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ABSTRACT 

Vav proteins are a family of guanosine nucleotide exchange factors (GEFs) for the Rho family 

of GTPases. They regulate the exchange of GDP for GTP and the subsequent activation of Rho 

GTPases. These proteins control in turn a variety of cellular processes which include proliferation, 

migration or gene transcription, among others. Because of the relevance of these biological 

processes, Rho signaling is usually altered in human tumors. One of this disruptions is the 

alteration of Rho regulators, such as GEFs. 

Little is known about the role of the member of the Vav family Vav2 in tumorigenesis. It has 

been associated to invasiveness in metastatic melanoma, to initiation and promotion of skin 

tumors and to head and neck squamous cell carcinoma, as well as to the control of a lung 

metastasis-specific transcriptional program in breast cancer cells, together with Vav3. 

In order to expand the number of tumors in which Vav2 is implicated and shows an active 

role, the aim of this work is the analysis of the function of Vav2 in lung tumors, one of the main 

causes of cancer death in developed countries. A mouse model of lung urethane-induced 

carcinogenesis was used for this purpose. Vav2-/- mice showed a decrease in the incidence and 

multiplexity of lung tumors when compared with control mice, indicating an oncogenic role of 

Vav2 in the initiation stages of lung tumor development. 

This protection against tumor development was in part explained by the increase in cell 

apoptosis upon damage induction in Vav2-/- mice. To further analyze and characterize this 

phenotype, in vitro studies were carried out with a murine cell line derived from a KRas-mutant 

lung adenocarcinoma and the use of shRNAs to deplete Vav2. These studies showed that Vav2 

deficient cells had defects in cell proliferation and cell survival upon DNA damage induction, 

similarly to the in vivo observations. Cell survival deficiencies were not due to an ineffective 

activation of any of the three canonical GTPases RhoA, Rac1 and Cdc42 by Vav2, as its 

overexpression didn’t rescue the phenotype. In fact, RhoA and Cdc42 had a pro-apoptotic effect 

that exacerbated the Vav2-deficienct phenotype. Neither Vav3, another member of the Vav family 

which is also ubiquitously expressed, could reduce the apoptosis levels. All the contrary, it acted 

in vitro as a pro-apoptotic protein capable of counteracting the resistance conferred by Vav2 in 

control cells. 

All these results bring light into the complex and tissue-specific role of Vav2 in lung 

tumorigenesis, but also opens more questions to be addressed in a future. It could not be 

determined if the observed effects were catalytically-dependent, or if they lie in the adaptor 

function of Vav2. If it were the first case, three GTPases were discarded as targets of Vav2 in 

lung tumorigenesis, but the actual ‘effector’ GTPase remains elusive. 

Finally, a different Vav2-knockdown/knockout cell model based on the CRISPR-Cas9 

technology was tried. First steps of experiment design and guide RNA and Cas9 delivery were 

carried out, but the validation of the generated cell clones still remains a challenge due to the 

difficulties of analyzing Vav2 endogenous protein levels. 
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1 | INTRODUCTION 

1.1 Rho GTPases: function and regulation 

Rho guanosine triphosphatases (GTPases) are a subfamily inside the Ras superfamily of 

GTPases. Composed of 20 different proteins in humans, the three canonical and best-

characterized members are Rac1, RhoA and Cdc42. Their function has traditionally been linked 

with the regulation of the cytoskeletal dynamics. Besides, they control gene transcription and 

cellular processes such as migration, adhesion, polarity, cell cycle progression or survival [1–3]. 

Rho GTPases, similar to other Ras GTPases, act as “molecular switches”. They show an 

inactive, GDP-bound form, and an active, GTP-bound form. The transition from one state to the 

other is controlled by different regulators. On the one hand, guanosine nucleotide exchange 

factors (GEFs) favor the activation of the GTPase by promoting the release of GDP and the 

subsequent binding to GTP. At this conformation, the GTPase can bind to its effectors and starts 

a cascade of intracellular signaling that controls the cellular processes named before. On the other 

hand, GTPase activating proteins (GAPs) enhance the intrinsic GTPase activity of Rho proteins, 

promoting the hydrolysis of GTP into GDP and completing the cycling. Finally, Rho GTPases 

can be sequestered in the cytoplasm by guanine nucleotide dissociation inhibitors (GDIs) in their 

inactive form, impeding the activation of the GTPases (Figure 1) [2,3]. 

 

Figure 1. Regulation of Rho proteins. Rho GTPases act as molecular switches, with and inactive, GDP-

bound form, and an active, GTP-bound conformation. GEFs, GAPs and GDIs regulate the cycling of this 

proteins [2]. 

 

1.2 The Vav family of GEFs for Rho GTPases 

Vav proteins are a well-known family of GEFs for Rho GTPases. The family is composed of 

three members in vertebrates: Vav1, Vav2 and Vav3. Whereas Vav1 is mainly expressed in 

hematopoietic cells, Vav2 and Vav3 are more ubiquitously expressed. Despite this different 

expression pattern, all Vav proteins share a conserved domain structure (Figure 2). They consist 

of: i) one calponin-homology (CH) domain in the N-terminal region which is believed to be 

involved in the regulation of the GEF activity and Ca2+ mobilization; ii) an acidic (Ac) motif with 

three highly conserved tyrosines involved in the autoinhibition of the protein; iii) a DBL-

homology (DH) domain responsible for the Rho-GEF activity; iv) a Pleckstrin-homology (PH) 
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domain for phosphatidylinositols binding; v) a zinc-finger (ZF) domain for Rho-GTPases 

binding; vi) a proline-rich (PR) region for interaction with SH3 domain/WW motif-containing 

proteins; vii) two SRC-homology 3 (SH3) domains for interaction with proline-rich sequences; 

and viii) a SRC-homology 2 (SH2) domain which recognizes specific phosphotyrosines [4–6]. 

