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engage multiple downstream programs using both
catalysis-dependent and independent pathways, thus
VAV1 is a haematopoietic-specific signalling protein contributing to the amplification and diversification of
that plays critical roles in the development, selection, the signals that are initiated at the level of the T cell
and effector functions of T cells [1-4]. This protein can receptor (TCR) [1,3]. The main function of this protein

1. Introduction
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CC10, Clara cell-specific protein; FDR, false discovery rate; GDP, guanosine diphosphate; GEO, gene expression omnibus; GSEA, gene set
enrichment analysis; GTP, guanosine triphosphate; ICN1, intracellular fragment of Notch1; KLH, keyhole limpet haemocyanin; LSL-Kras®'22*,
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NSCLC, nonsmall-cell lung cancer; NSt, nonstimulated; PLCy1, phospholipase Cy1; PTCL, peripheral T cell lymphoma; PTCL-NOS, peripheral
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Molecular Oncology 16 (2022) 3533-3553 © 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 3533
Federation of European Biochemical Societies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

5US017 SUOLIWOD A1 djed ! dde oy Aq pausenoB a1e ss 1L YO ‘8sN JO S3|nI 104 Afeq1 3U1UQ A8 |IAN UO (SUONIPUOD-pUE-SWBYWOY" A8 | 1M Ale.q 1|BU1UO//:SdYy) SUORIPUOD pue SWwid L 33 89S *[£202/T0/E0] Uo Ariqiauliuo A8|Im ‘(01N) (Joken e1p1IO) WO enusd ugeziuebio 915D Ag S62ET T920-8L8T/200T OT/I0p/L0d A8 | 1M Areuq 1[pul U0 "SGR //:SANY WOy papeojumod ‘6T ‘2202 'T9208.8T


https://orcid.org/0000-0001-5218-0187
https://orcid.org/0000-0001-5218-0187
https://orcid.org/0000-0001-5218-0187
https://orcid.org/0000-0002-9744-0912
https://orcid.org/0000-0002-9744-0912
https://orcid.org/0000-0002-9744-0912
https://orcid.org/0000-0001-9398-6072
https://orcid.org/0000-0001-9398-6072
https://orcid.org/0000-0001-9398-6072
mailto:
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2F1878-0261.13295&domain=pdf&date_stamp=2022-08-30

Spectrum of VAV1-driven tumours

is to catalyse the exchange of nucleotides in RHO
GTPases, thus favouring the transition of those pro-
teins from the inactive (GDP-bound) to the active
(GTP-bound) state [1,3,5]. This pathway is important
for the regulation of cytoskeletal dynamics, the activa-
tion of downstream serine/threonine kinases (e.g., p21
activated and c-Jun N-terminal kinases), and the stim-
ulation of F-actin-regulated transcriptional programs
[1,3]. In addition, VAVI1 plays several noncatalytic,
adaptor-like functions. Thus, via its C-terminal
calponin-homology domain, VAV1 can engage a phos-
pholipase Cyl-dependent signalling pathway that
favours the stimulation of the nuclear factor of stimu-
lated T cells (NFAT) [6,7]. This pathway is critical for
the stimulation of T cells, cytokine production, and
differentiation of follicular helper T (Tgy) cells [8,9].
Finally, VAV1 regulates via its most C-terminal SH3
(CSH3) domain an adaptor function that promotes the
nucleation of heteromolecular complexes with the E3
ubiquitin ligase Casitas B-lineage lymphoma B (CBL-
B) and the intracellular fragment of Notchl (ICNI1).
This interaction favours the CBL-B-dependent ubiqui-
tinylation and proteosomal degradation of ICNI, a
key protumourigenic factor in T cell acute lymphoblas-
tic leukaemia, nonsmall-cell lung cancer (NSCLC),
and other tumours [10,11]. The elimination of this
VAVIl-regulated tumour suppressor pathway is critical
for the fitness of T cell acute lymphoblastic leukaemia
of the TLX" clinical subtype [12].

The catalytic and NFAT activities of VAV1 are acti-
vated by the phosphorylation by upstream tyrosine
kinases of specific regulatory tyrosine residues located
in its acidic (Ac), zinc finger (ZF), and CSH3 domains
[1,3,13]. This process leads to a switch from a closed
to an open conformation of the molecule that is now
capable of interacting with the downstream GTPases
and effectors [1,3,13,14]. Due to this, mutations that
eliminate the intramolecular interactions that maintain
VAV1 in the close conformation result in the spurious
activation of VAVI1-dependent signalling [13,15,16].

VAV has been historically linked to tumourigenesis
due to its oncogenic activity in focus formation assays
and, subsequently, from loss-of-function experiments
that demonstrated the importance of the endogenous
wild-type protein in a number of cellular and mouse
tumourigenic models [2,15,17-20]. More recently, the
sequencing of human tumours has revealed the pres-
ence at relatively high frequencies of VAV 1 mutations
in peripheral T cell lymphoma (PTCL) subtypes such
as angioimmunoblastic T cell lymphoma (AITL, 6%
of total cases), adult T cell leukaemia/lymphoma
(17% of total cases), and peripheral T cell lymphoma
not otherwise specified (PTCL-NOS, 7% of total
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cases). VAVI mutations have been also found at
much lower frequency in other PTCL subtypes such
as anaplastic large cell lymphoma (ALCL, 2% of
total cases) and cutaneous T cell lymphoma (2% of
total cases) [21-27]. In the case of lung tumours,
VAVI1 mutations have been found at low frequencies
in both lung adenocarcinomas (2.3% of cases) and
squamous cell carcinomas (2.7% of cases) [28]. These
VAVI mutations include missense changes, internal
deletions due to splicing defects, C-terminal trunca-
tions, and 3’-end translocations with other genes. In a
previous study, we have shown that most of those
alterations lead to changes in the normal signalling of
the protein [21,29]. These mutations can be classified
in three main subtypes depending on the impact on
the downstream signalling of the protein: trivalent
(with deregulated catalytic, NFAT, and tumour sup-
pressor activities), bivalent (with deregulated catalytic
and NFAT activities), and monovalent (which only
show the inactivation of the suppressor pathway) [29].
Mutations of the trivalent and bivalent subclass are
the most prevalent in human tumours [29]. Using
adoptive T cell transfer experiments, we demonstrated
that the expression of a trivalent subclass VAVI
mutant in CD4" T cell can trigger per se the develop-
ment of AITL in vivo. This protumourigenic effect
requires the concurrent engagement of both the cat-
alytic and the NFAT pathways by the oncogenic
VAV1 mutants [29]. Using a transgenic mouse
approach, Chiba’s group also demonstrated that the
ectopic expression of Vavl gain-of-function mutations
favours T cell lymphomagenesis. However, in this
case, this process requires the ablation of the Trp53
tumour suppressor gene [30]. These observations raise
a few additional questions: do VAVI mutants pro-
mote tumourigenesis when expressed from the endoge-
nous Vavl locus? If so, what is the spectrum of
tumours that are driven by such mutations? Does this
transformation require cooperating genetic lesions? Is
this transformation the result of the generation of
ex novo functions or the exacerbation of the normal
functions played by wild-type VAVI1 in normal cells?
To address those issues, we have generated by gene-
editing a mouse model that bears an oncogenic Vavl
allele that encodes a trivalent subclass VAV1 mutant
protein. Our results indicate that this mutant protein
drives AITL formation and NSCLC progression. Fur-
thermore, we show that the emergence of those
tumours requires the cooperation of additional, tissue-
specific genetic lesions. Lastly, we demonstrate that
the role of VAV in T cell lymphomagenesis is proba-
bly linked to the exacerbations of the physiological
function of wild-type VAV in Tgy cells.
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2. Materials and methods

2.1. Ethics

All mouse experiments were performed according to
protocols approved by the Bioethics Committee of the
University of Salamanca (animal license number #568)
and the animal experimentation authorities of the
autonomous Government of Castilla y Leén (Spain).
They were treated humanely in accordance with stan-
dards described in the Guide for the Care and Use of
Laboratory Animals, considering relevant national and
European guidelines. We have not utilized patients or
patient-derived samples in this work.

