s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Oncogene. Author manuscript; available in PMC 2021 March 19.

Published in final edited form as:
Oncogene. 2020 July 01; 39(28): 5098-5111. doi:10.1038/s41388-020-1353-x.

Vav2 Pharmaco-Mimetic Mice Reveal the Therapeutic Value and
Caveats of the Catalytic Inactivation of a Rho Exchange Factor

L. Francisco Lorenzo-Martin*1:23, Sonia Rodriguez-Fdez*#1:2:3, Salvatore Fabbiano®1.2:8,
Antonio Abadl2:3, Maria C. Garcia-Macias!2, Mercedes Dosill:2:3:4, Myriam Cuadradol:2:3,
Javier Robles-Valerol2:3, Xosé R. Bustelol:2:3."

1Centro de Investigacion del Cancer, 37007 Salamanca, Spain
?Instituto de Biologia Molecular y Celular del Cancer, and 37007 Salamanca, Spain

3Centro de Investigacion Biomédica en Red de Cancer (CIBERONC), CSIC-University of
Salamanca, 37007 Salamanca, Spain

“Departamento de Bioquimica y Biologia Molecular, School of Pharmacy, University of
Salamanca, 37007 Salamanca, Spain

# These authors contributed equally to this work.

Abstract

The current paradigm holds that the inhibition of Rho guanosine nucleotide exchange factors
(GEFs), the enzymes that stimulate Rho GTPases, can be a valuable therapeutic strategy to treat
Rho-dependent tumors. However, formal validation of this idea using /n7 vivo models is still
missing. In this context, it is worth remembering that many Rho GEFs can mediate both catalysis-
dependent and independent responses, thus raising the possibility that the inhibition of their
catalytic activities might not be sufficient per seto block tumorigenic processes. On the other
hand, the inhibition of these enzymes can trigger collateral side effects that could preclude the
practical implementation of anti-GEF therapies. To address those issues, we have generated mouse
models to mimic the effect of the systemic application of an inhibitor for the catalytic activity of
the Rho GEF Vav2 at the organismal level. Our results indicate that lowering the catalytic activity
of Vav2 below specific thresholds is sufficient to block skin tumor initiation, promotion, and
progression. They also reveal that the negative side effects typically induced by the loss of Vav2
can be bypassed depending on the overall level of Vav2 inhibition achieved /in vivo. These data
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underscore the prosand cons of anti-Rho GEF therapies for cancer treatment. They also support
the idea that Vav2 could represent a viable drug target.

Introduction

Rho GEFs catalyze the activation step of Rho GTPases, a group of GTP-binding proteins
involved in key cancer processes such as proliferation, apoptosis, metastasis, and
chemoresistance [1]. Since Rho proteins are seldom mutated in tumors [1], it is widely
assumed that the inactivation of the catalytic activity of Rho GEFs could represent a
therapeutic avenue to hamper the fitness of Rho GTPase-dependent tumors [1, 2]. This idea
is supported by data using loss-of-function approaches on immortalized cancer cell lines
and, in much fewer cases, mouse knockout models [1]. However, there are regulatory and
functional issues that complicate the full understanding of the therapeutic value of these
enzymes. Firstly, most Rho GEFs are multidomain proteins that, in addition to the catalytic
Dbl homology (DH) region, can harbor a large variety of catalytic and adaptor domains with
additional effector functions [3]. In line with this, it has been shown that a number of Rho
GEFs can regulate protumorigenic pathways in cancer cells using GTPase-independent
mechanisms [1, 4-8]. To make things even more complex, some of the noncatalytic domains
present in these proteins have been associated with tumor suppressor functions [1, 9, 10].
Secondly, the recent discovery of loss-of-function mutations in key GTPases such as RhoA
in human tumors indicates that, in some cases, Rho GEFs can play catalysis-dependent
tumor suppressor rather than protumorigenic roles [1, 11, 12]. Finally, an issue specially
disregarded in the field is the type of negative effects caused by the systemic inactivation of
Rho GEFs in healthy tissues that, if dire, might preclude the implementation of Rho GEF-
based targeted therapies. Given these lingering questions, it is still unknown whether the
inactivation of the catalytic activity of Rho GEFs is sufficient to achieve anti-tumoral effects
in vivoand, if that is the case, the level of inhibition of the catalytic activity that has to be
achieved to trigger effective therapeutic responses. Likewise, we do not have a clear idea of
the side effects that are elicited by the inhibition of the catalytic activity of Rho GEFs in
healthy tissues and whether there are therapeutic windows in which such collateral effects
can be avoided. All those questions could not be addressed up to now given that the
conventional loss-of-function mouse models used in the field have been based on the total
depletion of the protein rather than on the catalytic inhibition of the targeted Rho GEFs [1].

Vav2, a member of the Vav subfamily of tyrosine phosphorylation-regulated Rho GEFs [13,
14], represents a good example of the functional complexity of the Rho GEF family. Thus,
Vav2 is composed of multiple domains that are involved in regulatory (calponin homology,
acidic, SH2, SH3), catalytic (the DH-pleckstrin homology-C1 zinc finger cassette), and
adaptor-like (calponin homology, SH3) functions during cell signaling (Fig. 1A) [13, 14].
Recent data using both mouse and 3D organotypic models have revealed that the function of
this GEF is essential for /n vivo tumorigenic processes such as skin and head and neck
cancer [15] (L.F.L.-M. and X.R.B., manuscript submitted). Additional studies performed in
cell lines suggest that this GEF is also important for breast cancer and adrenocortical
carcinoma [16-18]. However, studies using standard Vav2knockout mice have revealed that
the elimination of Vav2 might trigger a number of physiological dysfunctions. Those include
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high blood pressure, hypertension-associated comorbidities such as cardiovascular
remodeling and renal fibrosis, vascular permeability problems, and glaucoma [19-21]. This
information indicates that Vav2 represents a good case scenario to address the prosand cons
associated with the systemic inhibition of the catalytic activity of a Rho GEF at the
organismal level. To tackle this issue, we have generated cohorts of genetically engineered
mice exhibiting varying amounts of Vav2 catalytic activity. With this strategy, we aimed at
mimicking the usual conditions found with targeted therapies in which the 100%
inactivation of the protein target is hardly achieved. In addition, this strategy enabled us to
investigate the effects caused by the systemic inhibition of the catalytic activity of Vav2 in
the well-being of the animals. Using this “pharmaco-mimetic” approach, we have found that
effective therapeutic impacts can be obtained even under conditions in which some
remaining catalytic activity of Vav2 is preserved in cells. Interestingly, we have also unveiled
the existence of therapeutic windows in which the fitness of cancer cells, but not of healthy
tissues, can be specifically impaired depending on the level of Vav2 catalytic inhibition
achieved /n vivo.