While the DH-PH-ZF unit is considered the “catalytic core”, the PR-SH3-SH2-SH3 unit acts as 

an adaptor region for the catalytically-independent interaction with proteins [4]. 

 

Figure 2. Structure of Vav proteins. The function of each domain, as well as the proteins with which it 

interacts, are indicated in the figure [6]. 

 

1.3 Rho GTPases and Vav GEFs: implication in cancer 

Due to their key regulatory role in biological processes such as proliferation, cell survival or 

migration, deregulation of Rho GTPases is linked to different oncogenic processes and cancer 

types. Rho activity can be disrupted in cancer by a variety of alterations, being the most common 

the overexpression of the GTPase, but also because of changes in post-translational modifications 

and most recently activation by direct mutations [7]. However, disruptions in the activity and 

levels of its regulators can also cause an altered signaling in an indirect manner. That is the case 

when Rho negative regulators (GAPs and GDIs) are lost, or activators (GEFs) are overexpressed. 

The Vav family is an example of GEF which has been found to be altered in cancer. Vav1 was 

already characterized as an oncogene at the moment of its isolation due to an artifactual genetic 

rearrangement [8]. Now Vav1 is found overexpressed in a variety of human cancers, such as in 

pancreatic, lung, neuroblastoma or breast. For its part, Vav3 in found overexpressed and has an 

oncogenic role in gastric, prostate, glioblastoma or breast cancers [7,9,10]. Finally, Vav2 

promotes invasion in metastatic melanoma [11], is hyperactivated in head and neck squamous 

cell carcinoma [12], together with Vav3 controls a lung metastasis-specific transcriptional 

program in breast cancer cells [13] and promotes skin tumor initiation and promotion [14]. 

One of the aims of Xosé Bustelo’s lab is to expand the number of tumors in which Vav proteins 

could have an active, tumorigenic role, both oncogenic or tumor suppressor. In the present work, 
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the less studied member of the family Vav2 is the focus of research. Specifically, the potential 

role of Vav2 in lung tumorigenesis will be elucidated. Lung cancer is the third most frequent 

cancer in Spain (2012) and the one with the greatest mortality (20.6% of all cancers), according 

to the Spanish Society of Medical Oncology (SEOM) [15]. The 5-year survival rate is of only 

17.7% (2006-2012, National Cancer Institute data). These data expose the demanding need of a 

deeper knowledge on the molecular mechanisms of the disease and new effective therapeutic 

approaches. 

 

1.4 Vav2 in lung tumorigenesis 

1.4.1 Introduction to the model of study 

To study the in vivo role of Vav2 in lung tumorigenesis, Vav2 knockout (Vav2-/-) and wild type 

(WT) mice in a C57BL/10 background were used. These Vav2-/- mice were previously described 

and generously provided by Martin Turner [16]. In order to induce lung tumors in these animals, 

mice were treated with the chemical carcinogen urethane for 6 weeks (schematized in Figure 3). 

Urethane causes genetic mutations in mice similar to those found in human lung tumors, such as 

missense mutations in p53 or mutations in the codon 61 of K-Ras [17]. At week 20 mice were 

analyzed in search of lung tumors. 

 

 

Figure 3. Protocol to induce lung tumors in mice. 13 Vav2-/- and 24 WT female mice, aged 6-8 weeks, 

were treated for 6 weeks with urethane dissolved in physiological serum Vitulia (1g/10ml). Urethane was 

administered by intraperitoneal injections at a dose of 1 mg of urethane per g of mouse weight, one injection 

per week. Mice phenotype was analyzed at week 20.  

 

1.4.2 Importance of Vav2 in the formation of lung tumors 

The histology of lungs from control and Vav2-/- mice was analyzed, with the help of the 

Pathology Unit in the ‘Centro de Investigación del Cáncer’ (CIC), using hematoxylin and eosin 

(H&E) staining. An example of lungs and histology samples from the two studied mice groups is 

shown in Figure 4A.  

The incidence of lung adenomas in WT mice (71%) was significantly higher than in the case 

of Vav2-deficient mice (only 15%) (Figure 4B). Besides, WT mice showed a higher multiplexity 

(more tumors/mouse) when compared with the Vav2-/- mice (Figure 4A). Finally, hyperplasias 

were classified in three groups according to the affected area: mild, moderate and severe (Figure 

4C). As seen in Figure 4C, WT mice developed also more hyperplasias than KO animals, and 

the last ones did not carry almost any severe lesion. 

These data indicate that Vav2 loss abrogates the formation of lung lesions. Thus, it acts as an 

oncogene in the formation of lung tumors in this mouse model of urethane-induced pulmonary 
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carcinogenesis. Vav2 has a role in the early stages of tumor development, as proved by the fact 

that lung tumor formation is not initiated in Vav2-/- mice, while no difference in size was observed. 

 

Figure 4. Lung tumor development in Vav2-KO vs. WT mice after urethane treatment. (A) Lungs 

from WT and Vav2-/- mice. Tumors are indicated with arrows in the H&E stained samples (left). 

Quantification of the number of tumors per mouse (p<0.0001) (right). (B) Lung adenoma incidence in WT 

vs. Vav2-/- mice (p=0.0013). (C) Number of non-adenomatous lesions per mouse, classified according to 

the degree of severity in mild, moderate and severe hyperplasias, and representative histological samples 

of each type of hyperplasia. Myriam et al. unpublished data. 
 

