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BTG1 inactivation drives lymphomagenesis and
promotes lymphoma dissemination through activation
of BCAR1
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• BTG1 inactivation
drives
lymphomagenesis.

• BTG1 inactivation
promotes lymphoma
dissemination through
the BCAR1-RAC1
pathway, which is
targetable by dasatinib.
Understanding the functional role of mutated genes in cancer is required to translate the
findings of cancer genomics into therapeutic improvement. BTG1 is recurrently mutated
in the MCD/C5 subtype of diffuse large B-cell lymphoma (DLBCL), which is associated with
extranodal dissemination. Here, we provide evidence that Btg1 knock out accelerates the
development of a lethal lymphoproliferative disease driven by Bcl2 overexpression.
Furthermore, we show that the scaffolding protein BCAR1 is a BTG1 partner. Moreover,
after BTG1 deletion or expression of BTG1 mutations observed in patients with DLBCL,
the overactivation of the BCAR1-RAC1 pathway confers increased migration ability
in vitro and in vivo. These modifications are targetable with the SRC inhibitor dasatinib,
which opens novel therapeutic opportunities in BTG1 mutated DLBCL.
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Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most common
subtype of lymphoma. Approximately two-thirds of patients
with DLBCL can be cured with intensive immunochemotherapy,
but this disease remains an unmet medical need for unfit
patients or patients with relapse/refractory disease.1 Following
the description of the transcriptomic heterogeneity of DLBCL,2

functional analysis of the activated B cell (ABC) and germinal
center (GC) subtypes have revealed specific targetable onco-
genic addictions3 and synthetic lethal interactions.4 However,
randomized clinical trials based on these preclinical data have
failed to demonstrate a measurable clinical benefit of adding
drugs to immunochemotherapy backbones.5-7 An interesting
explanation of these disappointing clinical results comes from
genomic studies, which have revealed a more complex classi-
fication of DLBCL based on genomic subgroups of clinical
significance.8-10 Among these subgroups, the MCD/C5 sub-
type, characterized by MYD88 and CD79B mutations with an
ABC transcriptomic profile, is associated with extranodal
dissemination, and very poor prognosis. This subtype is also
associated with recurrent mutations in other genes, such as
TBL1XR111 or BTG1 (40% of patients).

BTG1 is a highly conserved gene, a prototype of the BTG-TOB
antiproliferative gene family.12-15 BTG1 is a bona fide tumor
suppressor gene in pediatric B-cell precursor acute lympho-
blastic leukemia, in which deletions are observed in 10% of
patients, and have been associated with corticosteroid resis-
tance.16,17 The functions of this gene remain elusive except for
its interactions with the messenger RNA deadenylation complex
CCR4-Not18,19 and with the arginine methyl transferase
PRMT1.20,21 In lymphomas, BTG1 mutations are missense (85%)
or nonsense with no mutational hotspot. As BTG1 mutations
harbor the signature of activation-induced cytidine deami-
nase,22 they were often considered as passengers in lympho-
magenesis.23 However, the specific enrichment of BTG1
mutations in the MCD/C5 subtype of DLBCL and the poor
prognostic value conferred by BTG1 mutations in ABC-DLBCL24

raises the alternative hypothesis that they actively contribute to
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lymphomagenesis, which is also supported by recent genomic
analysis.25

The objective of this study was to experimentally assess the role
of BTG1 in lymphomagenesis, and to assess the functional
consequences of BTG1 inactivation, especially regarding the
frequency of extranodal dissemination observed in BTG1-
mutated DLBCL.
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Methods
Cell lines
The DLBCL cell lines TMD826 (RRID:CVCL_A442), SUDHL-4
(ATCC Cat# CRL-2957, RRID:CVCL_0539), and OCI-Ly10
(RRID:CVCL_8795) containing Cas9 protein were generated
by transduction with lentiCas9-blast virus (Addgene #125592,
Watertown, MA), and selected with 2.5 μg/mL blasticidin for 7
days. TMD8 and SUDHL-4 cells were grown in Roswell Park
Memorial Institute 1640 GlutaMAX supplement medium
(12027599; Thermo Fisher Scientific, Waltham, MA), supple-
mented with 10% fetal calf serum (FCS, CVFSVF0001; Eurobio,
Evry, France) and 1% penicillin G/streptomycin (5000 U/mL).
OCI-Ly10 cells were grown in Iscove modified Dulbecco, Glu-
taMAX supplement medium (IMDM, 31980030, Thermo Fisher
Scientific, Waltham, MA), supplemented with 20% FCS
(CVFSVF0001, Eurobio, Evry, France) and 1% penicillin G/
streptomycin (5000 U/mL). HEK293T cells (ATCC Cat# CRL-
3216, RRID:CVCL_0063) were maintained in Dulbecco’s modi-
fied Eagle medium (11965092; Thermo Fisher Scientific, Wal-
tham, MA) supplemented with 10% FCS and 1% penicillin G/
streptomycin (15140122; Thermo Fisher Scientific, Waltham,
MA). All cells were grown in incubators at 37◦C, in a 5% CO2