Identification of a catalytic hypomorphic Vav2 mutant

In order to generate a “pharmaco-mimetic” knock-in Vav2mouse, we first tried to identify a
single point mutation in the catalytic Vav2 DH domain that reduced, but did not abolish, the
GEF activity of the protein. On the basis of the known structures of the Tiam1 DH domain
and the Vav1 DH-PH-ZF cassette in complex with Racl [22—24], we chose the Leu332
residue as a potential site to achieve this effect. This residue is located at a position
analogous to the residues of Tiam1 (Leu'1%94) and Vav1 (Leu334, Fig. 1B) that establish key
contacts with the switch 11 region of Rac1 (residues Gly®°, GIn61, Tyr%4 and Leu®”) [22-24].
In the case of Tiam1, mutation of the Leul1%4 residue into alanine severely affects the
catalytic activity (= 80% reduction) of the protein when tested in biochemical assays. A
similar effect is found when the same residue is mutated in the GEF Trio [24, 25]. Using
Rho G-LISA assays to investigate the levels of active (GTP-bound) Rho proteins in COS1
cells, we observed that the L332A mutation causes a ~70% and 100% reduction of the
catalytic activity of the oncogenic version of Vav2 (A1-186 mutation, referred to hereafter as
Vav20ne: Fig. 1A) towards endogenous Racl (Fig. 1C, left panel) and RhoA (Fig. 1C, right
panel), respectively. Unlike the case of enhanced green fluorescent protein (EGFP)-tagged
wild-type (WT) Vav2, EGFP-Vav2°nc exhibits constitutive and tyrosine phosphorylation-
independent exchange activity due to the absence of the autoinhibitory N-terminal calponin-
homology and acidic domains. Due to this, the activity of this oncogenic version must reflect
the output of Vav2WT under optimal tyrosine phosphorylation conditions according to the
current regulatory model for Vav family proteins [13, 14]. The L332A mutation also reduces
the ability of Vav2°nC to stimulate the c-Jun N terminal kinase (JNK) (Fig. 1D), a well-
known downstream element of the GTPase Racl [26-28]. However, the residual catalytic
activity of the EGFP-Vav20nc+L332A protein is sufficient to promote membrane ruffling in
COS1 cells (Fig. 1E). As a result, this mutant protein can elicit significant stimulation of the
serum responsive factor (Fig. 1F), a transcriptional factor whose activity is regulated by both
Rho GTPases and F-actin [29]. As expected, the stimulation of all the foregoing biological
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readouts is totally abolished when using a version of EGFP-Vav2°" in which a deleterious
internal deletion was created within the catalytic DH domain (A309-339 mutation) (Fig. 1C-
F). The effect of the L332A and A309-339 mutations in the activity of full-length protein
could not be tested given that EGFP-Vav2WT has no detectable activity under these
conditions (Fig. 1C-F). This is consistent with the lack of activity of the WT versions of Vav
family proteins in nonstimulated cells [13, 14, 30]. Immunoblot analyses confirmed that the
low activity of EGFP-Vav201c+L332A s not due to reduced levels of expression when
compared to the EGFP-Vav2°"C protein used as control (Fig. 1G). Taken together, these
results indicate that the L332A mutation significantly impairs, but does not abolish, the GEF
activity of Vav2 towards Racl. It does severely impair, however, the ability of Vav2 to
stimulate the downstream RhoA GTPase.

Generation of Vav2 L332A knock-in animals and other mouse strain derivatives

We next used standard homologous recombination techniques to replace the exon 11 of the
Vav2locus (which contains the codon for the Leu332 residue) by a mutant one encoding the
Ala residue at the same position (Figs. 2A,B and S1). With this approach, we ensured that
the mutant Var2L332A gllele was expressed under the same regulatory sequences and in the
very same tissues as the WT counterpart. Consistent with this, we found that the levels of
expression of the Vav2L332A protein (Fig. 2C) and Var2-332A mRNA (Fig. 2D) in tissues
from homozygous Vav2 L332A/L332A mice are similar to those found for their respective WT
counterparts in control mice. Further quantitative RT-PCR analyses indicated that the
mRNAs encoding the Racl GEFs Vav3, Tiam1, P-Rex1, and P-Rex2 show similar
expression levels in tissues from Vav2 L332A/L332A and WT mice (Fig. 2E), thus indicating
that the missing activity of Vav2 does to lead to the upregulation of other Racl GEFs. In line
with the COS1 cell-based experiments (Fig. 1), we found using pull-down experiments that
the swapping of Vav2WT by the mutant Vav2-332A version leads to a 70-80% reduction in
the levels of GTP-bound Racl that are typically induced in skeletal muscle upon the in vivo
administration of insulin (Fig. 2F). It is important to note that this might not be the case in
other signaling contexts due to either lack of functional involvement of Vav2 or to the
parallel action of other Rho GEFs with similar enzymatic specificities.

We next crossed the Vav2L332A/L332A mice with Vav2~~ and control mice to obtain animals
(Va2 L332A- g2 L332A1%) Wwith the predicted levels of Vav2 catalytic activity depicted in
Figure 2G. It is worth mentioning that this predicted activity only refers to the pool of Racl
that is directly targeted by Vav2, because the total levels of GTP-bound Racl could be much
higher in most tissues due to the action of Rho GEFs with Vav2-like patterns of expression
(Fig. 2E). Finally, we also generated a compound Vav2 L332A/L332A. \ a:2-I- mouse strain to
be used in some of the experiments presented in this work.

