hallando que la versión KR1Mut inducía una menor activación de NFAT y 

JNK que la forma WT de Vav1. La forma KR2Mut, por su parte, provocaba una 

hiperactivación de ambos factores de transcripción. El uso de estos mutantes nos 

permitió comprobar también que esta región contribuye a las funciones mediadas por 

Vav1 en linfocitos T pero no así en otras líneas celulares. Además, utilizando formas 

truncadas e hiperactivas de Vav1, pudimos demostrar que esta regulación es 

independiente del sistema de inhibición intramolecular mediado por fosforilación 

característico de esta familia de proteínas. El uso de mutantes puntuales en los que los 

aminoácidos más ácidos de esta zona fueron sustituidos por lisinas demostró que esta 

modulación de la actividad catalítica y adaptadora de Vav1 está parcialmente relacionada 

con las propiedades electrostáticas de esta región. 

 Ensayos de fluorescencia y de fraccionamiento subcelular mostraron que 

alteraciones en la región KR afectan a la localización de Vav1 en la membrana 

plasmática. Además, la localización de Vav1 durante la sinapsis inmunológica y la 

polimerización de actina también se ven afectadas al mutar la región rica en lisinas. Para 

demostrar que la baja actividad del mutante KR1 era debida a problemas en la 

localización de esta proteína, se añadió la secuencia CAAX de H-Ras en el extremo C-

terminal de la proteína para forzar su anclaje a la membrana plasmática. Apoyando 

nuestra hipótesis, esta modificación rescataba tanto la actividad catalítica como la 

activación de NFAT mediada por Vav1 en linfocitos T. 

 Los datos anteriores sugerían que la región KR podría estar implicada en un 

proceso de interacción con fosfolípidos en la membrana plasmática. Para testar esta 
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hipótesis, se realizaron diferentes experimentos de unión a lípidos utilizando diferentes 

formas mutantes de la proteína Vav1 fusionadas a MBP. Estas proteínas fueron 

purificadas de bacterias y su capacidad de unión a lípidos ensayada tanto en filtro lipídico 

como a través del uso de liposomas. Nuestros experimentos demostraron que Vav1 es 

capaz de interaccionar con alta afinidad con PI5P, PI3P y PI4P pero no con otros 

fosfolípidos de membrana. Además, las formas mutantes KR1Mut o KR2Mut presentan 

menor y mayor afinidad por estos lípidos, respectivamente. Ensayos posteriores 

demostraron que esta capacidad de unión a lípidos reside en la región KR pero requieren 

un dominio bipartito compuesto por el ZF y la región polibásica adyacente de Vav1. 

 Por último, para demostrar que el lípido PI5P juega un papel en la señalización de 

Vav1, nos valimos de la enzima bacteriana IpgD, una PI(4,5)P2 fosfatasa, para 

incrementar artificialmente la cantidad de PI5P en linfocitos T. Los resultados mostraron 

que el incremento en la proporción de este lípido en la célula favorecía la actividad 

catalítica de Vav1.  
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2. La acetilación en lisinas de Vav1 regula negativamente la activación 

de NFAT 
 

Diferentes estudios de espectrometría de masas han detectado acetilación en lisinas en los 

tres miembros de la familia Vav. Esta modificación posttraduccional, que se creía 

exclusiva de histonas, ha ganado interés en los últimos años al comprobar su alta 

prevalencia en proteínas tanto nucleares como citoplasmáticas.  

Con el fin de determinar si la acetilación podría tener relevancia in vivo en la 

regulación de Vav1, se estudiaron tanto las dinámicas generales de activación como el 

efecto individual de las lisinas identificadas mediante espectrometría de masas.  

Para abordar el primer punto, se realizaron experimentos inmunoprecipitando 

Vav1 y detectando la fracción acetilada mediante un anticuerpo específico contra lisinas 

acetiladas. Pudimos comprobar de esta forma que Vav1 se acetila en respuesta a 

estímulos mitogénicos, como pueden ser la estimulación con EGF en fibroblastos o con 

anti-CD3 en linfocitos T, de forma similar a lo que ocurre con la fosforilación. La 

mutación G691V, inactivante del dominio SH2 de interacción con proteínas fosforiladas, 

impedía tanto la acetilación como la fosforilación de la proteína. Sin embargo, ensayos 

de fraccionamiento celular demostraron que esta modificación se encuentra restringida al 

compartimento citoplasmático. 