atmosphere. (Specific information are available in supplemental
Methods, available on the Blood website)

Murine models
Generation of BTG1−/− and VavP-BCL2 mice have been
described previously.27,28 VaVP-BCL2 mice were kindly pro-
vided by Jerry Adams (WEHI, Victoria, Australia). C57BL/6J
wild-type (WT) (RRID:IMSR_JAX:000664) and NOD.Cg-
PrkdcscidIl2rgtm1Wjl/SzJ (NSG) (RRID:IMSR_JAX:005557) mice
were purchased from Charles River laboratory (St-Germain sur
l’Arbresle, France). All mice were maintained under pathogen-
free conditions at the Plateau de Biologie Expérimentale de la
Souris (Ecole Normale Supérieure de Lyon, France). All studies
and procedures were performed in accordance with European
Union guidelines and were approved by the local animal ethics
evaluation committee (APAFIS 20171129160482).

Bone marrow transplantation
Bone marrow cells of VavP-BCL2-Btg1−/− and VavP-BCL2-
Btg1WT mice were harvested from the tibia and femur of 8- to
12-week-old donor mice. After treatment with red blood cell
lysis buffer ACK solution (Thermo Fisher Scientific, Waltham,
MA), 3 million cells were injected retro-orbitally into lethally
irradiated C57BL/6J host mice (10 Gy, on a RS 2000 Biological
Research X-ray Irradiator [Rad Source Technologies, Buford,
GA]). Mice were monitored weekly until any criteria for eutha-
nizing were met: severe lethargy, >10% body weight loss, or
palpable hepato- or splenomegaly, in accordance with
1210 9 MARCH 2023 | VOLUME 141, NUMBER 10
guidelines from the European Union and from the local animal
ethics evaluation committee.

Intrasplenic xenograft model
NSG mice were placed on a heating pad and intraperitoneally
anesthetized with a ketamine (100 mg/kg; Merial, Lyon, France)
and xylazine (20 mg/kg; Bayer, Leverkusen, Germany) solution.
After placing them in right lateral recumbent position, a 1-cm
incision was made in the left upper abdominal wall, followed
by a 1-cm incision of the peritoneum to expose the spleen.
TMD8 cells (1 × 106 cells in 30 μL of phosphate-buffered saline)
were gently injected into the spleen. Mice were monitored for 3
hours after surgery to ensure complete recovery.

B-cell receptor repertoire analysis
B-cell receptor repertoire analysis of unsorted splenocytes from
moribund VavP-BCL2 was performed using the ImmunoSEQ
assay (Adaptive Biotechnologies, Seattle, WA). Data obtained
by high-throughput sequencing were analyzed with Adaptive
Biotechnologies immunoSEQ analyzer proprietary software.
The top 100 clones with the highest number of reads were
represented as histograms, and the proportion of reads sup-
porting the most prevalent clone among them was calculated.

Mass spectrometry analysis
Analysis was performed by the Protein Science Facility of SFR
BioSciences (CNRS UAR 3444, INSERM US8, Lyon, France).
Samples were reduced, alkylated, and then digested with
trypsin at 37◦C, overnight. They were desalted on a C18 spin
column, dried, and then analyzed in triplicate using an Ultimate
3000 nano-RSLC (Thermo Fisher Scientific, San Jose, CA)
coupled online with a Q-Orbitrap (Q Exactive HF; Thermo
Fisher Scientific, Waltham, MA) (specific information are avail-
able in supplemental Methods).