2.2. Generation of the Vav7*® mouse strain and
other derivatives

To generate the VavI*C mutant allele (Fig. SI1A), we

introduced by gene editing the sequence TAGTGAC-
TAAGTGA downstream of the ACC codon present in
the 27th exon of the Vavl gene that encodes the resi-
due Asn®*. To avoid stop codon skipping, we
included two consecutive in-frame stop codons fol-
lowed by two additional ones in the other two reading
frames (stop codons underlined) downstream of that
codon. The Vavl synthetic guide RNA (sgRNA) tar-
geting the sequence 5-CTG GTT CCC TTC TAA
CTA TG-3' in Vavl exon 27 was generated by in vitro
transcription from the Vav/-gRNA plasmid. To gener-
ate this vector, we hybridized the oligonucleotides
Vavl-gRNA-up (5-AGG GCT GGT TCC CTT CTA
ACT ATG-3') and Vavi-gRNA-down (5-AAA CCA
TAG TTA GAA GGG AAC CAG-3) to generate a
double stranded DNA fragment with 5 AGGG and 3’
TTTG overhangs to allow directional cloning into the
Bbsl sites of the gRNA basic plasmid [31]. Upon liga-
tion, the insertion of the above sequences in the accep-
tor plasmid was confirmed by DNA sequencing.
Subsequently, the VavI-gRNA was linearized with
Fspl and transcribed with T7 RNA polymerase using
the MEGAshortscript™ kit (Cat. No. AMI1354;
Ambion, Austin, TX, USA) according to the manufac-
turer’s protocol. The DNA template was then digested
with DNasel and the Vavi-sgRNA purified with the
MEGAclear™ RNA purification kit (Cat. No.
AM1908; Ambion). The replacement single stranded
DNA oligonucleotide (5-GAC AGT GGC TTT TCT
GAT GGG TTT CTC TTC TCT CTG CAG ATC
GGC TGG TTC CCT TCT AAC TAG TGA CTA
AGT GAT ATG TGG AGG AAG ACT ATT CCG
AAT ATT GCT GAG CCT GGT GCC CTG TAG

Spectrum of VAV1-driven tumours

GAC ACA GAG AGA GG-3'), which contains the
stop codons (underlined) flanked by genomic homol-
ogy sequences consisting of the 60 nucleotides
upstream and downstream of the 3’ end of the Asn®*
codon, was obtained from IDT. The Cas9 protein was
a gift from Juan Galceran (Instituto de Neurociencias,
CSIC, Alacant, Spain). To generate the mutant mice, a
mix containing the Vavl sgRNA (10 ng-pL™"), the
Cas9 protein (100 ng-uL~") and the replacement oligo
(10 ng-pL™" in 10 mm Tris—HCI (pH 7.5) and 0.1 mm
EDTA was introduced into fertilized C57BL/6 mouse
oocytes by pronuclear microinjection. Identification of
the recombinant allele in the resulting pups was done
by PCR using genomic DNA purified from tail biop-
sies using the oligonucleotide pair VavI-Chk-F (5'-
CAA CCT GCT GTG ATG AGG CAT G-3') and
Vavi-Rec-R (5-CTC CAC ATA TCA CTT AGT
CAC-3') that specifically detects the recombined allele.
The Vavl genomic region was then reamplified by
PCR using the diagnostic oligonucleotides Vav/-Chk-F
and Vavl-Chk-R (5-CCT GGG CTC AGC CTT
CAT CTG C-3') that can amplify the relevant Vavl
genomic area from both the wild-type (172 bp) and
the mutant (186 bp) alleles. The PCR fragments were
separated by electrophoresis in a 15% polyacrylamide/
TBE gel and, after purification, the identity of the
amplified band was further verified by DNA sequenc-
ing. The founder mouse was subsequently crossed with
wild-type C57BL/6 mice to generate the F; generation
bearing the Vavl mutant allele, which was again con-
firmed as above. Further crosses were performed to
obtain a fully clean strain in the CS57BL/6 genetic
background. Genotyping was performed in all cases by
PCR using the VavI-Chk-F oligo with either the
oligonucleotide VavI-RecV'-R (¥-AGT CTT CCT
CCA CAT AGT TAG-3) to identify the wild-type
allele or VavI-Rec-R to identify the VavI*C allele.
VavI*©/A€ mice were crossed with Trp33ER/ER [32]
and LSL-Kras®'?P/* [33] mice to generate the com-
pound Trp53ER/ER gy AC/AC and  LSL-KrasS'?P/
VavI*“/AC strains, respectively. VavI~/~ and Vavl™/~;
Vav2~'=;Vav3~'~ mice have been previously described
[34,35]. Trp53ER/ER and LSL-KrasC®'?P"" mice were
provided by D. Martin-Zanca (Instituto de Biologia
Fundamental y Gendmica, Salamanca, Spain) and M.
Barbacid (Centro Nacional de Investigaciones
Oncoldgicas, Madrid, Spain), respectively. Single
Vavl~'~ and Vav2~/~ mice were gentle provided by V.
Tybulewicz (Francis Crick Institute, London, UK) and
M. Turner (Brabaham Institute, Cambridge, UK),
respectively. Vav3~/~ mice were generated in our own
lab [36]. All mouse strains used were homogenized to
the C57BL/6 genetic background, except Vavl~/~ and
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Vavl™'~:Vav2~/~:Vav3™'~ mice, which were both
homogenized in the C57BL/10 genetic background.
For all in vivo studies, female animals of the same
genotype were randomly assigned to the different
experimental groups. We did not exclude any animal
from the final tabulation of results.

All mice were housed under specific pathogen-free
conditions with an artificial 12 h light/12 h dark cycle
under controlled temperature (23 °C) and humidity
(50%) conditions. They were routinely maintained
under ad libitum access to a standard chow global diet
(Teklad global 18% protein rodent diet; Cat. No.
2018; Envigo, Indiana, TA, USA) and tap water.

2.3. Isolation of primary mouse cells

These methods were described elsewhere [29]. Single cell
suspensions were generated by mechanical homogeniza-
tion of thymus, spleen, and lymph nodes in 3 mL of
phosphate-buffered saline solution supplemented with
2% bovine serum albumin and 0.5 mm EDTA (referred
to hereafter as cell extraction buffer). Cells obtained
were washed once by low-speed centrifugation, resus-
pended in cell extraction buffer, and subjected to a
0.17 m NH4Cl lysis step to eliminate erythrocytes.

2.4. Western blot analyses

These experiments followed protocols described before
[29]. Primary thymocytes and splenocytes were extensively
washed with phosphate-buffered saline solution and bro-
ken in lysis buffer 1 (10 mm Tris—=HCI [pH 8.0], 150 mm
NaCl, 1% Triton X-100, 1 mm Na3;VO4, 10 mm f-
glycerophosphate and a cocktail of protease inhibitors
[Complete, Cat. No. 05056489001; Roche, Basel, Switzer-
land]). Cellular extracts were precleared by centrifugation
at 20 000 g for 10 min at 4 °C, denatured by boiling in
2x SDS/PAGE sample buffer, separated electrophoreti-
cally, and transferred onto nitrocellulose filters (Cat. No.
2022-04-26; Thermo Fisher Scientific) using the iBlot Dry
Blotting System (Thermo Fisher Scientific, Waltham,
MA, USA). Membranes were blocked in 5% bovine
serum albumin (Cat. No. A4503; Sigma-Aldrich, Irvine,
CA, USA) in TBS-T (25 mm Tris—HCI [pH 8.0], 150 mm
NadCl, 0.1% Tween-20) for at least 1 h and then incubated
overnight with the appropriate antibodies. Membranes
were then washed three times with TBS-T, incubated with
the appropriate secondary antibody (GE Healthcare, Chi-
cago, IL, USA) for 30 min at room temperature, and
washed twice as above. Immunoreacting bands were visu-
alized using a chemoluminescent method (ECL, Cat. No.
RPN2209; Amershan, Chicago, IL, USA). Primary anti-
bodies used included those to the VAV1 DH (homemade,
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1 : 10 000 dilution), tubulin o (Cat. No. CP06-100UG;
Calbiochem, Darmstadt, Germany; 1 : 2000 dilution),
TP53 (Cat. No. 2524; Cell Signaling Technologies, Dan-
vers, MA, USA; 1:1000 dilution), PARP (Cat. No.
9542; Cell Signaling Technologies; 1 : 1000 dilution), and
actin f (Cat. No. sc-47778; Santa Cruz Biotechnology,
Dallas, TX, USA; 1 : 1000 dilution).