Con el fin de identificar las consecuencias de esta modificación, se seleccionaron 

aquellos residuos a priori más interesantes debido bien a su identificación en varios 

ensayos o bien a la relevancia de su localización en base a estudios anteriores. Estos 

residuos fueron mutados a arginina o a glutamina para imitar la forma no acetilable o 

constitutivamente acetilada, respectivamente. Comprobamos que la mayoría de estas 

mutaciones no afectaban a la actividad catalítica de la proteína y, en el caso de las que sí 

lo hacían, la mutación a arginina y a glutamina tenía el mismo efecto. Estos datos indican 

que la acetilación de Vav1 no afecta a su actividad catalítica. No ocurre lo mismo con la 

actividad no catalítica. La mutación de estas lisinas a arginina y glutamina mostró efectos 

diferenciales en la capacidad de Vav1 para activar NFAT. En concreto, las lisinas K194, 

K222, K252, K587 y K716 mutadas a la forma “acetilada” mostraban una reducción de la 

actividad de NFAT, mientras que en la versión no acetilable la actividad no se veía 

alterada o incluso se incrementaba. Además, la mutación conjunta de las lisinas K222, 

K252 y K716 resultaba en la total inactivación de esta vía. Análisis más exhaustivos nos 
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permitieron comprobar que no todos los mutantes menos activos seguían un mismo 

mecanismo regulatorio. 

Además, a pesar de que los residuos equivalentes a la lisina K716 en Vav2 y Vav3 

también se han identificado como acetilados en estudios masivos de espectrometría de 

masas, la mutación de los mismos no resulta en la pérdida de fosforilación en estado 

basal ni en reducciones tan marcadas de la capacidad para activar NFAT como las 

observadas para Vav1. Estos resultados indican que este mecanismo regulatorio es 

específico no solo de tipo celular sino también de este miembro de la familia en concreto.  
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3. Rutas dependientes de la actividad catalítica de Vav2 contribuyen al 

crecimiento del músculo esquelético y la homeostasis metabólica. 
 

En este estudio, se utilizaron ratones modificados genéticamente para indagar en nuevos 

procesos fisiológicos regulados por Vav2 que sean dependientes de su actividad catalítica. 

Para ello, se generaron dos modelos de ratón knock-in opuestos. En el primer modelo, la 

forma silvestre fui sustituída por una versión que presenta una mutación puntual que 

reduce sustancialmente la actividad catalítica de Vav2 (Vav2L332A/L332A). En el segundo 

modelo, la forma silvestre fue sustituída por una forma truncada que se encuentra 

constitutivamente activa debido a la pérdida del mecanismo de regulación intramolecular 

dependiente de fosforilación (Vav2Onc/Onc). En ambos casos la forma alterada está bajo el 

control del promotor endógeno de Vav2. 

 Los análisis de estos ratones mostraron que los ratones Vav2L332A/L332A tienen 

menor masa magra que sus correspondientes WT, mientras que los ratones Vav2Onc/Onc 

presentan el fenotipo opuesto. Además, los primeros tienden a acumular mayor cantidad 

de grasa que sus controles con el paso del tiempo, lo contrario que ocurre con los 

segundos. El estudio del tamaño de los músculos de la pata trasera de los ratones a 

diferentes edades confirmó que la actividad catalítica de Vav2 afecta la cantidad de masa 

muscular. Además, estas diferencias se relacionan con menor (en el caso de ratones 

Vav2L332A/L332A) o mayor (en ratones Vav2Onc/Onc) tamaño de las fibras musculares. Se 

comprobó también que las células satélite o madre musculares provenientes de ratones 

Vav2L332A/L332A y Vav2Onc/Onc proliferaban respectivamente menos y más que las 

provenientes de sus controles WT. 

 Mediante ensayos de inyección de insulina o IGF-1 a través de la vena cava 

pudimos demostrar que la respuesta del músculo a estos factores se encontraba 

disminuida en el caso de los ratones Vav2 catalíticamente deficientes e incrementada en 

los constitutivamente activos. En otros órganos no se encontró ningún tipo de alteración 

a excepción de un incremento de la sensibilidad a insulina en el tejido adiposo de los 

ratones Vav2Onc/Onc. Estos datos se confirmaron utilizando una línea celular de mioblastos. 