Bimolecular fluorescence complementation
The VN-BTG1, CC-BCAR1, and CC-MDH2 constructs were
cloned in the pLIX_403 vector (Addgene #41395, Watertown,
MA) and were sequence verified before use. Transfection in
HEK293T cells was performed with jetPRIME (Polyplus,
Cat#114-15, Strasbourg, France) following the manufacturer’s
instructions. A total of 0.55 μg plasmid DNA was transfected per
well: 150 ng plix-VN-BTG1, 150 ng plix-CC-BCAR1 or plic-CC-
MDH2, and 250 ng of plix-mCherry plasmids. After 18 hours of
incubation in the presence of doxycycline (100 ng/mL final), the
cell-coated coverslip was taken and carefully mounted on a
glass slide for image capture under confocal microscopy
(LSM780, Zeiss, Oberkochen, Germany). All samples were
imaged using identical settings and quantified as previously
described.29 Two biological replicates were analyzed and the
BiFC signal was normalized with the mCherry signal.

Fibronectin coating and cell migration
Bovine fibronectin Reference no. F1141, Sigma-Aldrich, L’Isle
d’Abeau, France) was prepared at working solutions following
the manufacturer’s instructions. For precoating purposes, the
well plates were incubated with 40 μL of the working solution for
fibronectin (final concentration of 3 μg/cm2), collagen (100 μL/cm2,
Reference no. C2246, Sigma-Aldrich, L’Isle d’Abeau, France), and
poly-L-lysine (final concentration of 0.1% in water; reference
no. P4707, Sigma-Aldrich, L’Isle d’Abeau, France).
DELAGE et al
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Figure 1. Btg1 deletion is a driver of lymphomagenesis. (A-B) Flow cytometry quantification of splenic GC B cells (CD19+, B220+, CD95+, GL7+) 9 days after SRBC
immunization in Btg1−/− or Btg1WT mice. Top panel: percentage of GC B cells in the spleen of Btg1−/− or Btg1WT mice with or without SRBC immunization (n = 4 in control
group, n = 5 in SRBC-treated group). Bottom panel: example of flow cytometry histograms. (B) Flow cytometry quantification of splenic NP-CGG–specific GC B cells (CD19+,
B220+, CD95+, GL7+, IgG1+, IgM−, IgD−, NP+) 9 days after NP-CGG (7) immunization in Btg1−/− or Btg1WT mice. Top panel: percentage of NP+ cells in the spleen of Btg1−/−
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For the migration experiments, cells were seeded onto 3 μg/
cm2

fibronectin-coated wells and acquired every minute over 1
to 3 hours using an inverted microscope Zeiss Observer at
37◦C. Migration speed was measured using spot detector and
tracking plugin of ImageJ software (ImageJ, RRID:SCR_003070)
and validated by manual counting. Experiments were per-
formed at the BioMecan’IC facility (Institut Cochin, Paris,
France).

XCelligence assays
Cell culture medium (50 μL) was added to each well of an E-
Plate for impedance background measurements (Xcelligence;
Agilent, Santa Clara, CA). After adding the cells and/or drugs,
the final volume was 200 μL. The E-Plates were incubated at
37◦C with 5% CO2 and monitored on the real time cell analysis
system every minute for 5 to 10 hours with or without treatment.
When indicated, wells were coated with 3 μg/cm2

fibronectin
bovine, collagen, or poly-L-lysine.

Additional material and methods are available in supplemental
Methods.
blications.net/blood/article-pdf/141/10/1209/2086659/blood_bld-2022-016943-m
ain.pdf by guest on 22 M
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Results
BTG1 knock out is a driver of lymphomagenesis
Previous studies have shown that Btg1 knock-out mice (Btg1−/−)
have a reduced number of B220-positive B-lymphocytes in the
bone marrow, owing to increased apoptosis of lymphoid pro-
genitors.30 However, the effect of Btg1 deletion on mature B
cells remains unknown. When comparing Btg1−/− and Btg1WT