Partial impairment of Vav2 GEF activity blocks skin tumorigenesis

Cohorts of some of the foregoing mouse strains (Fig. 2G) were subjected to standard DMBA
+TPA and complete DMBA skin tumorigenesis experiments (Fig. 3A). Previous studies have
shown that these two tumorigenic processes are both Vav family- and Racl-dependent [15,
31]. By contrast, RhoA plays tumor suppressor roles in them [32]. Those studies also
demonstrated that such effects are due to intrinsic signaling functions of these proteins in
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keratinocytes [15, 31] (L.F.L.-M. and X.R.B., manuscript submitted). When tested using the
DMBA-+TPA skin tumorigenesis protocol (Fig. 3A) [33], we observed that the Vav2L332A/+
mice develop skin tumors with kinetics (Fig. 3B, left panel), multiplicity (Fig. 3B, right
panel), size (Fig. 3C), and histopathological features (Fig. 3D) quite similar to those found
in WT controls. By contrast, Vav2L332A/L332A and \ay2L332A/L332A-\/ay 3/~ mice display
reduced levels of tumorigenesis that were similar to those found in the Vav2~'—; Vav3 -~
animals (Fig. 3B-D). We also observed that the Vav2L-332A/L332A mice show reduced
tumorigenesis when tested using the complete DMBA skin carcinogenesis (Fig. 3A and E), a
protocol that allows to monitor cancer progression from the papilloma to the squamous cell
carcinoma stage [34]. The few tumors that develop under these experimental conditions in
the Vav2L332A/L332A animals are also smaller (Fig. 3F) and more benign (Fig. 3G) than
those found in WT controls. Collectively, these results indicate that the reduced catalytic
activity of Vav2L332A affects the initiation, promotion and progression phases of skin tumors
as previously seen in the case of Vav2~~; Vav3~'- mice [15].

The level of Vav2 inhibition determines the generation of side effects in mice

We next analyzed the alterations caused by the inhibition of the catalytic activity of Vav2 in
normal tissues. Consistent with previous results [19, 20], we found that Vav2~~ mice
develop high blood pressure (Fig. 4A) and several hypertension-associated side effects such
as the hypertrophy of the cardiomyocytes located in the left heart ventricle (Fig. 4B), the
thickening of the aorta media wall (Fig. 4C), and kidney fibrosis (Fig. 4D). We have
previously demonstrated that these defects, which are associated with alterations in the nitric
oxide-mediated vasorelaxation responses [20], are caused by defective Racl signaling in
vascular smooth muscle cells [35]. Unlike the case of knock-out mice, we found that
Vav2L-332A/L332A animals maintain full cardiovascular and renal homeostasis (Fig. 4A-D).
By contrast, the analysis of Vav2-332A/- mice revealed the presence of a hypertensive state
and hypertension-associated comorbidities similar to those found in Vav2~~ mice (Fig. 4A-
D). Vav2*'~ mice exhibit normal cardiovascular and renal parameters (Figs. 4A-D),
indicating that the defects found in Vav2-332A/- mice are not due to the reduction in Vav2
protein levels caused by the presence of one copy of the null Vav2allele. During the
characterization of V&v.2~"~ mice, we also observed defects in vascular permeability i vivo
(S.F. and X.R.B., unpublished data). Although the mechanistic basis of this defect is
unknown, evidence from previous publications suggests that it must be Rac subfamily-
dependent [36-39]. As in the case of cardiovascular homeostasis, we found that Vav2
L332AIL332A and Vav2L332A- animals exhibit vascular permeability responses similar to WT
and Vav2~"- mice, respectively (Fig. 4E).

To address whether the foregoing observations could be extrapolated outside the vascular
system, we investigated the long-term development of glaucoma in mice with impaired Vav2
function [21]. Again, we observed that Vav2~"~ mice, but not the Va2 L332A/L332A gnimals,
develop buphthalmia (Fig. 4F,G). Collectively, these data indicate that most Vav2-dependent
physiological functions can be preserved in mice even when the catalytic activity of the
endogenous protein has been significantly reduced (Fig. 4H).
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Discussion

A long-standing paradigm in the Rho GTPase field is that the inhibition of the catalytic
activity of Rho GEFs must negatively affect both the fitness and malignant properties of
Rho-dependent tumors. Up to now, this idea has been demonstrated using standard protein
depletion approaches in both cancer cell lines and knockout mice that do not adequately
mimic the effects induced by the direct inhibition of the catalytic activity of the interrogated
GEF. Another approach has been the administration of chemical inhibitors targeting either
the Rho GEF or the GTPase binding interface [1, 40]. However, this experimental avenue
has been limited to a reduced number of exchange factors. Furthermore, the results obtained
using this approach cannot exclude the possibility that the antitumorigenic effects observed
could be caused by the known off-target effects of the inhibitors used [1, 41]. The use of the
“pharmaco-mimetic” Vav2 mice has allowed us to demonstrate, for the first time to our
knowledge, that targeting the catalytic activity of a Rho GEF is a potential avenue to impair
tumorigenic processes /in vivo. Perhaps more interestingly, our study has also revealed that
effective antitumoral effects can be obtained even under conditions in which significant
levels of catalytic activity (30%) of the targeted Rho GEF are maintained (Fig. 4H). We have
also found that, depending on the level of catalytic inhibition, these antitumorigenic effects
do not have to go along with the generation of negative side effects in healthy tissues (Fig.
4H). In addition to the academic interest, these data offer a proof-of-concept for the potential
consideration of Vav2 as a pharmacological target for specific tumor types in the future.

An important issue that remains to be solved in the Rho GTPase field is the lack of
functional redundancy of Rho GEFs that are expressed in the same tissues. For example,
both the initiation and promotion phases of skin tumors can be indistinctly blocked by
inhibiting the catalytic activity of Vav2 (this work) or by depleting the Racl GEF Tiam1
[42]. Similar observations have been found with other combinations of Rho GEFs in other
tumor types [1, 43, 44]. This suggests that each Rho GEF might target nonoverlapping
GTPase pools in an oncogenic insult-, subcellular localization- or cancer stage-specific
manner. It is also plausible that Rho GEFs could associate with specific signalosomes that
could lead to the engagement of different spectra of signaling pathways and biological
responses. Clearly, more work is needed to fully understand the specific role of Rho GEFs
that share overlapping expression patterns in tumors. Regardless of the mechanisms
involved, these data suggest that the combinatorial administration of Rho GEF-specific
drugs could favor a more effective inhibition of specific cancer cell subtypes.