Considering the in vivo results regarding the oncogenic role of Vav2 in lung presented in this 

Introduction, the main objective of the present work is to assess the role of Vav2 in lung 

adenocarcinoma and its implications in tumorigenic and physiological cell processes. For that, 

the murine lung adenocarcinoma cell line LSZ4, derived from a K-Ras G12V mouse model, was 

used. Vav2 was knock-downed in this cell line using two approaches. On the one hand, one aim 

was to generate a Vav2-knockdown (KD)/ knockout (KO) model using the widespread CRISPR 

(Clustered Regularly Interspaced Short Palindromic Repeats) – Cas9 (CRISPR associated) 

technology. On the other hand, while this model was being generated, two different short-hairpin 

RNAs (shRNA) were used to generate Vav2-deficient LSZ4 cells to study the tumorigenic role 

of Vav2 in lung. Finally, the last objective was to identify the GTPase downstream of Vav2 in 

this tumorigenic process. 
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2| MATERIALS AND METHODS 

Histological analysis 

Extracted tissues were fixed in formaldehyde 4% (Sigma) and processed by the Pathology Unit 

in the ‘Centro de Investigación del Cáncer’ (CIC) using hematoxylin and eosin (H&E) staining 

and anti-CC10 (Clara cell 10 protein, Cell Signaling) and anti-caspase3 (Cell Signaling) 

antibodies. 

 

Cell culture 

Cells were incubated at 37ºC with 5% CO2. LSZ4 cells, derived from lungs of tumor-bearing 

KRasLSL mice, were kindly provided by S. Vicent [18]. LSZ4 and Lenti-X 293T (Clontech) cell 

lines were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS), penicillin (10µg/ml), streptomycin (100µg/ml) and L-glutamine (1%, 

Sigma-Aldrich). The culture medium for LSZ4 cells containing the Vav2-shRNAs or the empty 

vector pLKO.1 (control), and these same cells overexpressing the three GTPases, were 

additionally supplemented with puromycin (10µg/ml, Sigma). Rescued cell lines with either 

Vav2, Vav2E200A, Vav3 or the empty vector pLVX-IRES-Hyg were cultured in DMEM 

supplemented with 10% FBS, penicillin (10µg/ml), streptomycin (100µg/ml), L-glutamine 

(1%,Sigma-Aldrich), and puromycin (10µg/ml, Sigma) and hygromycin (50 µg/ml, Roche) as the 

selection markers. The Lenti-X 293T lentiviral packaging cell line was used to produce the 

lentiviral particles containing the empty vectors pLKO.1 and pLVX-IRES-Hyg, as well as the 

plasmid constructions containing Vav2, Vav2E200A, Vav3 and the fast-cycling GTPases RhoA, 

Rac1 and Cdc42. Lenti-X 293T cells were transfected with the appropriate vector, together with 

pCMV-Δ8.9 and pMAG-VSV-G vectors encoding the needed lentiviral packaging particles, 

using Lipofectamine® 2000 (Invitrogen), and viral particles were collected 24, 36, 48 and 60 

hours after transfection.  

 

Preparation of metaphase chromosome spreads 

Proliferating cells were incubated overnight with colcemid (0.1µg/ml, Roche). Arrested cells 

were trypsinized, centrifuged for 10 min at 1000 rpm and resuspended in 1 ml of culture medium. 

15 ml of prewarmed (37ºC) 0.075M KCl was added drop by drop while vortexing and cells were 

incubated at 37ºC water bath for 15 min. Three drops of fixative solution (methanol/acetic acid 

[3:1]) were added, cells were centrifuged, supernatant removed, and more fixative solution was 

added drop by drop up to 15 ml. Cells were incubated at room temperature 20-30 min, centrifuged 

and resuspended in 1 ml of fixative. This fixation process was repeated twice without room 

temperature incubation, and cells were dropped from a high height over glass slides. Cells were 

stained with DAPI (Sigma) and observed in a Zeiss Axioplan 2 microscope coupled to a 

Hamamatsu ORCA-ER digital camera. 

 

Design and cloning of sgRNA in Cas9-expressing plasmid 

Two guide RNAs directed against the first exon of Vav2 were designed using the CRISPR 

design web tool available at http://crispr.mit.edu/. The designed gRNAs to be introduced into the 

PX458 backbone were: gRNA1 (5’-CACCGCGCCCAACCACCGCGTCGTGTGG-3’ (forward) 

and 5’-AAACCCACACGACGCGGTGGTTGGGCGC-3’ (reverse)) and gRNA2 (5’-

CACCGGCAGTGCCGGGACCCTCACCTGG-3’ (forward) and 5’-AAACCCAGGTGAGGG-

TCCCGGCACTGCC-3’ (reverse)). The plasmid encoding Cas9 and GFP was pSpCas9(BB)-2A-

GFP (PX458) was a gift from A. Pendás. The sgRNAs were cloned into PX458 backbone 

following Zhang’s Lab protocol [19]. 

 

 

http://crispr.mit.edu/
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Transfection and selection of LSZ4 cells expressing Cas9 and sgRNA 

LSZ4 cells were transfected using Lipofectamine® 3000 (Invitrogen) and FuGENE® HD 

Transfection Reagent (Promega) following manufacturer’s protocol. Cells were transfected with 

both sgRNAs and the PX458 plasmid without sgRNA as a control. 48h after transfection, GFP 

positive cells were separated by fluorescence-activated cell sorting (FACS) using the cytometer 

FACSAria III and FACSDiva software (BD Biosciences). Single-cell sorting was performed to 

obtain cell clones in 96-multi-well plates and cultured in conditioned medium. 

 

Plasmids construction 

The lentiviral vector encoding hemagglutinin (HA)-tagged Vav2 (pCCM33), containing a 

complementary DNA (cDNA) from mouse wild-type Vav2 protein, was previously described 

[13]. The plasmid pCCM33 was then used to generate the vector encoding a catalytically inactive 

form of Vav2 (E200A mutant, plasmid pRBP01) by site-directed mutagenesis (Nzytech) using 

the primers 5’-GACAAGAGAAGCTGCTGCTTGTTAGCGATTCAGGAGACCGAGGCCAA- 

GTAC-3’ (forward) and 5’CATGAACCGGAGCCAGAGGACTTAGCGATTGTTCGTCGTCG 

AAGAGAACAG-3’ (reverse). The lentiviral vector encoding Myc-tagged Vav3 (pCCM31), 

containing a cDNA from mouse wild-type Vav3 protein, had been also previously described [13]. 