2.5. Determination of mMRNA abundance

Total RNA was extracted from cells using NZYol
(Cat. No. MBI18501; NZYtech, Lisbon, Portugal) and
mRNAs purified using RNeasy Mini kit (Cat. No.
74106; Qiagen, Germantown, MA, USA) following the
manufacturer’s protocol. mRNAs were analysed by
qRT-PCR using the iScript One-Step RT-PCR kit with
SYBR green (Cat. No. 1708892; BioRad, Hercules,
CA, USA) and the StepOnePlus Real-Time PCR Sys-
tem (Applied BioSystems, Waltham, MA, USA). Raw
gRT-PCR data were analysed using the STEPONE soft-
ware v2.1 (Applied Biosystems), using the abundance
of the endogenous Actb as internal normalization con-
trol. Primers used were: 5-TTG CCC AGA ACA
AAG GAT C-3' (forward, Vavl), 5-AAG CGC ATT
AGG TCC TCG TA-3 (reverse, Vavl), 5-GGC CAG
CTG ATA TAA TGG AGA AAA-3' (forward, Hesl),
5-TCC ATG ATA GGC TTT GAT GAC TT-3 (re-
verse, Hesl), 5-CAC TGG CCC TGT CCA CCC
AGC CTT GGC AGG-3 (forward, Ditxl), 5-ATG
CGA ATT CGG GAA GGC GGG CAA CTC AGG-
3’ (reverse, DixI), 5-TCA GGT GTC AGG CTC
TAC CA-3' (forward, Ptcra), 5-GTC CCT CAC CCT
CCC AAA AG-3 (forward, Acth) and 5-GCT GCC
TCA ACA CCT CAA CCC-3' (reverse, Actb).

2.6. Cycloheximide treatment

Single cell solutions from thymus and spleen were resus-
pended in RPMI-1640 medium supplemented with 10%
fetal bovine serum, 1% L-glutamine, penicillin
(10 pg-mL™") plus streptomycin (100 pg-mL™"), and cul-
tured in the presence of cycloheximide (Cat. No. C7698-
5G; Sigma-Aldrich; 50 pg-mL~") or solution control
(DMSO). At the times indicated, cells were collected for
western blot determinations as indicated above.

2.7. Flow cytometry determinations of surface
and intracellular proteins

These techniques were previously described [12,29].
Briefly, isolated cells were washed once in cell extraction
buffer, resuspended in standard phosphate-buffered saline
solution, and stained following standard procedures with
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combinations of fluorescein isothiocyanate- (FITC, Cat.
No. 553729; eBioscience, Waltham, MA, USA),
allophycocyanin- (APC, Cat. No. 553051; eBioscience),
APC-Cy7- (Cat. No. 560181; eBioscience) or V500-
labelled (Cat. No. 560783; eBioscience) antibodies to
CD4; FITC- (Cat. No. 553031; eBioscience), Pacific blue-
(PB, Cat. No. 558106; eBioscience) or phycoerythrin-
labelled (PE, Cat. No. 553032; eBioscience) antibodies to
CDS; APC- (Cat. No. 558643; eBioscience) or PE-Cy7-
labelled (Cat. No. 552880; eBioscience) antibodies to
CD25; perinidin chlorophyll-cyanin 5.5-labelled (PerCP-
Cy5.5) antibody to B220 (Cat. No. 45-0452-82; eBio-
science); PE-labelled antibody to TCRp (Cat. No. 12-
5961-82; eBioscience); FITC-labelled antibody to GR1
(Cat. No. 11-5931-82; eBioscience); eFluor660-labelled
antibody to F4/80 (Cat. No. 50-4801-82; eBioscience);
PE-labelled antibody to PDI1 (Cat. No. 12-9985-82;
eBioscience); PE-Cy7-labelled antibody to CXCRS (Cat.
No. 25-9185-42; eBioscience); APC-labelled antibody to
ICOS (Cat. No. 17-9949-82; eBioscience); V450-labelled
antibody to CD69 (Cat. No. 560690); FITC-labelled anti-
body to GL7 (Cat. No. 144603; BioLegend, San Diego,
CA, USA) and APC-labelled antibody to CD95 (Cat.
No. 17-0951-82; eBioscience).

For flow cytometry detection of phosphorylated
intracellular proteins, cells were fixed with 2%
formaldehyde, permeabilized with 90% ice-cold metha-
nol, and incubated with antibodies to p-ERK1/2 (Cat.
No. 4377; Cell Signaling Technologies; 1 : 200 dilu-
tion) and p-AKT (p-Ser*”®) (Cat. No. 4060; Cell Sig-
naling Technologies; 1 : 400 dilution). Cells were then
stained with an Alexa-648-labelled secondary antibody
to rabbit immunoglobulins (Cat. No. A21443; Invitro-
gen, Waltham, MA, USA; 1 : 500 dilution). For intra-
cellular ICNI staining, cells were fixed with Cytofix/
Cytoperm (Cat. No. 554714; BD Bioscience, Franklin
Lakes, NJ, USA) for 10 min and stained with PE-
labelled antibodies to either TOX (Cat. No. 12-6502-
82; eBiosciences; 1 : 50 dilution) or ICN1 (mNIA,
Cat. No. 552768; Cell Signaling Technologies; 1 : 50
dilution) for 1 h at room temperature in phosphate-
buffered saline solution supplemented with 5% fetal
bovine serum and 10% saponin. Unless otherwise sta-
ted, the antibodies used were from BD Biosciences.
Antibody-stained cells were run in a FACSAria III
flow cytometer (BD Biosciences) and data analysed
using the FLowJo software (BD Biosciences).

2.8. Histological analyses

Mouse tissues were dissected and fixed in 4%
paraformaldehyde in phosphate-buffered saline solu-
tion, paraffin-embedded, cut in 2-3 pm sections and
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subjected to haematoxylin—eosin staining using stan-
dard procedures. Sections were blindly analysed by an
independent pathologist.

2.9. Treatment of animals with 4-hydroxy-
tamoxifen

To restore TP53 expression in 7Trp53°R/ER and
Trp53ER/ER. 174y 1AC/AC mice, we administered 1 mg of
4-hydroxy-tamoxifen dissolved in oil carrier daily by
intraperitoneal injection for 1 week. Control mice were
given oil carrier alone. Twenty-four hours after the last
administration, cells from spleen and lymph nodes
were collected for flow cytometry determinations as
indicated above.

2.10. Gene expression profiling

These experiments included splenic samples from con-
trol and lymphoma-bearing animals. To this end, total
RNAs from the spleen of Trp53*R/ER and Trp53ER/ER,
Vav1*“'*C mice were isolated using the RNAeasy Mini
Kit (Catalog No. 74104; Qiagen) to be analysed using
the Affymetrix platform (Clariom™ S Assay HT) at
the CIC Genomics Core Facility according to the
manufacture’s recommendations.

2.11. Bioinformatics of microarray data

These procedures were described elsewhere [29]. R ver-
sion 3.6.3 (R Core Team, www.r-project.org) was used
for statistical analyses along with PYTHON version 3.9
(The Python Foundation, www.python.org) for text
file processing. Signal intensity values were obtained
from expression microarray CEL files after robust
multichip average. Differentially expressed genes were
identified using linear models for microarray data
(limma). Adjusted P-values for multiple comparisons
were calculated applying the Benjamini—-Hochberg cor-
rection (FDR). Gene Ontology and KEGG pathways
enrichment analyses were performed using DAVID
(https://david.nciferf.gov). Expression heatmaps were
generated using the heatmap3 R package. Volcano
plots were generated using the Glimma R package.
Gene set enrichment analysis (GSEA) were performed
with described gene sets using gene set permutations
(n = 1000) for the assessment of significance and
signal-to-noise metric for ranking genes. The dataset
used was the VavI““-associated gene signature gener-
ated in the adoptive transfer experiments with
VAV12C-expressing CD4" T cells [29]. To evaluate the
gene signature fitness across the mouse Rhoa®'"Y and
Tet2 mutant CD4" T cell signatures [37], the mouse
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GAPDH-overexpressing T cell signature [38], the
mouse FYN-TRAF3IP2-overexpressing bone marrow
progenitors signature [39] and the mouse Tgy and Ty,
cell signatures in the presence or absence of Tbx21
[40], the enrichment scores for both the upregulated
and downregulated signatures found in Trp53ER/ER,
Vav1*“/*“transformed AITL cells were calculated
using single-sample GSEA. The difference between the
two normalized enrichment scores (NES) yielded the
fit score, a measure of the enrichment and depletion of
the upregulated and downregulated signatures, respec-
tively. The Trp53ER/ER, pay1A/AC specific gene signa-
ture was established by comparing the full Trp53ER/ER,
Vav1*“/*“.associated gene signature with the differen-
tial transcriptomes of the signatures referred before.