The development of high affinity Rho GEF inhibitors is rather challenging given the shallow
nature of the GTPase-binding site of the catalytic DH domain of Rho GEFs. However, one
of the most idiosyncratic structural features of the Vav GEF subfamily is the requirement of
a DH-PH-C1 zinc finger cassette for full enzymatic activity (Fig. 1A) [13, 14, 22, 23, 45,
46]. This structural feature opens up the possibility of using pockets outside the GTPase
binding site for drug development. Other less conventional strategies can be also explored,
as exemplified by the development of peptide and RNA aptamers directed against the Rho
GEFs Trio and Tiam1, respectively [47, 48]. PROTAC (proteolysis targeting chimera)-
mediated degradation avenues represent other possible options to inhibit Vav2 in the near
future [49]. According to current evidence, Vav2 inhibitors could be applicable to a variety
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of tumors such as breast cancer and adrenocortical carcinoma [16-18]. Ongoing data from
our lab also indicate that Vav2 plays critical roles in K-Ras-driven non-small cell lung
cancer (M.C. and X.R.B, unpublished) and head and neck squamous cell carcinomas
(L.F.L.-M. and X.R.B, manuscript submitted), two poor prognosis tumor types that are in
acute need of new therapeutics [50]. Although they can be easily eradicated by surgical
procedures, cutaneous squamous cell carcinomas also represent a medical challenge when
they recur or metastasize [51]. Vav2 becomes deregulated by changes in expression rather
than mutations in most of those tumors [16-18] (L.F.L.-M. and X.R.B, manuscript
submitted). However, frequent VA2 mutations have been recently found in hereditary cases
of oral squamous cell carcinoma [52].

We have focused on this work on the analysis of known Vav2-dependent tumorigenic and
physiological processes. Due to this, we cannot exclude at this moment that other Vav2-
dependent physiological responses could exhibit different requirements for the catalytic
activity of this GEF. It is also possible that other Vav2-mediated pathobiological processes
could utilize catalysis-independent pathways as recently seen in the case of Vavl and other
Rho GEFs [1, 4-8]. The hypomorphic Vav2L332A mouse strain described here will constitute
a useful tool to address these potential scenarios in future studies. It will be also worth
investigating whether the present results can be extrapolated to other cancer-associated Rho
GEFs using analogous mouse genetic models.

Ethics statement

Animal work was done according to protocols approved by the Bioethics committee of
Salamanca University.

Mouse strains

Cell lines

Vav2-I-, vav3~-, and Vav2~; Vav3—'- mice have been described elsewhere [19, 53, 54].
The Vav2-332A knock-in mouse strain was generated by GenOway (https://
www.genoway.com) using the vector indicated in Figure 2A following standard homologous
recombination techniques in embryonic stem cells (Fig. S1). Upon generation of mice from
embryonic stem cells, the subsequent steps involved further crosses with transgenic mice to
induce the removal of the NeoR cassette (using a Flippase-mediated recombination step) and
the swapping of the WT and mutant Vav2 exon 11 (using a Cre-mediated recombination
step) (Fig. S1). Vav2L332A- and a2 L332AIL332A: |43~ mice were generated using
appropriate crosses of Va2 L332A/L332A animals with the Vav2~'-and Vav2——; vav3-I-
strains, respectively. We used male mice in all the experiments.

COS1 cells were obtained from the American Type Culture Collection and grown in DMEM
supplemented with 10% fetal calf serum, 1% L-glutamine, penicillin (10 pg/mL) and
streptomycin (100 pg/mL). Unless otherwise indicated, all tissue culture reagents used in
this work were obtained from Gibco-Thermo Fisher Scientific. Cells were Mycoplasma-free
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based on periodic determinations using the MycoSEQ™ Mycoplasma detection kit (Thermo
Fisher Scientific, Catalog No. 4460626).

The expression plasmid encoding EGFP-Vav2WT (pAA7) has been reported before [55]. The
plasmid encoding EGFP-Vav2L-332A (nSAF3) was obtained by site-directed mutagenesis of
the pAA7 plasmid template using the primers 5’-GGT GCC CAT GCA ACG GGT GGC
GAA GTA CCA CCT GCT GCT C-3’ and 5’-GAG CAG CAG GTG GTACTT CGC CAC
CCG TTG CAT GGG CAC C-3’ (the altered nucleotides used to create the L332A mutation
are underlined). The plasmid encoding EGFP-Vav24309-339 (hSAF2) was generated by Sacl-
flanked PCR amplification of the first 1285 bp (amino acids 1-308) of the Vav2cDNA using
the plasmid pAA7 as template and the primers 5’-CCG GGC GAG CTC AAT GGA GCA
GTG GCG GCA ATG CGG C-3’ and 5’-CCG GGC GAG CTC TGT GCA CTC CTC CAC
TTT CTG-3’ (restriction sites underlined). Upon Sacl digestion, the cDNA fragment was
cloned into the linearized pNM115 vector containing the Vav2cDNA sequence from
nucleotide 1378 to end (amino acids 340-868) (Fig. S2A). To generate the expression vector
encoding EGFP-Vav20n¢ (pNM115) (Fig. S2B), the plasmid pKES19 [30] was digested with
BstXl, filled-in, and cloned into the Smal-linearized pEGFP-C2 vector (Clontech-Takara
Bio, Catalog No. 632481). The plasmid encoding EGFP-Vav2Onc+L332A (nSAF1) was
obtained by site-directed mutagenesis of pPNM115 using the primers indicated for pSAF3.
The plasmid encoding EGFP-Vay20nc+A309-339 (nSAF4) was generated as indicated for
pSAF2 using the plasmid pNM115 as template and the primers 5’-CCG GGC GAG CTC
AAT GGG CAT GAC TGA GGA CGA CAA G-3’ and 5’-CCG GGC GAG CTC TGT GCA
CTC CTC CAC TTT CTG-3’ (restriction sites underlined) (Fig. S2C). All plasmids used
were verified by standard DNA sequencing in our Genomics Facility.