All vectors are derived from the lentiviral vector pLVX-IRES-Hyg (Clontech) with resistance to 

hygromycin. pMIEG3 vectors encoding fast cycling forms of the GTPases Rac1 (F28L), RhoA 

(F30L) and Cdc42 (F28L) tagged with (HA)3, which also express EGFP bicistronically, were 

obtained from Y. Zheng [20].  

 

Generation of knockdown cell lines 

The depletion of Vav2 using shRNAs was carried out using prepackaged Mission TRC 

lentiviral particles (Sigma-Aldrich) according to the manufacturer’s protocol. The cathalog 

numbers and shRNA sequences are: TRCN0000097094 (5’-CCGGGCCTGCATCTCTGGTTT- 

AGATCTCGAGATCTAAACCAGAGATGCAGGCTTTT-TG-3’) and TRCN0000097098 (5’-

CCGGGCCATGACAAATTTGGACTAACTCGAGTTAGTCCAAATTTGTCATGGCTTTT-

TG-3’), named sh94 and sh98 respectively. Both shRNAs were included into PLKO.1puro 

vectors with resistance to puromycin. LSZ4 cells were incubated with the lentiviral particles 

containing the shRNAs, as well as the empty PLKO.1puro vector, in the presence of polybrene 

(8 µg/ml, Sigma) (already described in [13]). Vav2 knockdown, and pLKO.1 (control) cells were 

selected using puromycin (2µg/ml, Sigma). Vav2-deficient cell clones sh94 and sh98 were chosen 

for the in vitro studies due to their prominent reduction in Vav2 mRNA and protein levels. 

 

Reexpression of Vav proteins and overexpression of GTPases in knockdown cell lines 

To generate the Vav-rescued cell lines (plasmids pCCM33, pRBP01 and pCCM31), Vav2-

knockdown cell clones were infected with lentiviral particles containing the indicated vectors and 

the empty pLVX-IRES-Hyg vector (control) in the presence of polybrene (8 µg/ml, Sigma) and 

selected with hygromycin (20 µg/ml, Roche). To overexpress the fast-cycling GTPases (RhoA, 

Rac1 and Cdc42), the Vav2-knockdown cell clones were infected with lentiviral particles 

encoding the indicated proteins and the empty pMIEG3 vector (control) in the presence of 

polybrene (8 µg/ml, Sigma) and subsequently sorted by flow cytometry to isolate GFP-positive 

cells. 

 

Analysis of mRNA abundance 

Total RNA was extracted using RNeasy Mini Kit (QIAGEN) following manufacturer’s 

protocol. qRT-PCR was performed with Power SYBR® Green RT-PCR Reagents Kit (Applied 

Biosystems) and the StepOnePlus Real-Time PCR System (Applied Biosystems). Raw data were 
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analyzed using the StepOne software v2.1 (Applied Biosystems). Either Gapdh or P36b4 

transcripts were used as endogenous controls for normalization. The used primers were 5’-

TGCACCACCAACTGCTTAGC-3’ (Gapdh forward), 5’-TCTTCTGGGTGGCAGTGATG-3’ 

(Gapdh reverse), 5’-GTGTTTGACAACGGCAGCATT-3’ (P36b4 forward) and 5’-TTGATGA- 

TGGAGTGTGGCACC-3’ (P36b4 reverse). Quantification of mouse Vav2 mRNA levels was 

assessed using the primers 5’-GCGTCGGGGCACACAAGGAA-3’ (forward) and 5-‘GAACCA- 

GCCGCCCTTCCCAC-3’ (reverse). The used primers for Vav3 mRNA quantification were: 5’-

GGGTAATAGAACAGGCAACAGC-3’ (forward) and 5’-GCCATTTACTTCACCTCTCCAC-

3’ (reverse); for Cdc42 mRNA: 5’-CCCATCGGAATATGTACCAAC-3’ (forward) and 5’-

AGGCTTCTGTTTGTTCTTGGC-3’. In the case of validation of CRISPR-Cas9 

knockdown/knockout clones, the used primers for Vav2 mRNA quantification were 5’-

TGGCTCATCGACTGCAAGG-3’ (forward) and 5’-GGCCGGAAGTTGATGTCCTTA-3’ 

(reverse).  

 

Protein abundance quantifications 

Cells were washed with chilled PBS and scrapped in lysis buffer (10 mM Tris-HCl [pH 8.0], 

150 mM NaCl, 1% Triton X-100, 1 mM Na3VO4, 10 mM β-glycerophosphate, 5mM NaF and a 

mixture of protease inhibitors [CØmplete, Roche]) to extract total proteins. Extracts were 

precleared by centrifugation at 14000 rpm for 10 min at 4ºC, denatured by boiling in SDS-PAGE 

sample buffer, separated electrophoretically, and transferred onto nitrocellulose membranes using 

the iBlot Dry Blotting System (Invitrogen). Membranes were blocked in 5% BSA (Sigma) in 

TBS-T (25 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1% Tween-20) for at least 30 min and then 

incubated overnight at 4ºC or 2h at room temperature with the appropriate antibodies, depending 

on the efficacy of the antibody. The used antibodies for immunoblotting included rabbit 

polyclonal antibodies to phospho-Erk1/2 (residues Thr202/Tyr204; Cell Signaling, 1:1000 

dilution) and total Erk1/2 (Cell Signaling, dilution 1:1000), as well as rabbit monoclonal 

antibodies to HA-tag (Cell Signaling, 1:1000 dilution), phospho-p53 (residue Ser15; Cell 

Signaling, 1:500 dilution) and RhoA (Cell Signaling, 1:1000), and mouse monoclonal antibodies 

to α-Tubulin (Calbiochem, 1:1000 dilution), Myc-tag (Roche, 1:1000 dilution), phospho-Akt 

(residue Ser473; Cell Signaling, 1:500 dilution), Rac1 (1:2000 dilution) and Cdc42 (BD 

Biosciences, 1:500 dilution). Home-made rabbit polyclonal antibodies to Vav2 have been 

previously described [21]. After three ten-minute-washes with TBS-T to eliminate the primary 

antibody, the membrane was incubated with the proper Alexa Fluor® secondary antibody 

(Invitrogen, 1:5000) for 45 min at room temperature. Fluorescent bands were detected with 

Odissey® Imaging System (LI-COR). 