2.12. CD4"' T cell isolation and analysis of normal
Ten cell responses

These methods were already described in a previous
publication [29]. Single cell suspensions of spleen and
lymph nodes from wild-type, Vavl~'~ and Vavi™/~;
Vav2~'~;Vav3~'~ mice were generated as above. Naive
CD4" T cells were then purified by negative selection
using the EasySep™ Mouse CD4" T Cell Isolation Kit
(Cat. No. 19852; StemCell Technologies, Vancouver,
BC, Canada) according to the manufacturer’s proto-
col. 1 x 10° of purified CD4" T cells were then stained
with Cell Trace Violet (Cat. No. C34557; Life Tech-
nologies, Waltham, MA, USA) following the manufac-
turer’s protocol and cultured on goat-anti-hamster
IgG (Cat. No. 31115; Invitrogen)-coated plate for 16—
24 h in RPMI-1640 media containing 10% fetal bovine
serum, glutamine, 50 pm 2-mercaptoethanol, antibod-
ies to CD3 (Cat. No. 100202; BioLegend; 1 pg-mL™"),
and antibodies to CD28 (Cat. No. 102102; BioLegend;
0.5 ng-mL™"). The quality of the purification step was
always confirmed by flow cytometry. Upon activation,
cells were washed and cultured in the presence of inter-
leukin 2 (Cat. No. 200-02; PeproTech, Rocky Hill, NJ,
USA: 50 U-mL™") and, 4 days later, were processed to
measure the indicated biological and signalling param-
eters by flow cytometry.

2.13. Measurement of germinal centre response

NP-keyhole limpet haemocyanin (Cat. No. N-5060;
Biosearch Technologies, San Francisco, CA, USA,;
2 mg-mL~") was mixed well with Complete Freund’s
adjuvant (Cat. No. F5881; Sigma-Aldrich; 2 mg-mL ™)
in a ratio 1 : 1 and administrated subcutaneously in
the base of the tail of wild-type, Vavl~/~ and Vavi~/—;
Vav2~/~;Vav3~'~ mice. Twelve days after immunization,
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single cell suspensions from lymph nodes were generated
and germinal centre response was evaluated.

2.14. Development of Kras-oncogene driven
NSCLC

Intranasal inhalation of adenoviral vectors was performed
using infections with adenoviral particles encoding the
Cre recombinase (Ad5-CMV-Cre) in 9- to 12-month-old
mice of the indicated genotypes. Adenoviral stocks were
generated at the University of Iowa Viral Vector Core
Facility (Iowa City, IA, USA). To this end, mice anes-
thetized with a single intraperitoneal injection of ketamine
(100 mg-kg ™" of body weight) and xylazine (3 mg-kg ™" of
body weight) were intranasally infected with 50 pL of the
adenovirus preparation (4 x 107 plaque-forming units).
Mice were euthanized at the indicated periods (9, 15, and
25 weeks after the adenoviral infection) or at the ethical
endpoints. Lung sections were analysed blindly by a
pathologist to determine the number and type of hyper-
plasia and NSLCs that were obtained in each experimen-
tal cohort.

2.15. Immunohistochemistry and
immunofluorescence

For immunohistochemistry determinations, sections
were dewaxed, microwaved in citrate buffer (pH 6.0),
and incubated overnight with antibodies to CC10 (Cat.
No. 07-623; Sigma-Aldrich; 1 : 1000 dilution), surfac-
tant protein C (SPC) (Cat. No. ab90716; Abcam, Cam-
bridge, MA, USA; 1 : 500 dilution), phospho-Histone
3 (p-Ser10) (Cat. No. 06-570; Merck, Darmstadt, Ger-
many; 1 : 100 dilution) or p-ERK1/2 (Thr202/Tyr204)
(Cat. No. 4376; Cell Signaling Technologies; 1 : 500
dilution) at 4 °C. Sections were then incubated with
biotin-conjugated secondary antibodies followed by
the addition of the Vectastain Elite ABC reagent (Cat.
No. PK-6100; Vector Laboratories, Burlingame, CA,
USA). The reaction product was visualized by incubat-
ing the sections in 0.025% 3.3’-diaminobenzidine and
0.003% H,0O, in phosphate-buffered saline solution.
For immunofluorescence determinations, sections were
treated as described above. After incubation of the
primary antibody to ICN1 (D3B8, Cat. No. 4147;
Cell Signaling Technologies; 1 : 50 dilution), the
fluorochrome-conjugated secondary antibody (Cat.
No. A-21206; Thermo Fisher Scientific; 1 : 100 dilu-
tion) was applied for 1 h at room temperature. The
percentage of p-histone 3 and ICNI1-positive cells was
quantified in the same area corresponding to four dif-
ferent microscopy fields per lung using the IMAGEJ soft-
ware (NTH, Bethesda, MD, USA; www.imagej.net).
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2.16. Statistics

Calculations were performed using Microsoft EXCEL
2020 (Microsoft, Redmond, WA, USA) and GRAPHPAD
PRISM software (version 6.0; Dotmatics, Boston, MA,
USA) as previously described [29]. The number of bio-
logical replicates (n), the type of statistical tests per-
formed, and the statistical significance are indicated in
the figure legends. Parametric and nonparametric dis-
tributions were analysed using Student’s z-test and
Mann-Whitney test, respectively. Chi-squared tests
were used to determine the significance of the differ-
ences between expected and observed frequencies. The
Tukey’s honest significance difference test was used to
identify groups showing differential enrichment of the
indicated signatures. Statistical analyses of the
immunoblot-generated data were carried out using the
GRAPHPAD PRISM software (version 6.0). In all cases,
values were considered significant when P < 0.05. Data
obtained are given as the mean + SEM.

3. Results

3.1. Generation of VAV1“C-expressing gene-
edited mice

To assess the spectrum of tumours induced by the
expression of VAV1 gain-of-function mutations in can-
cer development, we used the CRISPR-Cas9 gene edit-
ing technique (Fig. SIA) to generate mice bearing a
Vavl mutant allele encoding a CSH3-truncated protein
(amino acids 835-845, referred to hereafter as
VAV14%) (Fig. SIB). This mutant protein shows high
levels of both RACI and NFAT activity whereas it
lacks the ability to suppress ICNI signalling [13], thus
behaving as a classical V4 V'] mutation of the so called
trivalent functional subclass. This subclass is the most
frequently found in AITL, PTCL-NOS, ALCL, and
lung tumours [29]. We have shown before that the
expression of VAVIAC in adult CD4" T cells can drive
per se the development of an angioimmunoblastic lym-
phoma (AITL)-like condition in mice [29], further
demonstrating the pathogenic nature of this functional
subtype of VAVI mutant proteins.

We found using immunoblot analyses that VAV
is expressed at lower levels than the wild-type counter-
part when expressed in mice (Fig. S1C), a feature that
is typically found in most VAVI gain-of-function
mutants when expressed in cells [29]. This differential
expression seems to be caused by higher levels of insta-
bility of the VAVI mutant version rather than to
lower levels of its transcript (Fig. SID,E). However,

1AC
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these reduced levels are sufficient to maintain the nor-
mal physiological functions of the protein as VavI*</A¢
animals exhibit the expected percentages of both
immature (Fig. S2A) and mature (Fig. S2A-C) T cell
subpopulations. They also contain normal levels of B
lymphocytes (Fig. S2D,E), macrophages (Fig. S2F,G),
and granulocytes (Fig. S2H,I). Thus, unlike the case of
Vavl™'~ mice [41], VavI*“/*C animals do not develop
T cell lymphopenia.