The luciferase plasmids used in promoter activation assays included pFA2-cJun (reporter for
JNK activity, Stratagene-Agilent; Catalog No. 219053), pSRE-Luc (reporter for SRF
activity; Agilent, Catalog No. 219081), and pRL-SV40 (encoding the Renilla luciferase;
Promega, Catalog No. E2231).

Rho GTPase activation assays in COS1 cells

Exponentially growing COS1 cells were transfected using liposomes (Lipofectamine 2000,
Thermo Fisher Scientific, Catalog No. 11668019) with 1 ug of the appropriate experimental
expression vector. 36 hours post-transfection, the cells were washed with chilled phosphate
buffered saline solution and lysed in RIPA buffer [10 mM Tris-HCI (pH 8.0]), 150 mM
NaCl, 1% Triton X-100 (Sigma-Aldrich, Catalog No. X100), 1 mM NagVOy, (Sigma-
Aldrich, Catalog No. S6508), 1 mM NaF (Sigma-Aldrich, Catalog No. S7920)], and a
mixture of protease inhibitors (C@mplete; Sigma-Aldrich, Catalog No. 11836145001) at 4
°C. Extracts were precleared by centrifugation at 13 200 rpm for 10 min at 4 °C and snap
frozen. Upon thawing and determination of total protein concentration (Bradford reactive,
Bio-Rad, Catalog No. 5000006), extracts were analyzed using G-LISA assay Kits according
to the manufacturer’s instructions (Cytoskeleton, Catalog No. BK135). Values are
represented as the 7-fold change of the experimental sample relative to the activity shown by
EGFP-expressing cells (which was given an arbitrary value of 1 in each case).
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JNK and SRF activity assays in COS1 cells

For JNK activation assays, exponentially growing COS1 cells were transfected with
liposomes (Lipofectamine 2000, Thermo Fisher Scientific, Catalog No. 11668019) with 1,
0.5, and 2 pg of the pFR-Luc, pFA2-cJun, and the appropriate experimental expression
vector, respectively. For SRF activation assays, COS1 cells were transfected as above with 1
ug of pSRE-luc, 1 ng of pRL-SV40, and 1 ug of the appropriate experimental vectors. After
24 hours, cells were lysed with Passive Lysis Buffer (Promega, Cat No. E1960) and
luciferase activities determined using the Dual Luciferase Assay System (Promega, Cat No.
E1960). In all cases, the values of firefly luciferase activity obtained in each experimental
point were normalized taking into account the activity of the Renilla luciferase obtained in
the same samples. In addition, we analyzed aliquots of the same lysates by Western blot to
assess the appropriate expression of the ectopically expressed proteins in each case. Values
are represented as the 7-fold change of the experimental sample relative to the activity
shown by EGFP-expressing cells (which was given an arbitrary value of 1 in each case).

Cytoskeletal change assays in COS1 cells

COS1 cells exponentially growing in 6-well culture plates were transfected with 1 ug of the
plasmid of interest with Lipofectamine 2000. After 24 hours, cells were trypsinized and
plated onto 12-mm diameter coverslips (Menzel-Glaser, Catalog No. 11778691) pre-treated
for 10 min with poly-L-Lysine (1 pg/mL, Sigma-Aldrich, Catalog No. P4707). After 24
hours, the cells were fixed in 4% formaldehyde (Sigma-Aldrich, Catalog No. F8775) in
phosphate buffered saline solution for 15 min, washed twice with phosphate buffered saline
solution, permeabilized in 25 mM Tris-HCI (pH 8.0) containing 0.5% Triton X-100 for 10
min, washed three times with TBS-T [25 mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.1%
Tween-20 (Sigma-Aldrich, Catalog No. P7949)], and blocked for 15 min with 2% bovine
serum albumin in TBS-T. After a 20-min long incubation with rhodamine-labeled phalloidin
(Molecular Probes-Thermo Fisher Scientific, Catalog No. R415; diluted 1:200 in TBS-T and
2% bovine serum albumin) to visualize the F-actin cytoskeleton, cell preparations were
washed thrice with TBS-T, stained with 2-(4-amidinophenyl)-1H -indole-6-carboxamidine
(DAPI; Invitrogen-Thermo Fisher Scientific, Catalog No D1306) for 5 min to visualize the
nuclei, and mounted onto microscope slides with Mowiol (Calbiochem-Merck, Catalog No
9002-89-5). Samples were analyzed with a Leica TCS SP5 confocal microscope. Images
were captured with LAS AF software (version 2.6.0.72266, Leica).

Western blots of total cellular lysates

Transfected COSL1 cells were washed with chilled phosphate buffered saline solution and
lysed in RIPA buffer at 4 °C. Extracts were precleared by centrifugation at 13 200 rpm for
10 min at 4 °C, denatured by boiling in SDS-PAGE sample buffer, separated
electrophoretically, and transferred onto nitrocellulose filters using the iBlot Dry Blotting
System (Thermo Fisher Scientific, Catalog No. IB21001). Membranes were blocked in 5%
bovine serum albumin (Sigma-Aldrich, Catalog No. A7906) in TBS-T for at least 1 hour and
then incubated overnight at 4 °C with the appropriate antibodies to Vav2 (home-made; Lab
catalog No. 580-2, 1:1000 dilution), EGFP (1:5000 dilution, Covance, Catalog No.
MMS-118P), and tubulin a (1:2000 dilution, Calbiochem-Merck, Catalog No. CP06). After
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three washes with TBS-T to eliminate the primary antibody, the membranes were incubated
with the appropriate secondary antibody (1:5000 dilution, GE Healthcare) for 30 min at
room temperature. Immunoreacting bands were developed using a standard
chemiluminescent method (Thermo Fisher Scientific, Catalog No. 32106).