In the particular case of endogenous Vav2, due to its reduced protein levels, protein 

quantification was performed by immunoprecipitacion (IP). The lysis buffer was slightly different 

(50 mM Tris-HCl [pH 8.0], 750 mM NaCl, 5% Triton X-100, 5 mM NaF and the mixture of 

protease inhibitors [CØmplete, Roche]). After being precleared by centrifugation, protein 

concentration was measured using the Protein Assay Dye Reagent Concentrate (Bio-Rad) and 

300 mg of protein in a final volume of 500 µl were incubated with 1 µl of anti-Vav2 at 4ºC on 

rotating wheel for 2 hours. Immunocomplexes were collected using Gamma BindTM G 

SepharoseTM beads (GE Healthcare Life Biosciences) for 2 hours at 4ºC on rotating wheel. Beads 

were washed thrice and analyzed by immunoblotting as described above. In this case, different 

secondary antibodies were used (GE Healthcare) and immunoreacting bands were developed 

using a standard chemoluminiscent method (ECL, Thermo Scientific). 
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Colony forming assay 

In a multi-well plate of 6 wells, 200 cells per well were plated. After an incubation period of 

7 days, cells were fixed with formaldehyde for 5 min and stained with Giemsa stain for 10-30 

minutes at room temperature. The number of colonies formed, as well as the total well surface 

covered by the colonies, and the colony area, were quantified using the ImageJ 1.49v software. 

Cell proliferation assay 

In a multi-well plate of 24 wells, 7000 cells per well were plated. Cells were incubated with 

4% FBS for different periods of time (24, 48 and 72 hours) and counted in a Neubauer chamber 

at the indicated times. 

 

Cell survival assay 

Cells were treated with cisplatin (26.4 µM, Sigma-Aldrich) for different periods of time to 

induce DNA damage. At the specified times, apoptotic cells were quantified using the Annexin 

V-DY-634 Apoptosis Detection Kit (Immunostep) following manufacturer’s protocol in the BD 

Accuri C6 flow cytometer and analyzed using BD Accuri C6 software (BD Biosciences). Total 

protein extracts were also obtained at these times to quantify the levels of different apoptotic and 

proliferative proteins by immunoblotting. In both cases, the cell media was recovered and 

centrifuged for 10 min at 4ºC to retain apoptotic cells. 

 

Statistics 

Depending on the type of experiment, data were processed using either the Student’s t test or 

the Mann-Whitney test. Values are given as means ± SEM. P values lower than 0.05 were 

considered statistically significant. P values are represented as * (when ≤ 0.05), ** (when ≤ 0.01) 

and *** (when ≤ 0.001). 

 

 

3| RESULTS AND DISCUSSION 

3.1 Role of Vav2 in lung homeostasis 

In order to further study the role of Vav2 in the pulmonary tissue, the function of the GEF in 

lung homeostasis and tissue repair after chemical damage was analyzed. Naphthalene was used 

to induce lung injuries. This compound has a cytotoxic effect on a concrete cell type in lungs: 

Clara cells, now known as Club cells. These noncialiated bronchiolar cells are responsible for 

metabolizing and detoxifying naphthalene in murine lungs through its cytochrome P450 activity, 

thus being specifically sensitive to its toxicity [22]. Club (Clara) cells are also specialized in 

pulmonary defense, immune system regulation and progenitor cell function [23,24].  

After naphthalene treatment, WT and Vav2-/- mice lungs were analyzed by 

immunofluorescence. As seen in Figure 5, 7 days pot-naphthalene treatment Club cells (in green) 

start to renew and reconstitute the bronchiolar epithelia, while in Vav2-/- mice the reappearance of 

these cells is slower. 
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Figure 5. Club cells after naphthalene treatment in Vav2-/- vs. WT mice. 6-8 week-old-mice were treated 

with naphthalene or the vehicle corn oil (Mock condition) at a dose of 250 mg of naphthalene/ kg mouse 

weight, administered by i.p. injection. Club cells (green) were stained with anti-CC10 (Clara cell 10, Cell 

Signaling) protein.  

 

To try to elucidate the defective cellular process impairing Club cells reappearance in Vav2-/- 

mice, apoptosis was evaluated as a possible cause. Caspase-3 positive cells were measured 24 and 

48 hours after naphthalene injection (Figure 6). The number of apoptotic cells was considerably 

higher in the case of Vav2-/- mice after 1 day, but was reduced after 48 hours. This is explained 

by the fact that Club cells start to die early and after 2 days all are already dead and lost from the 

bronchiole, while in WT mice Club cells are more resistant to apoptosis and its death is delayed. 

 

 

 
Figure 6. Club cells survival and apoptosis after naphthalene treatment in Vav2-/- vs. WT mice. 

Apoptotic cells were stained using anti-caspase 3 and quantified 1 and 2 days after naphthalene treatment. 