3.2. Expression of VAV1C promotes CD4" T cell
lymphomagenesis

To investigate whether VAV14€ could promote in vivo

tumourigenesis and, if so, the spectrum of VAVIA¢-
driven tumours, we monitored cohorts of both male
and female VavI*“/*C mice until they reached a maxi-
mum of 2 years of age. In contrast with the adoptive
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Fig. 1. Low survival rates of Trp53VER: Vayv12C/AC mice. (A)
Survival curves of mice of indicated genotypes. The number of
animals analysed in each group is indicated in the graph. (B)
Representative western blot showing abundance of VAV1 (top),
TP53 (middle) and tubulin o (loading control, bottom) in total
extracts from the spleen of indicated 2-month-old mice. Similar
data were obtained in two additional independent experiments.
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Fig. 2. Expression of VAV14¢ promotes CD4* T cell lymphomagenesis. (A, B) Representative view (A) and quantification of the weight (B)
of spleen from mice of the indicated phenotypes at the time of euthanasia. In A, scale bar = 1 cm. In B, each dot represents a single
experimental mouse. n =12 animals per genotype, except in the case of Trp53F7ER:Vayv12¢/AC mice (n=7). (C, D) Example of
haematoxylin—eosin-stained sections of the spleen (C) and lymph nodes (D) from animals of the indicated genotypes (top) at the time of
euthanasia. In C, arrows indicate the presence of both megakaryocytes and leukemic cells. RP, red pulp; WP, white pulp. In D, C, cortex;
M, medulla; V, venules. Scale bars, 10 (C, D, top panels) and 100 (C, D, bottom panels) um. n =5 independent tissue sections per geno-
type. (E) Representative flow cytometry plots showing the levels of surface expression of CD4 (top panels), PD1 and CXCR5 (middle panels)
and ICOS plus CD69 (bottom panels) in splenocytes isolated from mice of indicated genotypes (top) at the time of euthanasia. n = 10 ani-
mals per genotype. In all cases, the numbers indicate the relative percentage (%) of the interrogated cell subpopulation in total (top raw of
panels) or gated CD4" T (middle raw of panels) and CD4" Tey (bottom raw of panels) cells. n = 8 (Trp55VER), 9 (Vav12¥/AC) and 7 (Trps3EVER;
Vav1A¢/A€) mice. (F) Flow cytometry determination of the CD4" versus CD8" T cell ratio in spleen from the mice of the indicated genotypes
(bottom) at the time of euthanasia. Each point represents the values obtained with a single experimental mouse. n as in E. (G) Quantification
of the percentage of Ty cells in the population of CD4"-gated splenocytes from mice of the indicated genotypes (bottom) at the time of
euthanasia. Each point represents the values obtained with a single experimental mouse. n as in E. (H, 1) Flow cytometry determination of
the surface levels of ICOS (H) and CD69 (l) in CD4" Try-gated splenocytes from animals of indicated genotypes (bottom) at the time of
euthanasia. f.i., mean fluorescence intensity relative to the isotype-matched control antibody. In both panels, each point represents the val-
ues obtained with a single experimental mouse. n as in E. (J-L) Flow cytometry determination of p-AKT (J), p-ERK1/2 (K) and ICN1 (L) levels
in CD4" Try-gated splenocytes from 8-month-old mice of the indicated genotypes at the time of euthanasia. n as in E. (M) gRT-PCR analy-
ses showing the expression of indicated ICN1 targets in lymphoma cell samples from the mouse models shown in the inset. n = 3. Data
information: In panels B and F-M, the values represent the mean + SEM. Statistical values are given relative to appropriate control animals.

*P < 0.05; **P < 0.01; ***P < 0.001 (Chi-squared test).

T cell transfer experiments recently reported [29], we
could not detect the formation of AITL or any other
haematopoietic or solid tumours in VavI*“/2¢ mice
during all the period analysed (J. R. Robles-Valero
and X. R. Bustelo, data not shown). As a result, these
animals exhibit normal survival curves throughout the
time-period analysed (Fig. 1A). This indicates that the
expression of VAVIAC is not oncogenic per se at least
in the absence of additional genetic lesions. Given that
the loss of the 7TP53 gene is a common event in
NSCLC and some PTCL subtypes [28,42-44], we
decided to evaluate whether the loss of this tumour
suppressor gene could synergize with the gain-of-
function Vavl mutation in tumour formation. To this
end, we crossed VavI*“'AC mice with a knock-in strain
(referred hereafter as Trp53FR/ER) that expresses a 4-
hydroxytamoxifen-regulated TP53-estrogen receptor
fusion protein (TP53-ERT™*M) [32]. This protein is
mostly inactive in cells due to improper migration to
the nucleus in the absence of 4-hydroxytamoxifen, thus
mimicking a loss-of-function Trp53 mutation [32].
However, an important feature of this model is that
Trp53ER/ER mice develop tumours at much longer
latencies than Trp53~/~ mice [32] (Fig. 1A), thus
allowing the visualization of synergistic interactions
with mutations in other loci during longer time win-
dows than when using standard Trp53~/~ mice.
Another important property of this model is that
Trp53"R/ER mice do not develop mature T cell lym-
phomas [32], a feature that facilitates the analysis of
the potential synergisms between Vavl gain-of-

function and T7rp53 loss-of-function mutations in
mature T cell lymphomagenesis without being affected
by the background tumour noise usually caused when
using Trp53~/~ mice. Using this approach, we found
that the compound Trp53ER/ER; Y4y 12“/AC mice exhibit
lower survival rates than the Vav/A“/2€ and Trp53ER/ER
controls during the period analysed (Fig. 1A). This is
not due to differential expression levels of either
VAVIAC (Fig. 1B, upper panel) or to the TP53-ER
fusion protein (Fig. 1B, second panel from top). The
most prominent feature of the euthanized Trp53FR/ER;
VavI®“/A€ mice is the detection of splenomegaly and
highly enlarged lymph nodes (Fig. 2A.B). Further his-
tological analyses indicated that the spleen of these
animals display in all cases effaced boundaries between
the red and white pulp (Fig. 2C, top) as well as the
frequent presence of both infiltrating lymphocytes and
megakaryocytes (Fig. 2C, bottom). The lymph nodes
also exhibit the effacement of cortico-medulla bound-
aries and exacerbated levels of vascularization
(Fig. 2D). We also found using flow cytometry deter-
minations that Trp53ER/ER, YayAC/AC mice exhibit
abnormally high numbers of CD4" T cells (Fig. 2E,F)
that exhibit combinations of characteristic surface
markers present in Tgy cells such as PD1 and CXCRS5
(Fig. 2E,G). These lymphocytes are also highly deco-
rated with ICOS (Fig. 2E,H) and CD69 (Fig. 2E,I),
two surface markers typically associated with activated
Tgy states. These histological and immunophenotypi-
cal features are consistent with the development of an
AITL-like condition in Trp53ER/ER. payAC/AC mice.
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Further flow cytometry determinations indicated that
the transformed Tgy cells present in those mice show
upregulated levels of phosphorylated (p-) AKT
(Fig. 2J), p-ERK (Fig. 2K) and ICN1 (Fig. 2L) when
compared with control Trp53ER/ER and payiA</AC
mice. All these histological, surface maker, and sig-
nalling features have also been observed in the AITL
cells that are generated in adoptive transfer experi-
ments with VAVI14C-expressing CD4" T cells [29].
Consistent with this, and as an example, we observed
that the levels of expression of the canonical ICNI tar-
get genes Hesl, Dtxl, and Ptcra are quite similar in
the lymphoma cells from both mouse models
(Fig. 2M). Collectively, these results indicate that the
VAVI1 trivalent gain-of-function and T7rp53 loss-of-
function mutations cooperate in T cell lymphomagene-
sis in vivo.

3.3. Molecular features of AITLs arising in
Trp53R/ER: Vay11¢/A€ mice

Consistent with the immunophenotypic and signalling
similarities between the AITL cells generated in
Trp53ERER. 14y 1AC/AC mice and animals transplanted
with VAV14C-transduced CD4" T cells, we also found
using genome-wide expression profiling experiments
that the transcriptomes of the AITL cells obtained in
each of those conditions are highly similar (Fig. 3A,
B). As expected [29], we also found using in silico anal-
yses a high level of similarity of these transcriptomes
with other AITL models such as those derived from
RhoAC!'V_expressing Ter2™/~ CD4" T cells and mice
overexpressing GAPDH in the T cell compartment
[37,38] (Fig. 3C). Much lower levels of similarity were
found with a GATA3 subtype-like PTCL-NOS
obtained from the expression of the FYN-TRAF3IP2
fusion protein in bone marrow progenitors [45]
(Fig. 3C). Consistent with the development of an
AITL condition, the transcriptome of the lymphoma
samples obtained from Trp53ER/ER: 1y A9AC mice
includes the upregulation of AITL-specific genes such
as Bcl6, Maf, 1121, Pdcdl, and Icos [46] (Fig. 3D).
Interestingly, the upregulated transcriptome of these
lymphomas also includes the transcriptional factor
TBX21 (also known as T-BET) (Fig. 3D), the cotran-
scriptional regulator EOMES (Fig. 3D), and TBX21-
dependent gene signatures [40] (Fig. 3E). TBX21 is a
transcriptional factor that, depending on environmen-
tal cues and the type of virus that CD4" lymphocytes
react against, can play antagonistic roles in the genera-
tion of type I Tgy cells and Ty cells [40,47,48]. The
presence of these molecular markers, therefore, suggest
that the AITL driven by VAVIAC derives from the
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transformation of type I Tgy lymphocytes. By con-
trast, these tumours lack the typical markers for
GATA3" PTCL-NOS such as Ii2ra, il9r, and Gata3
itself [42] (Fig. 3D). These AITL-like tumours do not
arise in the single Trp53ER/ER mice, whose death is
mostly due to the development of intrathymic lym-
phomas, skin tumours, and uncharacterized causes (J.
R. Robles-Valero, A. Abad, and X. R. Bustelo, data
not shown). Based on these analyses, we conclude that
VAVI2€ drives a common AITL-like condition irre-
spectively of whether it is ectopically expressed in
CD4" T cells or endogenously expressed in mice. How-
ever, in the latter case, the emergence of the AITL-like
condition requires the lack of proper levels of TP53
tumour suppression activities.