Immunoprecipitation of endogenous Vav2 from mouse tissues

Livers from mice of the indicated genotypes were mechanically homogenized in RIPA
buffer and C@mplete using a gentleMACS dissociator (Miltenyi Biotec, Catalog No.
130-093-235) and gentleMACS M tubes (Myltenyi Biotec, Catalog No. 130-096-335).
Extracts were precleared by centrifugation at 13 200 rpm for 30 min at 4 °C and
supernatants quantified using the Bradford reactive (see above). 400 pg of protein extracts in
a final volume of 500 UL of RIPA buffer were incubated with 1.5 uL of a homemade
antibody to Vav2 for 2 hours at 4 °C in a rotating wheel. Immunocomplexes were collected
with 35 pL of Gammabind G-Sepharose beads (GE Healthcare, Catalog No. GE17-0885-01)
for 2 hours at 4 °C in a rotating wheel. After three washes with RIPA buffer at 4 °C, the
beads were resuspended in SDS-PAGE buffer, boiled for 5 min, and subjected to Western
blot analyses as indicated above.

Quantitation of total mMRNA levels in tissues

Total RNA was extracted using NZYol (NZYtech, Catalog No. MB18501) and quantitative
RT-PCR performed using the Power SYBR Green RNA-to-CT 1-Step Kit (Applied
Biosystems, Catalog No. 4389986) and the StepOnePlus Real-Time PCR System (Applied
BioSystems, Catalog No. 4376600). Raw data were analyzed using the StepOne software
(Applied Biosystems). Values were calculated using the AACt method using the abundance
of the endogenous Gapdh mRNA as internal normalization control. In all cases, the data
presented in the figures were normalized to the levels found in pancreas, which were given
an arbitrary value of 1 in each case. Primers used for transcript quantitation included 5’-
AAG CCT GTG TTG ACC TTC CAG-3’ (forward for mouse Vav2), 5’-GTG TAA TCG
ATC TCC CGG GAT-3’ (reverse for mouse Vav2), 5’-ATG GAG CCG TGG AAG CAG
TG-3’ (forward for mouse Var3),5” -TCC GCC TTC ATC AAG TCT TC-3’ (reverse for
mouse Vav3), 5’-AAA GCT CAG GGC GTT CTA CC-3’ (forward for mouse Prex1), 5’ -
TAG TAA GGG GCA GGA GGC AT-3’ (reverse for mouse Prex1), 5’-ACA CTG GTT
GCC CTG TTT GA-3’ (forward for mouse Prex2), 5’ -CAG CGA TGC GTT TGG ATC
TG-3’ (reverse for mouse Prex2), 5°-TGG TTA CAG GAG AGA CTT GGG -3’ (forward for
mouse 7/amI),5’ -GTC CTC CGG GTC TTG TGT G-3’ (reverse for mouse 7/amlI), 5’-
TGC ACC ACC AAC TGC TTA GC-3’ (forward for mouse Gapafh)), and 5°-TCT TCT GGG
TGG CAG TGA TG-3’ (reverse for mouse Gapadh).

Infusion of mice with insulin

Mice were fasted for 7 hours, deeply anesthetized with a combination of ketamine (CN
#571267.3; Merial) plus xylazine (Bayer, Catalog No. 572126.2), and injected via the
inferior vena cava with insulin (0.5 units/kg; Actrapid, Novo Nordisk, Catalog No. 775502).
After 5 min, the gastrocnemius muscle was collected and snap frozen until further use.
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Determination of GTP-Racl levels in skeletal muscle

The frozen gastrocnemius muscle samples were homogenized using a mortar and a pestle
and lysed in 1 mL of pulldown buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5 mM
MgCly, 0.5% Triton X-100, 10 mM B-glycerophosphate, 1 mM DTT and C@mplete). After
an incubation of 10 min on ice and a short centrifugation at 4 °C to eliminate cell debris, the
supernatants were collected, and protein concentrations quantitated as above. The lysates
with equal amount of total protein were incubated with 10 pg of a Glutathione S-transferase
(GST) protein fused to the Racl binding domain of Pakl (GST-Pakl RBD) that was pre-
bound to glutathione-Sepharose beads (GE Healthcare, Catalog No. GE17-0756-01) for 2
hours at 4 °C under permanent rotation. The purification of the GST-Pakl RBD and GST
control proteins from £. coliwas done as indicated before [55]. After the incubation, the
beads were washed three times in pulldown buffer and boiled in SDS-PAGE loading buffer.
Released proteins were separated electrophoretically, transferred to nitrocellulose filters, and
subjected to immunoblot analyses using antibodies to Racl (Cytoskeleton, Catalog No.
ARCO03). Aliquots of the total cellular lysates used in the above pulldowns were processed in
parallel to determine the total amount of Racl present in each experimental sample. For
quantification, 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.

In vivo carcinogenesis experiments

For the two-step 7,12-dimethylbenz[a]anthracene (DMBA) plus 12-O-
tetradecanoylphorbol-13-acetate (TPA) protocol (Fig. 3A, top), the back of 6- to 8-week-old
animals of the indicated genotype was shaved and, two days later, carcinogenesis was
initiated using a single topic application of DMBA (25 pg diluted in 200 pL of acetone;
Sigma-Aldrich, Catalog No. D3254). The promotion phase consisted of biweekly
applications of TPA (200 uL of a 1 x 10~ M solution in acetone; Sigma-Aldrich, Catalog
No. P8139) during a 20 week-long period. For complete carcinogenesis (Fig. 3A, bottom),
mice were treated biweekly with 5 ug of DMBA alone in 200 pL of acetone for 20 weeks.
The number, size (measured with a digital caliper) and incidence of the generated tumors in
each protocol was determined weekly.

Pathological analyses of tumors

Tumors from mice of indicated genotypes and treatments were extracted, fixed in 4%
paraformaldehyde (Sigma-Aldrich, Catalog No. P6148) and paraffin embedded. Subsequent
tissue sectioning (2-3 um thickness) and staining with hematoxylin-eosin was carried out at
the Pathological Unit of our Center. Tumor sections were analyzed blindly by a pathologist
(M.C.G.-C.) to classify them according to malignancy grade and level of differentiation.