 

 

This result explains in part the previous observations: as lung tumor cells in Vav2 deficient 

mice are more sensitive to apoptosis they are unable to survive and form a tumor. Altogether, 

these data indicate that Vav2 acts as a key oncogene in the initiation phase of lung tumors. 
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3.2 Generation of Vav2-KO cells using CRISPR-Cas9 technology: first steps 

LSZ4 cells, derived from mouse, contain 40 chromosomes, as expected from a murine cell 

line. The cells do not show polyploidies nor any remarkable chromosome number alteration, as 

observed in Figure 7. Thus, it is expected that these cells only contain two Vav2 alleles to be 

deleted by CRISPR-Cas9, easing the generation of Vav2-KO cells and the subsequent analysis of 

target modification efficiency. 

After this previous cell line characterization, single-guide RNAs were designed. These gRNAs 

were directed against the first exon of Vav2 with the objective of truncating the protein from its 

beginning, so that no potentially functional by-product is translated. The other reason is that all 

Vav2 splice variants contain this exon. Another condition was that gRNAs should be directed 

against methionine coding regions, so that translation does not begin from a methionine in a 

different, near position to the usual start codon. Finally, the existence of off-targets, especially in 

coding regions, was taken into account to discard gRNAs with a relative high risk of producing 

these off-target effects. 

 

Figure 7. LSZ4 cells metaphases. Cells were arrested with colcemid arrest, DAPI stained and analyzed 

by microscopy (63X). 

 

An image of the Cas9-encoding plasmid, as well as a diagram of the two gRNAs targeting 

Vav2, is shown in Figure 8. LSZ4 cells were transfected either with the PX458 vector without 

gRNA as a positive control of transfection, PX458-gRNA1, PX458-gRNA2, and both 

constructions simultaneously (PX458-gRNA1 and PX458-gRNA2). The aim of using both 

gRNAs at once was to delete the region between them (≈150 nt.) and ease the detection of the 

deletion. 
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Figure 8. Scheme of Cas9-encoding plasmid and gRNAs targeting Vav2. PX458 backbone encoding the 

endonuclease Cas9, EGFP to select transfected cells and the gRNA scaffold in which the designed gRNAs 

are cloned to form a complete single-guide RNA capable of targeting the desired genomic region and recruit 

Cas9 (left). Scheme of Vav2 first exon and the designed gRNAs targeting it (right). 

 

After single-cell sorting, 13 gRNA1-cell clones, 32 gRNA2-clones and 24 double-gRNA-

clones were obtained.  

Next step was to validate the generation of the Vav2-KO cells. Double-gRNA cell clones were 

selected as the first ones to be functionally tested because of the expected loss of the 150 nt. 

region. In order to check if that region was present, primers to detect it by qRT-PCR were 

designed. One of the primers mapped the deleted region, while the other was outside it. This way, 

if the region was deleted one of the primers would not anneal and no mRNA amplification would 

be detected. 

 

 

Figure 9. Vav2 mRNA quantification of CRISPR-Cas9 cell clones. Vav2 mRNA levels of the 24 double 

(D)-gRNA-cell clones were quantified using the designed primer mapping the deleted region. 
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Results are presented in Figure 9. Vav2 expression was variable among the different clones, 

but some of them achieved a reduction of up to 50% when compared with the control LSZ4 cells: 

L4 D.5, D.7, D.11 and D.17. The reduction in mRNA levels can be explained by the proper 

elimination of the targeted region in Vav2. Thus, these clones were the selected candidates to 

further be analyzed. Following steps would be the quantification of Vav2 protein levels by 

immunoprecipitation and the sequencing of the region to confirm its deletion. 

However, it is remarkable that none of the double-gRNAs cell clones show a total depletion 

of Vav2 mRNA levels, indicating that the efficiency of cut was not too high and the deletion was 

not properly achieved in both alleles. Other possibility is that those clones with a proper cut and 

Vav2 elimination were not able to survive and grow isolated after the single-cell sorting. 

In any case, until Vav2 protein levels are not assessed, no conclusion can be made. Cas9 could 

have generated a cut introducing a mutation that truncates the protein, even though the complete 

targeted region was not eliminated and this explains mRNA levels still being detected. But also, 

the targeted region could have been deleted but a shorter version of the protein may be produced. 

Further functional testing is needed to determine if complete knock-out cells have been generated, 

only one allele was deleted producing knockdown cells, or no Vav2 depletion was achieved at 

all. In the case that only knockdown cells were generated (only one truncated allele), this still 

means that a new, complementary model to shRNA-Vav2 depletion has been achieved. Besides, 

it opens the possibility to use these cells to repeat the round of transfection with Cas9 and the 

gRNAs to achieve the inactivation of the second allele. However, it is too soon and not enough 

data are available to assert or deny the generation of Vav2-KO/KD cells using CRISPR-Cas9 

technology.  

 

3.3 Validation of Vav2 knockdown cell lines 

While Vav2-KD/KO cells were being generated by the CRISPR-Cas9 technology, Vav2-

knockdown cells using shRNAs were produced as an additional, complementary cell model. Two 

different shRNAs (sh94 and sh98) were used in order to discard the possibility that the observed 

effects were due to off-target actions of the shRNA or the site of plasmid insertion. 

In order to validate the generation of Vav2-deficient cells, quantification of mRNA and protein 

levels were performed. As shown in Figure 10, a reduction of up to 65% is achieved in mRNA 

levels, and Vav2 protein is not even detected by immunoprecipitation, validating the model. 

 
Figure 10. Vav2 mRNA and protein quantification of control and knockdown cells. Vav2 mRNA levels 

were assessed by qRT-PCR and protein was quantified by immunoprecipitation. Tubulin was used as the 

loading control. 
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3.4 Vav2-deficient cells show a decrease in cell proliferation 

In order to identify the cellular processes affected in Vav2-/- cells that could explain their 

inability to form lung tumors in mice, key hallmarks of cancer were studied. One of them is the 

ability of cancer cells to grow uncontrollably. Because of that, proliferative capability of the 

studied cell lines was tested. The validated cell model obtained by shRNAs was used. 