3.4. Ontology of AITL formation in Trp53°%/EF,
Vav1*¢/A¢ mice

The emergence of these AITL-like tumours in
Trp53ER/ER 1y [AC/AC mice  requires long latency
times, since we could not detect any significant alter-
ation in the overall numbers of T cells (Fig. 4A) and
PDI1" CXCRS5" Tgy populations (Fig. 4B,C) in 2- and
6-month-old Trp53ER/ER Pay [AC/AC mice. At this latter
time, however, the Tgy cells are already in an acti-
vated ICOS" (Fig. 4B,D) and CD69" (Fig. 4B.E) state.
Such an upregulation is not observed when using
ungated populations of CD4" lymphocytes (Fig. 4F,
G). A similar population of PD1" CXCR5" ICOS"
CD69" cells is found in 1-year-old Vav/*“/“€ mice
(Fig. 4H-0), suggesting that the faster development of
tumours found in Trp53°R/ER; 1 ay 1A/AC mice is prob-
ably due to the shortening in approximately 6 months
of the time required for the expansion of the popula-
tion of chronically activated Tgy cells found in 1-year-
old Vavi*“2€ animals. Interestingly, the activated nat-
ure of the Tgy cells present in preneoplastic stages is
not eliminated upon the tamoxifen-dependent reexpres-
sion of TP53 in Trp53ER/ER yayAC/AC  animals
(Fig. S3). This suggests that the synergism observed
between VAVI12C and the loss function of TP53 does
not take place at this early lymphomagenic phase.

3.5. VAV1*C exacerbates normal functions of
wild-type VAV1 in Tgy cells

To distinguish whether the biological programs elicited
by VAVIAC during Tgy cell transformation were cre-
ated ex novo or were the reflection of the exacerbation
of the normal functions of wild-type VAV1 in T cells,
we analysed Tgy cell responses in both Vavi™/~ and
Vav]’/’;VaVZ’/’;VaVS’/’ mice. These two knock-out
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Fig. 3. Molecular features of the AITL arising in Trp535F/ER: Vay 14¢/AC mice. (A) Heatmap showing the genes that are up- (red) and downreg-
ulated (blue) in the tumoural cells obtained from the spleen of Trp53VER: ay 1AC7AC mice. As control, we used cells isolated from the spleen
of Trp53"ER animals. Rows represent individual genes. Triplicates for each cell line (columns) were utilized. Total number of genes is indi-
cated on the left. Relative changes in abundance are shown in colour gradients according to the colour scale located on the right. (B) GSEA
showing the high overlap of indicated gene signatures in the transcriptomes of AITL cells obtained from Trp53°VER; Vav12¢AC mice and the
previously described adoptive T cell transfer experiments [29]. The NES and false discovery rate values (FDR, using g values) are indicated
inside the GSEA graph. Relative changes in abundance are shown in colour gradients according to the colour scale shown at the bottom. ¢
val, g value. (C) Dot plot of the tumour-specific Trp5357/ER; Vav12¢/AC gene signature fit score for indicated experimental groups (bottom).
Dots represent values from an individual sample. Bars represent the mean enrichment value = SEM for the overall sample set. **P < 0.01;
*kkP < (0.001 (Tukey's honest significance difference test). (D) Volcano plot showing genes that are significantly differentially expressed in
the tumour cells from spleen of Trp535VER: Vay129AC mice when compared with control samples. Up- or downregulated genes are depicted
in red or blue, respectively. The colour code used for the indicated genes in the plot is related to the tumour subtype of PTCL patients. Red
colour, PTCL-Tgy; violet colour, TBX21" PTCL-NOS; green colour, GATA3* PTCL-NOS. (E) Dot plot of the Trp53EVER; Vay14AC dependent
gene signature fit score in the indicated experimental groups (bottom). Data are presented as in panel C. **P < 0.01; ***P < 0.001 (Tukey's
honest significance difference test).

strains exhibit ratios of Tgy/total CD4" T cells identi- controls (Fig. 5C,D). They also show reduced levels of
cal to those found in wild-type mice (Fig. SA,B). How- proliferation upon stimulation with TCR plus CD28
ever, the Tgy cells from the two knockout mice (Fig. 5E,F), a defect that goes in parallel with defec-
display 4-fold lower levels of ICOS expression than tive phosphorylation levels of both AKT (Fig. 5G,H)
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Fig. 4. Ontology of AITL formation in Trp53 VER: Vay 14%/AC mice. (A) Example of a flow cytometry analysis of the surface expression of CD8
and CD4 markers in peripheral blood cells from mice of the indicated genotypes. Animals were analysed at the ages indicated on the right.
n =6 mice per genotype analysed. (B) Representative FACS plots of surface expression of PD1 and CXCR5 (top panels) or ICOS and CD69
(bottom panels) in the gated populations (right) of splenocytes isolated from the 6-month-old mice of the indicated genotypes (n = 6 animals
per genotype analysed). Numbers indicate the relative percentage (%) of the cell population selected. (C) Quantification of Tgy cell numbers
(percentage) in CD4"-gated splenocytes isolated from the 6-month-old mice of the indicated genotypes. Circles represent values from indi-
vidual mice. n = 6 independent determinations/genotype. (D-G) Quantification of ICOS (D, F) and CD69 (E, G) abundance in CD4" Tgy (D, E)
and CD4" T (F, G) splenocytes isolated from 6-month-old mice of the indicated genotypes. Circles represent values from individual mice.
n = 6 independent determinations/genotype. (H, I) Example of the flow cytometry determination (H) and the quantification () of Tgy cells in
CD4"-gated splenocytes isolated from 12-month-old mice of the indicated genotypes. Circles represent values from individual mice. n =10
independent determinations/genotype. (J-O) Example of a flow cytometry determination (J, K) and final quantification (L-O) of ICOS (J, K, L,
N) and CD69 (J, M, O) surface expression in CD4" Try (J-M) and CD4" T (N, O) splenocytes isolated from 12-month-old mice of the indi-
cated genotypes. Circles represent values from individual mice. f.i., mean fluorescence intensity relative to the isotype-matched control anti-
body. n= 10 independent determinations/genotype. Data information: In panels C, D, E, F, G, I, L, M, N, and O, values represent the
mean & SEM. In panels C, D, E, F, and G, statistical values are given relative to the control Trp53VER mice. In panels I, L, M, N, and O,
statistical values are given relative to the control WT mice. *P < 0.05; **P < 0.01 (Chi-squared test).
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and ERK (Fig. 5I,J). VAVI1 seems to be the family
member more relevant in this process, since we have
not observed statistically significant quantitative differ-
ences in the defects found in Vavl™'~ and Vavi™'—;
Vav2~/=:Vav3~'~ mice in all those assays (Fig. SA-J).

To further confirm these results using a scenario clo-
ser to normal physiological responses, we decided to
assess the germinal centre response in animals of the
indicated genotypes (Fig. 5K). To this end, mice were
immunized by injecting NP-keyhole limpet haemo-
cyanin plus complete Freund’s adjuvant and, 12 days
later, the numbers of germinal centre B cells (B220"
FAS" GL7") were quantified by flow cytometry. We
could not see any change in the numbers of germinal
centre B cells in the mock-injected mice regardless of
the genotype involved (Fig. 5L, top panels). However,
upon immunization, we observed that the generation
of those cells was impaired in Vav/~/~ mice and, to a
larger extent, in the triple Vavl™ ~:Vav2™/ = Vav3~'~
knockout animals(Fig. 5L, bottom panels; Fig. SM).
Consistent with this, we could not observe the forma-
tion of germinal centres in the lymph nodes of those
two mouse strains upon the immunization protocol
using histological analyses (Fig. SN). Taken together,
these results suggest that VAVIAC promotes lym-
phomagenesis by exacerbating the activity of the sig-
nalling pathways that are regulated by wild-type
VAV1 under normal conditions in Tgy cells.