Blood pressure determination

Blood pressure was recorded in conscious mice using a non-invasive tail cuff method
(CODA, Kent Scientific) [54]. To avoid stress-induced changes in those physiological
parameters, we subjected mice to similar manipulations during the week previous to the
study in order to familiarize them with the experimental procedure.
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Histological analyses of heart and aorta

Tissues from animals of indicated genotypes were fixed, cut, and stained as above. Aorta
media walls and cardiomyocyte areas were subsequently quantified using the MetaMorph
software (Universal Imaging).

Tissue fibrosis determinations

The content of hydroxyproline in kidney was determined with a spectrophotometric method
as described [54]. We calculated total collagen assuming that collagen contains a 12.7% of
hydroxyproline.

Vascular permeability determinations

Mice of indicated genotypes received topically 32 pL of either TPA (10~4 M in acetone) or
vehicle solution alone (acetone) on each ear. A solution of Evans Blue dye (Sigma-Aldrich,
Catalog No. E2129) (100 pL of a 1% [weight/volume] solution in phosphate buffered saline)
was injected intravenously 30 min later into the lateral tail veins of mice. Upon euthanasia of
animals 30 min later, the two ears of each mice were collected and digested for 16 hours in
formamide (5 mL/g tissue; Sigma-Aldrich, Catalog No. F9037) with vigorous shaking. After
removal of tissue debris by centrifugation, the absorbance of each formamide extract was
measured at 620 nm. Acetone-treated ears were used as controls.

Determination of ocular parameters

Buphthalmia was quantified in 6-month-old mice by measuring the diameter of both
eyeballs, as indicated before [21].

Statistics

The number of biological replicates (77), the type of statistical tests performed, and the
statistical significance are indicated for each experiment in the appropriate figures.
Parametric distributions were analyzed using Student’s #test (when comparing two
experimental groups) or ANOVA followed by either Dunnett’s (when comparing more than
two experimental groups with a single control group) or Tukey’s HSD test (when comparing
more than two experimental groups with every other group). The Chi-squared test was used
to determine the significance of the differences between expected and observed frequencies.
In all cases, values were considered significant when £< 0.05. Data obtained are given as
the mean £ SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of the L 332A mutation of the Vav2 DH domain
(A) Schematic representation of the structure of Vav2. Domains forming part of the catalytic

cassette are shown in color. The rest of domains are shown in gray. CH, calponin-homology;
Ac, acidic; PH, pleckstrin-homology; C1, C1-like zinc finger region; SH, Src-homology.
(B) LEFT, crystal structure of the complex formed by the Vavl DH-PH-C1 zinc finger
catalytic cassette and Racl based on previous reports [22, 23]. The color code used of the
domains are as in panel A. Racl is shown in blue. R/GH7, close up image of the Vavl DH
region containing the Leu334 (orange color) which is analogous to the Leu332 residue that
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was chosen to impair the catalytic activity of Vav2. Other sites involved in the Vavl-Racl
interaction are also highlighted in orange color.

(C) Levels of GTP-bound Racl (left panel) and RhoA (right panel) in COS1 cells transiently
transfected with either EGFP or the indicated EGFP-tagged Vav2 proteins (bottom). Data are
represented as fold-change values relative to the level of activity found in EGFP-transfected
cells (which was given an arbitrary number of 1, represented as a gray line). The same
representation has been used in the panels D and F of this figure. a.u., arbitrary units. *, P <
0.05; **, P < 0.01 (ANOVA and Dunnett’s multiple comparison tests; 7= 3, each
experiment performed in triplicate).

(D) Levels of JNK activity triggered by the indicated ectopically expressed EGFP-Vav?2
versions in COS1 cells (ANOVA and Dunnett’s multiple comparison tests; n = 3, each
experiment performed in triplicate).

(E) Example of the membrane ruffling triggered by the indicated ectopic EGFP-Vav2
proteins in COS1 cells (n=3).

(F) Levels of SRF activity triggered by the indicated ectopic Vav2 proteins in COS1 cells
(ANOVA and Dunnett’s multiple comparison tests; 7= 3, each experiment performed in
triplicate).

(G) Representative immunoblot analyses showing the expression of indicated EGFP-tagged
Vav2 versions (top panel) and EGFP (second panel from top) in COS1 cells. The expression
of endogenous tubulin a was used as loading control (bottom panel). On the right, we show
the molecular weight of the indicated EGFP-tagged proteins. The expected molecular weight
of each Vav2 version (without considering the EGFP tag) is: Vav2WT (100 kDa),
Vav24309-339 (96 kDa), Vav2O"C (78 kDa), Vav20Onc+A309-339 (75 kDa). Similar results were
obtained in two other independent experiments.
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Figure 2. Description and basic characterization of the Vav2 L332A knock-in strain and other
mouse models used in this study

(A) Structure of the targeting vector used in the homologous recombination step in
embryonic stem cells. The inverted exon 11 with the mutated codon encoding the L332A
residue is shown as a red box. The wild-type exon 11 and other Vav2 gene exons are
indicated as green and black boxes, respectively. Intronic sequences are shown as thick gray
lanes. Sequences included in the vector to favor positive (Meo R) and negative (Diphtheria
toxin A, DTA) selection of embryonic stem cell clones with correctly integrated sequences
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are indicated as blue and light red boxes, respectively. Lox511 and LoxP recombination sites
are also depicted. Ex, exon; FRT, Flippase site for Neo R gene deletion.

(B) Structure of the Vav2L-332A gllele generated after the Flippase- and Cre-mediated
recombination steps described in Figure S1.

(C) Immunoblot analysis showing the expression of Vav2WT and Vav2-332A proteins in liver
extracts from the indicated mouse strains (top). The abundance of tubulin a was used as
loading control (bottom panel).

(D, E) Relative abundance of the mRNAs for Vav2 (D) and other Racl GEFs (E) in the
indicated tissues (bottom) from WT and Vav2 L332A/L332A mice. Values were calculated
using the AACt method and normalized to levels found in pancreas (which were given an
arbitrary value of 1 in each case). = 3.