Both Vav2-deficient cell clones (sh94 and sh98) showed impaired proliferation, as observed 

in Figure 11. Vav2-deficient cells form less colonies, as seen in Figure 11A and B. The size of 

the colonies is also affected (Figure 11C), being reduced in the absence of Vav2. Altogether, the 

result is that Vav2-deficient cells occupy a much smaller well surface (Figure 11D), both because 

of the colony size and the number of colonies. Finally, a different assay based on cell counting 

was also performed (Figure 11E), and the results were congruent with the colony assay 

observations: Vav2-deficient cells are characterized by decreased proliferation. 

 

Figure 11. Cell proliferation in control and Vav2-deficient cells. (A) Representative examples of colony 

formation of control and Vav2-deficient cells. (B) Quantification of the number of grown colonies in each 

cell line. (C) Quantification of the area of each colony in each cell line. (D) Quantification of the total well 

area occupied by colonies in each cell line. (E) Quantification of the number of viable cells by cell counting 

after different periods of incubation with 4% FBS. 

 

This decrease in cell proliferation may explain in part the lung tumor suppressor effect of Vav2 

depletion. However as argued before, Vav2 is key in tumor initiation, not in progression, as it 

only affects lesions appearance but not its size. Thus, although this proliferative defect may 

contribute to the phenotype, it is probably not the main cause of the absence of lung tumor 

development in Vav2-/- mice. 
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3.5 Vav2-deficient cells show a decrease in cell survival 

In order to elucidate more altered cellular processes that could explain the tumorigenity of 

Vav2 in lung, cell survival was analyzed. Cisplatin, a common chemotherapeutic agent, was used 

to induce DNA damage and test the resistance of control and Vav2-deficient cells to its action. 

As shown in Figure 12, Vav2-deficient cells were less resistant to cisplatin treatment, as 

demonstrated by the increased percentage of apoptotic cells. This difference starts to appear when 

cells are incubated with cisplatin for 13 hours, and is maintained up to the 24 hours of incubation 

with the chemotherapeutic agent. 

 

    

Figure 12. Cell survival in control and Vav2-deficient cells upon cisplatin treatment: Annexin V. 

Quantification of Annexin V positive cells upon cisplatin treatment and examples of the FACS profiles of 

each cell type. 

 

In order to further characterize the decrease in cell survival in Vav2-deficient cells, protein 

extracts after cisplatin treatment were obtained and analyzed. Markers of proliferation, such as 

phosphorylation of Akt or Erk, were detected. Phosphorylation of the tumor suppressor p53 was 

used as a marker for apoptosis. 

Immunoblotting results are presented in Figure 13. No differences were observed in the case 

of Akt and Erk phosphorylation, neither in the levels of phosphorylated protein, nor in the moment 

of its phosphorylation and activation (Figure 13A). However, substantial differences appear in 

the case of phosphorylated p53. Although the stabilization of the protein starts at the same time 

in control and Vav2-knockdown cells (after 4 hours of cisplatin treatment), the activation levels 

reached differ. Both knockdown cells show increased phosphorylation of p53 (Figure 13B). This 

difference starts to be patent after 13 hours of cisplatin treatment. Only after 24 hours of treatment 

all cells start to show a decrease in phospho-p53 levels, due probably to the death of the cells. 
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Figure 13. Cell survival in control and Vav2-deficient cells upon cisplatin treatment: Protein analysis. 

(A) Immunoblotting of proliferative and apoptotic protein markers in control and Vav2-deficient cells 

treated with cisplatin. (B) Quantification of phospho-p53 levels in the studied cell lines. 

 

Annexin V analysis proved that Vav2-deficient cells were more sensitive to the 

chemotherapeutic drug cisplatin. By immunoblotting it has been shown that apoptosis is induced 

via p53 with a higher intensity in the case of Vav2-knockdown cells, coinciding with Annexin V 

observations. This decrease in cell survival could explain the phenotype observed in Vav2-/- mice: 

as tumoral cells are more sensitive in these mice, they are not able to survive and die before being 

able to initiate a tumor. 

 

 

3.6 Rescue of Vav2 knockdown cell lines 

In order to identify the GTPase which acts downstream of Vav2 in this lung tumorigenic 

process, the three canonical Rho GTPases (RhoA, Rac1 and Cdc42) were overexpressed in Vav2-

deficient cell clones. To this end, a fast-cycling version of the GTPases, which is not considered 

oncogenic, was expressed. In Figure 14 protein measurements proving the proper expression of 

the proteins is shown. Only in the case of Cdc42 expression in L4 pLKO.1 cells the protein was 

not detected with anti-Cdc42 (Figure 14C). To confirm that this is due to an artifact of this 

immunoblotting, Cdc42 expression was also checked using an antibody against its HA-flag. This 

way Cdc42 protein could be detected. It showed a reduced expression when compared with the 

other cells, possibly explaining the incapability of being detected by anti-Cdc42. Finally, also 
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Cdc42 mRNA levels were analyzed (Figure 14D) confirming proper expression of Cdc42 in L4 

pLKO.1 cells, but at a much low level. 

 

Figure 14. RhoA, Rac1 and Cdc42 expression in the knock-down and rescued cell lines. (A,B,C) 

Protein levels of RhoA, Rac1 and Cdc42, respectively. (D) Cdc42 mRNA levels quantified by qRT-PCR. 

 

Finally, cells were also rescued with Vav2 WT to check that the observed effects were in effect 

due to Vav2 depletion. They were also rescued with the catalytically inactive mutant Vav2E200A 

to test if proliferation and cell survival deficiencies are dependent on the catalytic activity of the 

GEF, and with Vav3 to study if this member of the family has a redundant, different or opposite 

role in this lung tumorigenic process. All proteins were properly expressed, both at the mRNA 

and protein level, as shown in Figure 15A and B. 