3.6. VAV1*C favours progression of K-RAS®12P.
driven lung tumours

Although VAVI mutations are found in NSCLC, we
could not detect any lung tumours in Vav/*“/A¢ and
Trp53ERER. 14y 1AC/AC mice. To further explore the
involvement of VAVIAC in these tumours, we crossed
the VavI*“/*C mice with a mouse strain that can
express one of the oncogenic versions of K-RAS
(GI12D) in a Cre recombinase dependent manner (re-
ferred hereafter as LSL-Kras®'*P/"). It has been shown
before that LSL-Kras®'?P/* mice develop NSCLC
upon the intratracheal delivery of Cre-encoding aden-
oviral particles [33,49]. Using this experimental model,
we found that the VAV12€ promotes a faster progres-
sion of K-RAS®'?P_driven NSCLCs. Consistent with
this, LSL-Kras®'?P";VavI*“/*C mice display reduced
levels of moderate and severe lung hyperplasia than
controls 25 weeks after the adenoviral infection
(Fig. 6A). Conversely, they exhibit higher frequencies
of histological grade II and IIT NSCLCs than controls
(Fig. 6B). The tumours developed in LSL-Kras®'*P/*;
Vav1*“'*€ and control LSL-Kras®'?P'* mice are SPC*
and CC10™ in both cases (Fig. 6C). However, the

Spectrum of VAV1-driven tumours

tumours from LSL-Kras avI®“A€  mice are

more proliferative (Fig. 6D,E) and contain higher
levels of nuclear p-ERK (Fig. 6E) and ICNI1 (Fig. 6F,
G) than those from single LSL-Kras®'?®"" animals.
We did not find evidence of metastasis in lymph nodes
or other tissues in any of these mice (M. Cuadrado
and X. R. Bustelo, unpublished data). These results
indicate that VAVIAC can synergize with Kras onco-
genic mutations in NSCLC progression.

G12D/+,
Vi

4. Discussion

In this work, we confirmed using a gene-edited mouse
model that the trivalent functional subclass of Vavl
mutations plays critical roles in the development of
AITL. However, unlike the case of the adoptive T cell
transfer experiments previously described [29], we have
found that effective AITL formation in VavI*</A¢
mice requires the elimination of the suppressor activity
of TP53. This VAV14€-driven lymphomagenic process
involves long latency times, suggesting that the accu-
mulation of further genetic alterations is required to
generate full-blown tumours in the Trp53R/ER;
VavI*“/AC mice. Additional take-home messages can
be derived from this work. One of them is that the
oncogenic driver activity of the Vavl gain-of-function
mutations is highly specific for specific tumours
(AITL) and cell types (Tgy cells). The implication of
VAVI1 in the transformation of this cell lineage is
probably linked to the important role that wild-type
VAVI1 plays in both the polarization and physiological
responses of Tgy cells. However, this selectivity is
highly surprising given that VAVI1 is normally
expressed in most haematopoietic cells and plays roles
in many T cell subtypes. The reason for this selectivity
is unclear. It is possible that the VAV1-mediated trans-
formation of other cell lineages might require different
subsets of cooperating genetic alterations. This possi-
bility can apply for example to adult T cell
leukaemia/lymphoma, whose development is heavily
dependent on oncogenic events driven by the genomic
integration of the human T-cell leukaemia virus type-1
[24]. However, the lack of tumour formation in other
haematopoietic cell types might be the consequence of
the rewiring of the developmental path of some cell lin-
eages by oncogenic VAV1. Thus, it is possible that the
induction of BCL6- and ICOS-dependent programs by
oncogenic VAV1 in CD4" T cells could favour the
polarization towards the Tgy lineage and, in turn, block
the differentiation and transformation of Ty, and Ty
cells [50]. Less surprising is the lack of detection of solid
tumours found in Trp53ER/ER Vay/AC/AC mice as the
expression of wild-type VAV1 is usually restricted to the
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Fig. 5. VAV12€ exacerbates normal functions of wild-type VAV1 in Try cells. (A) Flow cytometry analysis of expression of PD1 and CXCR5
in CD4"-gated splenocytes isolated from 2-month-old mice of indicated genotypes (n = 5 animals per genotype). Numbers indicate the rela-
tive percentage (%) of the cell population selected. (B) Quantification of the percentage of Try cell numbers in CD4"-gated splenocytes iso-
lated from 2-month-old mice of the indicated mice. Each point represents the values obtained with a single experimental mouse. n=5
animals per genotype. (C, D) Example of the flow cytometry detection (C) and quantification (D) of ICOS expression in Tgy cells isolated
from 2-month-old mice of indicated genotypes. In D, each point represents the values obtained with a single experimental mouse. n = 5 ani-
mals per genotype. (E, F) Representative FACS plots (E) and quantification (F) of the proliferation of CD4" T cell isolated from 2-month-old
mice of indicated genotypes using the Cell Trace Violet method. Numbers indicate the relative percentage (%) of the CD4" cell population in
each case. Grey-shaded histograms represent the fluorescence obtained from CD4" T cells before activation. In F, each point represents the
values obtained with a single experimental mouse. n = 5 animals per genotype. (G-J) Flow cytometry analysis (G, |) and quantification of p-
AKT (G, H) and p-ERK1/2 (I, J) levels in CD4" Tgy cells isolated from 2-month-old mice of indicated genotypes under both nonstimulation
(blue bars) and TCR plus CD28-stimulation conditions (red bars). NSt, nonstimulated; St, stimulated. n = 3 animals per genotype. (K) Depic-
tion of immunization experiment used in this figure. Briefly, NP-keyhole limpet haemocyanin (KLH) was administrated subcutaneously in the
indicated genotypes and, 12 days after immunization, single cell suspensions and germinal centre response in lymph nodes was evaluated
as indicated in Section 2. (L) Flow cytometry analysis of expression of FAS (CD95) and GL7 in B220"-gated cells from lymph nodes isolated
from 2-month-old mock-injected (upper plots) and NP-KLH-injected (bottom plots) mice of the indicated genotypes. Numbers indicate the rel-
ative percentage (%) of the cell population selected. n=5 animals per genotype, except in the case of Vavi~~;Vav2/;Vav3’~ mice
(n=4). (M) Quantification of the percentage of germinal centre B cells in B220"-gated cells isolated from lymph nodes isolated from 2-
month-old mice of the indicated genotypes. Each point represents the measurement of an individual mouse. n as in L. (N) Representative
examples of haematoxylin—eosin-stained sections of lymph nodes isolated from 2-month-old mice mock-injected (steady-state condition) and
NP-KLH-injected mice of the indicated genotypes (left) at the time of euthanasia. Scale bars, 100 um. n = 3 animals per class analysed. C,
cortex; M, medulla; GC, germinal centre. Data information: In panels B, D, F, and M, values are shown as mean + SEM from three indepen-
dent experiments. Statistical values obtained using the Student’s t test are given relative to control group. In panels H and J, values are
shown as mean + SEM from three independent experiments and P values are given relative to nonstimulated and stimulated cells. We also
included P values for the data obtained with each genotype relative to those obtained in nonstimulated conditions (black asterisks).
**P < 0.01; ***P < 0.001 (Mann-Whitney U test).

haematopoietic compartment [51]. This suggest that
Vavl oncogenic mutations will only affect the pathobio-
logical properties of solid tumours that promote the
spurious expression of this signalling protein. This is the
case, for example, of NSCLC, neuroblastoma, and pan-
creatic cancer [18,52,53].

A second conclusion of our work is that the spec-
trum of tumours induced by VAVI2€ is highly repro-
ducible regardless of the experimental approach used.
Consistent with this, we have found an AITL-like con-
dition in Trp53ER/ER VayAC/AC mice that, according
to all the anatomopathological, immunosurface, and
transcriptomal features analysed, is undistinguishable
to that previously found upon the transplantation of
CD4" T cells transduced with VAV14“-encoding retro-
viruses into recipient mice [29]. Importantly, these fea-
tures are very similar to those found in mouse models
that develop AITL and Tgy subtype PTCLs as well as
in AITL patients. Despite this similarity, we have
found that the generation of AITL when VAVIAC is
expressed from the endogenous locus requires defective
TP53 suppressor functions. A similar observation has
been recently made by Chiba’s group using transgenic
mice [30]. The reason for these different genetic
requirements in our two experimental models is
unclear at present. One obvious explanation is that the
ectopic expression of VAVI2C used in the adoptive T