Además, demostramos que Vav2 es importante para la activación óptima de la ruta PI3K-

Akt. 

 A continuación, se profundizó en las consecuencias metabólicas de la alteración 

de la actividad catalítica de Vav2. Comprobamos que la tolerancia a glucosa de los 
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ratones Vav2L332A/L332A se encuentra disminuida tanto en condiciones de dieta normal 

como en condiciones de dieta rica en grasa. Además, la respuesta sistémica a insulina 

también se encontraba alterada en ambos casos. Los ratones padecían hiperglicemia a 

partir de los 8 meses de edad. Por el contrario, ratones Vav2Onc/Onc mostraban una mejor 

tolerancia a glucosa y mejor respuesta a la infusión de insulina en ambos tipos de dieta. 

La secreción de insulina era normal en ambos modelos murinos. 

 En consonancia con los datos anteriores, el peso de los ratones Vav2L332A/L332A 

mantenidos con dieta grasa aumenta más y más rápidamente que el de sus 

correspondientes controles. La cantidad de grasa abdominal y el tamaño de los adipocitos 

en estos animales también fue mayor tanto con dieta grasa como con dieta normal. 

Además, su gasto energético y su cociente respiratorio durante la fase diurna eran 

menores que los de los animales WT. Los ratones Vav2L332A/L332A también presentaban 

mayor cantidad de triglicéridos en hígado y una ligera esteatosis a los 6 meses de edad. 

Esta mayor acumulación de lípidos en hígado era más evidente en ratones sometidos a 

dieta rica en grasa. Por el contrario, los ratones Vav2Onc/Onc estaban protegidos frente a la 

obesidad inducida por dieta rica en grasa y mostraban adipocitos de menor tamaño tanto 

en dieta control como en dieta rica en grasa. Su gasto energético y su cociente 

respiratorio durante el día eran mayores que los de sus homólogos WT. Sin embargo, no 

se encontró ninguna diferencia significativa en hígado. 

 En la grasa parda también se observaron fenotipos opuestos en los dos modelos 

animales empleados. Los ratones Vav2L332A/L332A presentaban un menor número de 

adipocitos por campo a partir de los 4 meses de edad y gotas lipídicas de mayor tamaño 

ya desde los 2.5 meses. Además, encontramos que la expresión de la proteína 

desacoplante Ucp1, necesaria para la termogénesis, y la lipasa Hsl  era menor que en los 

controles. La administración de dieta rica en grasa empeora el fenotipo observado en los 

ratones Vav2L332A/L332A. De forma contraria, el número de adipocitos marrones y la 

expresión de Ucp1 y Hsl era mayor en los animales Vav2Onc/Onc de 4 meses que en sus 

controles y el tamaño de las gotas lipídicas menor. Estas diferencias eran mucho más 

evidentes en animales alimentados con dieta rica en grasa. 

 Por último, el análisis ordenado de todos los defectos nos permitió comprobar que 

las alteraciones en músculo eran las primeras en ser observadas, apoyando la hipótesis de 

que las alteraciones en la señalización de IGF-1 e insulina en este órgano son las 

causantes de todo el fenotipo metabólico observado. 
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CONCLUSIONES 
 
 
 
 
1. La interacción de Vav1 con fosfatidilinositol monofosfatos contribuye a su 

señalización en linfocitos T. Esta capa de regulación, dependiente de la región rica 

en lisinas en cooperación con el dominio ZF, es específica para este miembro de la 

familia Vav y para este tipo celular. 

2. La acetilación de Vav1 en residuos de lisina específicos reduce la estimulación de la 

ruta de NFAT. La fracción de Vav1 acetilado aumenta tras estimulación del TCR y 

se encuentra en el compartimento citoplasmático. 

3. Vav2 promueve la activación óptima de la ruta de PI3K–Akt corriente abajo de IGF–

1 e insulina en músculo esquelético.  

4. La inhibición sostenida de la actividad GEF de Vav2 conlleva una reducción en la 

masa muscular y el desarrollo a largo plazo de síntomas similares a síndrome 

metabólico que se ven agravados tras la administración de dieta rica en grasa. Por el 

contrario, la hiperactivación crónica de las rutas dependientes de la actividad 

catalítica de Vav2 produce hipertrofia muscular y protección frente a la obesidad 

inducida por dieta y comorbilidades asociadas a ésta. 