 



Role of the oncogene Vav2 in lung tumorigenesis | 18 

 

 

Figure 15. Vav2, Vav2E200A and Vav3 protein and mRNA levels in the knock-down and rescued cell 

lines. (A) Vav2 mRNA and protein levels assessed by qRT-PCR and immunoblotting, respectively. (B) 

Vav3 mRNA and protein levels assessed by qRT-PCR and immunoblotting, respectively. Tubulin was used 

as the loading control. 

 

 

3.7 Overexpression of RhoA, Rac1 and Cdc42 in Vav2-deficient cells 

Cell survival and proliferation were analyzed in the cells overexpressing the fast-cycling 

versions of the GTPases to test if they were able to rescue the defects observed in Vav2-deficient 

cells.   

First of all, cell survival upon cisplatin treatment was analyzed by measuring apoptotic cells. 

As observed in Figure 16, none of the tested GTPases was able to rescue the phenotype. 

Apoptosis levels in Vav2-deficient cells (L4 sh94 and sh98) were not reduced to levels similar to 

those found in control cells when the GTPases were expressed. Interestingly, expression of RhoA 

and Cdc42 not only did not reduce the percentage of apoptotic cells, but they increased apoptosis. 

This effect is not due to the overexpression of the GTPase itself, as overexpressing the GTPases 

in control (pLKO.1) cells did not increase apoptosis. Thus, the pro-apoptotic effect of RhoA and 

Cdc42 is only achieved when combined with Vav2 depletion.  
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Figure 16. Cell survival upon cisplatin treatment in cells expressing the GTPases: Annexin V. 

Quantification of Annexin V positive cells by FACS upon cisplatin treatment for different periods of time. 

 

The incapability of the three GTPases to recover normal cell survival rates can be explained 

by two reasons. On the one hand, other Rho GTPase may be the downstream target of Vav2 in 

this cell situation. In order to confirm this option, new rescued cell lines with different GTPases 

need to be generated. However, it also exists the possibility that the effect is catalytically-

independent and that it is dependent only on the adaptor function of Vav2. If this were the case, 

the phenotype will only be rescued with the reexpression of Vav2, both the WT and the E200A 

mutant. Cell survival experiments with those rescued cells, both expressing Vav2 or Vav2E200A, 

as well as new GTPases, are needed to answer this question. 

Even though the cell survival defect was not rescued with the GTPases expression, 

proliferation was also tested. To start with, only the sh94 cell clone was analyzed. Images of the 

colonies are shown in Figure 17A. Although the number of colonies was still inferior when 

compared with control cells (Figure 17B), sh94 cells do recover the proliferative capacity when 

GTPases are overexpressed, as demonstrated by the increase in the colony size (Figure 17C) and 

in the total colony area in the case of RhoA and Cdc42 (Figure 17D). 

However, it must be taken into account that the used GTPases are fast-cycling: they undergo 

spontaneous GTP-GDP exchange and retain the ability to hydrolyze GTP. Thus, the observed 

effect might be due just to the GTPase intrinsic function, which is able to overcome the Vav2 

deficiency, and not because they are downstream targets of Vav2. It is the case of Cdc42, for 

which Vav2 is not a known GEF and is then very probable that the increase in proliferation is just 

due to Cdc42 compensating Vav2-deficiency. The expression of the WT versions of the GTPases 

would be needed to determine if the rescue is due to the fast-cycling capability of the GTPases.   

 



Role of the oncogene Vav2 in lung tumorigenesis | 20 

 

 

Figure 17. Cell proliferation in control and sh94 cells expressing the GTPases. (A) Representative 

examples of colony formation of control and Vav2-deficient cells. (B) Quantification of the number of 

grown colonies in each cell line. (C) Quantification of the area of each colony in each cell line. (D) 

Quantification of the total well area occupied by colonies in each cell line. 

 

 

3.8 Overexpression of Vav3 in Vav2-deficient cells 

Another question that arises is if the function of Vav2 in cell survival and proliferation in lung 

tumorigenesis is specific for this GEF, or if other members of the family play redundant roles in 

these cell processes. As the expression of Vav1 is restricted to the hematopoietic system, only 

Vav3 was studied.  

As a first approach, cell survival upon cisplatin treatment was analyzed in control and sh94 

cells overexpressing Vav3. Surprisingly, overexpression of this member of the family not only 

didn’t compensate Vav2 deficiency, but it increased apoptosis in control cells to levels similar to 

those found in Vav2 deficient cells (Figure 18). However, apoptosis levels didn’t increase in sh94 

cells when Vav3 was overexpressed when compared with sh94 control cells. This indicates that 

Vav3 pro-apoptotic effects act dominantly over Vav2 effects, abrogating its pro-tumorigenic 

effect in cell survival, but are not added to the Vav2-deficient cells phenotype. 
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Figure 18. Cell survival upon cisplatin treatment in cells expressing Vav3: Annexin V. Quantification 

of Annexin V positive cells by FACS upon cisplatin treatment. Only one replicate. 

 

4| CONCLUSIONS AND FUTURE WORK 

Taking into account the results obtained in the present work, it can be concluded that: 

1. Vav2 deficiency impairs cell proliferation and cell survival in a murine lung 

adenocarcinoma cell line. 

2. Defects in cell survival are not rescued by the overexpression of the GTPases RhoA, Rac1 

and Cdc42, indicating that they are nor targets of Vav2 in the cell survival signaling. 

3. Overexpression of RhoA and Cdc42 increases apoptosis in Vav2 deficient cells. 

4. Overexpression of Vav3 does not rescue cell survival defects of Vav2 deficient cells. On 

the contrary, it counteracts Vav2 presence and increases apoptosis. 

5. Further work is needed to validate Vav2-KO cell clones generated by CRISPR-Cas9 

technology. 
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