cell transfer experiments can promote stronger sig-
nalling than the endogenous counterpart present in the
gene-editing model. However, if that were solely the
case, it would be expected that the elimination of
TP53 would be more beneficial in this case than in the
gene-edited mouse model. It is also possible that the
elimination of TP53 function could allow bypassing
negative signalling loops established during the embry-
onic period or the differentiation of T cells within the
thymus to buffer the exacerbated signalling induced by
the mutant protein. This problem would not exist in
the case of the adoptive T cell transfer experiments,
given that in this case VAVI2C is expressed in mature
cells that have already passed through all the intrathy-
mic selection steps. In line with this, we have found
that the reexpression of TP53 does not affect the acti-
vation state of Tgy cells in preneoplastic stages of
Trp53ER/ER 14y IAC/AC mice. By contrast, it is unclear
that this TP53-dependency is associated to lower sig-
nalling levels of endogenous VAVIAC as we found
quite similar transcriptomal changes in the lymphoma
cells obtained from Trp53ER/ER. YayIAC/AC mice and
adoptively transferred VAV14-expressing CD4" cells.
Likewise, similar levels of the expression of ICNI1 tar-
get genes have been observed in both cases. Arguably,
further studies will be needed to fully understand the
contribution of the loss of TP53 to this process.
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Fig. 6. VAV12€ favours progression of K-RAS®'?P-driven lung tumours. (A, B) Quantification of type of hyperplasia (A) and grade of tumours
(B) detected in the indicated genotypes at the time of euthanasia (25 weeks after the adenoviral infection). Each dot represents one mouse
(n =12 animals per genotype analysed). (C) Representative images of tumour-harbouring lungs from the indicated genotypes at the time of
euthanasia (25 weeks after the adenoviral infection) after staining with antibodies to CC10 (upper panels) and SPC (bottom panels). n =3
independent tissue sections per genotype, 5 animals. Scale bars, 500 (left panels) and 100 (right panels) um. (D, E) Example (D) and quantifi-
cation (E) of the proliferation in tumours derived from the indicated genotypes at the time of euthanasia (25 weeks after the adenoviral
infection) (n = 3 independent tissue sections per genotype, 5 animals). Sections were decorated with phospho-H3 (pH3). Scale bars,
100 um. (F) Representative images of tumour-harbouring lungs from the indicated genotypes at the time of euthanasia (25 weeks after the
adenoviral infection) after staining with an antibody to phospho-ERK1/2 (n = 3 sections per tumour, 5 animals). Scale bars, 500 (left panels)
and 100 (right panels) um. (G, H) Example (G) and quantification (H) of the ICN1 immunostaining (upper panels, green colour) of lung
tumours derived from the indicated genotypes at the time of euthanasia (25 weeks after the adenoviral infection) (n =2 sections per
tumour, 4 animals). In all cases, the nuclei of cells were labelled with DAPI (bottom panels, blue colour). Scale bars, 500 (left panels) and
100 (right panels) pum. Data information: In panels A, B, E, and H, values are shown as mean + SEM from three independent experiments.
Statistical values obtained using the Mann-Whitney U test are given relative to control mice (LSL-Kras®'?®*). *P < 0.05; **P < 0.01,

***L < 0.001.

In contrast to our “clean” tumour formation pat-
tern, the expression of VAV1 mutants using a trans-
genic approach leads to the formation of a much
complex spectrum of immature and mature T cell lym-
phomas [30]. In addition, some of the mature lym-
phomas exhibit GATA3" Ty, subtype molecular
features although, in most cases, are negative for CD4
[30]. The mouse models used in these two works are,
however, quite different. Thus, in our case, we have
used mice in which the Vav/ oncogenic mutation has
been generated in the endogenous Vavl locus by gene-
editing. As a result, VAV is expressed in T cells fol-
lowing the same dynamics and timing that the wild-
type counterpart. By contrast, the transgenic mice
express Vavl cDNAs under the regulation of the CD2
promoter. This might be relevant, since our mice do
not exhibit the alterations in T cell development found
in the transgenic mice [30]. Likewise, the different
strategy used for eliminating the suppressor function
of TP53 (expression of a defective TP53-ER fusion
protein rather than the total genetic inactivation of the
Trp53 gene) has enabled us to generate a model that
does not have the high basal levels of tumour forma-
tion that are usually driven by the full Trp53 knockout
condition.

In addition to the above information, we believe
that another important result of this work is the gener-
ation of the VAV12 mouse strain itself. This model
will represent from now on an important tool to fur-
ther study the etiology of AITL, a disease that is still
poorly understood both by its molecular complexity
and the rather limited number of mouse models that
recapitulate the anatomopathological and molecular
features of the tumours found in human tumours
[54,55]. In agreement with this idea, we have shown
that the gene edited VavI*“/AC mouse model gives fur-
ther proof that AITL derives from the transformation

of Tgu cells as previously proposed in other studies
[29,54,56-58]. This cell lineage, which normally pro-
vides B cell costimulatory signals to favour the genera-
tion of optimal humoral responses to foreign antigens,
develops from conventional CD4" T lymphocytes after
a complex differentiation process that entails migration
steps between different lymph nodes areas and cross-
talk with surrounding cells. The Tgy phenotype is
highly plastic, exhibiting several states depending on
their localization and interactions with a variety of cell
types [59]. Our results have also unveiled that the
CD4" T cells present in Trp53ER/ER, pgy1A/AC mice
progressively differentiate into Tgy cells that, with
time, acquire a chronic activated state in vivo. These
cells subsequently move into a phase of rapid expan-
sion that causes the emergence of terminal disease and
the death of the animals. In these late stages, the
tumour bearing animals exhibit all the anatomopatho-
logical, cellular, and molecular features typically exhib-
ited by human AITL. Trp53ERER payAC/AC mice
require long latency times to reach this terminal dis-
ease state, an observation that is also in syntony with
the usual detection of this disease in old people [60].
It also suggests that, in addition to the Vavl and
Trp53 mutations, this lymphomagenic process likely
requires the acquisition of further genetic lesions.
Thus, the use of these mice can be interesting to
achieve a good understanding of the cooperating
mutations that drive the generation of a full-blown
disease. Likewise, this mouse model will be an excel-
lent tool to further dissect mechanistic aspects of this
disease as well as the testing of new anti-AITL drugs.
This mouse model will be also useful to study the
influence of oncogenic VAVI1 signalling on other
tumour types and the type of cooperating mutations
that are required to trigger tumour formation or
progression.
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It is likely that the implication of VAVI1 on tumori-
genic processes goes beyond the proactive roles played
by its mutant versions. Thus, a variety of loss-of-
function studies using cells or mouse models have
demonstrated that the elimination of wild-type VAVI
can impair the formation of specific tumor types [2,17-
20,53]. Conversely, the ectopic expression of wild-type
VAVI via transgenic approaches has been shown to
accelerate pancreatic and lung tumor formation when
combined with oncogenic K-RAS mutants [61,62]. It is
important to note, however, that these latter models
are somewhat artificial given that they ectopically
overexpress the protein using strong tissue-specific pro-
moters [61,62]. As a result, the effects obtained might
be different from those that are normally elicited by
the endogenous protein under the same pathological
conditions. On the other hand, it has been shown that
wild-type VAVI1 can play tumor suppresor roles in
other tumor types such as TCR-negative T cell acute
lymphoblastic leukemia [12]. Further work will be
needed to fully understand the complex role of this
key signaling protein in tumor formation and mainte-
nance. In any case, all these data suggest that the inhi-
bition of VAV could represent a potential therapeutic
avenue to treat specific tumor types.

5. Conclusions

The data shown in this work demonstrate that VAV
gain-of-function mutations play driving roles in
tumourigenesis. However, our results also indicate that
such functions are highly cell and tumour type specific.
Consistent with this, we have found that the expres-
sion of VAVIAC from the endogenous locus only pro-
motes the generation of AITL-like tumours despite
being expressed in multiple haematopoietic lineages
throughout the embryonic and postnatal periods. Like-
wise, we have observed that the genetic determinants
that cooperate in VAVI1*“-mediated tumourigenesis
are tumour type specific. In agreement with this, we
have shown that VAV14C requires different mutations
to favour tumourigenesis in the T cell compartment
(loss of Trp53) and in the lung (Kras oncogenic muta-
tions). In the case of AITL, our data indicate that the
role of VAVIA€ is probably linked to the exacerbation
of the normal functions of wild-type VAV1 in Tgy cell
polarization and proliferation. By contrast, its role in
NSCLC seems highly contingent on genetic or biologi-
cal conditions that promote the spurious expression of
the Vavl gene in the lung, a tissue that does not nor-
mally express this signalling protein.

Given the similarity of the VAVI14C-driven AITL
condition and human AITL subtype cases, our data

J. Robles-Valero et al.

also indicate that the animal model reported here can
be highly valuable to further address the etiology of
this disease and the identification of comutations that
promote its final expansion phase. It will be also useful
for the preclinical testing of drugs to use in both AITL
and PTCL-NOS (Tgy subtype) patients, two diseases
that are in high need of new therapeutic options.
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