(F) Levels of GTP-bound Racl triggered by the in vivo infusion of insulin in skeletal muscle
from mice of the indicated genotypes (colored circles). As reference, we show the basal
levels of GTP-bound Rac1 found in nonstimulated conditions in WT and Va2 L332A/L332A
mice (gray lane and circles). Data are shown as mean = SEM. **, P < 0.05 relative to
insulin-stimulated WT mice using two-tailed Student’s t-test. 7= 3 (WT) and 4
(Vav2L332A/L332A) ingylin-infused animals. NSt, nonstimulated.

(G) Predicted levels of Vav2 protein and Vav2 catalytic activity towards Racl (based on
results from Figure 1C) in mice of the indicated genotypic combinations. CA, catalytic
activity.
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Figure 3. Partial impairment of Vav2 GEF activity blocks skin tumorigenesis

(A) Schematic representation of the administration protocol of DBMA and TPA in the case
of the DMBA+TPA (top) and DMBA (bottom) carcinogenesis models used in this study.
(B) Penetrance (left graph) and multiplicity (right graph) of tumors in DMBA+TPA-treated
mice of the indicated genotypes. On the left panel, statistically significant points include
weeks 8 to 14 (in the case of Va2 L332AIL332A: | a2-1- mice), weeks 8 to 15 (in the case of

Vav2—-; vav3~'- mice), and weeks 8 to 17 (in the case of Vav2L332A/L332A mice) when

compared to both WT and Va2 -332A/* animals. On the right panel, the differences in
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tumorigenesis of Vav2L332A/L332A \/aypL332AIL332A:\/ay3~/~ and Vav2~—;Vav3~~ mice are
statistically significant from weeks 12 to 20 when compared to WT and Vay2L-332A/
animals. ***, P < 0.001 according to ANOVA and Tukey’s HSD tests. n = 17 (WT mice), 6
(Vav2L332A* mice), 11 (Vav2L332A/L332A mice), 16 (Vav2L332A/L332A:\/ay3-- mice), 15
(Vav2~'=;Vav3~"- mice).

(C) Size of the tumors generated in WT, Vav2L332A/* a2 L332AIL332A and Va2 vav3
=~ mice at the endpoint of the experiment shown in panel B. *** P < 0.001 (Student’s t-test,
n size as in panel B). The color of each asterisk has been matched with the corresponding
tumor size group.

(D) Type of tumors found in WT, Var2 L3324+ 4,2 L332AIL332A and Vav2 - vav3—-
mice at the endpoint of the experiments shown in panel B (left circular plots). The color
code for each histological tumor type is explained in the blue box on the right. ***, P<
0.001 (Chi-squared test). n7size as in panel B.

(E) Penetrance (left graph) and multiplicity (right graph) of tumors in DMBA-treated adult
mice of the indicated genotypes. ***, £<0.001 (Student’s t-test, n = 11 and 12 in the case
of WT and Vay2L332A/L332A mjce, respectively).

(F) Size of the tumors generated in indicated mice at the endpoint of the experiment shown
in panel E. **, P< 0.005; ***, P< 0.001 (Student’s t-test, n size as in panel E). The color of
each asterisk has been matched with the corresponding tumor size group.

(G) Type of tumors found in indicated mice at the endpoint of the experiments shown in
panels E and F (pie chart plots on the left). The color code for each histological tumor type
is indicated in the blue box on the right. ***, < 0.001 (Chi-squared test, n size as in panel
E).

In B, C, E and F, values represent the mean £ SEM. In D and G, values represent the relative
percentage of samples that belong to the indicated histological subtype. In B to G, the
predicted percentage of Vav2 catalytic activity present in each genotype is indicated with
colored boxes.
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Figure4. Thelevel of Vav2 catalytic activity inhibition determines the generation of negative side
effectsin mice

(A-D) Mean arterial pressure (A), cardiomyocyte area (B), aorta media wall thickness (C)
and kidney collagen content (D) present in mice of the indicated genotypes (A-D, bottom).
Normal and pathophysiological values are shown using blue and red bars, respectively. The
amount of predicted /n vivo Vav2 exchange activity for each genotype is shown at the
bottom (the same representation was used in the panels E and G below). In addition, we
indicate whether these animals develop normal (T, shaded in red) or impaired (I, shaded in
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green) skin tumorigenesis according to the results found in Figure 3. **, < 0.01; ***, P<
0.001 (Student’s #test, 7= 6 per genotype).

(E) Vascular permeability exhibited by mice of the indicated genotypes. Color code of bars
and information included in X axis is as in panel A. O.D., optical density. *, < 0.05
relative to value found in WT mice (Student’s £test, 7= 6 per genotype).

(F and G) Representative example (F) and quantitation (G) of the ocular diameters of mice
of the indicated genotypes. ***, £< 0.001 (Student’s #test, 7= 28, 12, and 14 in the case of
WT, Vay2L332AIL332A and Vav2~"- mice, respectively).

(H) Summary of the results obtained in this work.

In A-E and G, data represent the mean + SEM.

Oncogene. Author manuscript; available in PMC 2021 March 19.



	Abstract
	Introduction
	Results
	Identification of a catalytic hypomorphic Vav2 mutant
	Generation of Vav2
L332A knock-in animals and other mouse strain derivatives
	Partial impairment of Vav2 GEF activity blocks skin tumorigenesis
	The level of Vav2 inhibition determines the generation of side effects in mice

	Discussion
	Methods
	Ethics statement
	Mouse strains
	Cell lines
	Plasmids
	Rho GTPase activation assays in COS1 cells
	JNK and SRF activity assays in COS1 cells
	Cytoskeletal change assays in COS1 cells
	Western blots of total cellular lysates
	Immunoprecipitation of endogenous Vav2 from mouse tissues
	Quantitation of total mRNA levels in tissues
	Infusion of mice with insulin
	Determination of GTP-Rac1 levels in skeletal muscle
	
In vivo carcinogenesis experiments
	Pathological analyses of tumors
	Blood pressure determination
	Histological analyses of heart and aorta
	Tissue fibrosis determinations
	Vascular permeability determinations
	Determination of ocular parameters
	Statistics

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