mice, no bias in the different B-cell subtypes was observed in
these mice at steady state (supplemental Figure 1A). However,
after intraperitoneal injection of sheep red blood cells (SRBC), a
T-cell–dependent antigen, we observed GC hyperplasia in the
spleen of Btg1−/− mice as compared with their WT counter-
parts, as revealed by an increased percentage of splenic GC B
cells (GL7pos and CD95pos, 3.718% vs 1.578%, P = .0159,
Figure 1A). Similarly, Btg1−/− mice injected with 4-hydroxy 3-
nitrophényl chicken gamma globulin (NP-CGG) present higher
NP-specific GC B-cell generation compared with Btg1WT mice
(26.56% vs 12.56%, P = .0159, Figure 1B). Peanut agglutinin
(PNA) and Ki67 staining of spleen sections after sheep red
blood cells immunization confirmed that the GCs were larger in
Btg1−/− mice (mean size 58 vs 36 μm2, P = .02, Figure 1C).
These data show that Btg1 deletion is associated with an
increased GC reaction after immunization.

Next, we assessed the role of BTG1 inactivation in lymphoma-
genesis. Even if Btg1−/− mice do not develop lymphoma
spontaneously,16 we hypothesized that the role of Btg1 inacti-
vation in lymphomagenesis might be revealed in a model
Figure 1 (continued) or Btg1WT mice with or without NP-CGG (7) immunization (n = 5 in
Bottom panel: example of flow cytometry histograms. (C) Representative histological ana
Btg1WT mice after staining with peanut agglutinin or Ki67 antibody. (D) Kaplan-Meier surv
VavP-Bcl2-Btg1WT (red, n = 15; P = .0089). (E) Absolute quantification of the number of B
B220 staining of representative spleen sections from VavP-Bcl2-Btg1−/− and VavP-Bcl2-B
Bcl2-Btg1WT and VavP-Bcl2-Btg1−/− recipients (n = 4). The numbers above the histogram
most represented. Right panel: comparison of the mean proportion of the major clone
represent mean ± SEM; *P < .05; **P < .01; ***P < .001; ****P < .0001; using the Man
significant; SEM, standard error of the mean; SRBC, sheep red blood cells.
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driven by Bcl2 overexpression, mimicking the BCL2 amplifica-
tion frequently observed in the MCD/C5 subtype of DLBCL.8

Hence, we crossed Btg1−/− or Btg1WT mice with VavP-Bcl2
mice and used their bone marrow to reconstitute hemato-
poiesis in irradiated syngeneic recipient mice (supplemental
Figure 1B). As expected,31 mice became moribund because
of a lymphoproliferation associated with hepato-splenomegaly,
but this occurred significantly more rapidly in mice receiving
Btg1−/− bone marrow than in mice receiving Btg1WT cells
(median overall survival 205 vs 236 days, P = .0089, Figure 1D).
Moreover, Btg1−/−-recipient mice had a more aggressive dis-
ease, with a significant increase in the number of B cells in
spleen (377 × 106 cells vs 145 × 106 cells, P = .004) and liver
(72 × 106 cells vs 23 × 106 cells, P = .001) (Figure 1E).
haematoxylin-eosin saffron staining and B220 immunohisto-
chemistry staining of spleens showed lymphoid hyperplasia in
all mice, which was restricted to the white pulp in the recipients
of VavP-BCL2-Btg1WT cells but infiltrated also the red pulp in
the recipient of VavP-BCL2-Btg1−/− cells (Figure 1F;
supplemental Figure 1C). Similarly, the perivascular and sinu-
soidal infiltration of the livers was more pronounced in recipi-
ents of VavP-BCL2-Btg1−/− cells compared with recipients of
VavP-BCL2-Btg1WT cells (supplemental Figure 1D). Finally,
high-throughput sequencing of the genes encoding the vari-
able region of the B-cell receptor heavy chain showed that the
lymphoproliferation was more clonally restricted in Btg1−/−

recipients compared with Btg1WT recipients (Figure 1G). Alto-
gether, these observations demonstrate that Btg1 deletion
cooperates with BCL2 overexpression to accelerate the devel-
opment of an oligoclonal lymphoproliferation, which support
the hypothesis that Btg1 inactivation is a driver of
lymphomagenesis.
BTG1 inactivation promotes lymphoma
dissemination
Beyond its role in lymphomagenesis, and because of the
enrichment of BTG1 mutations in MCD/C5 DLBCL character-
ized by extranodal involvement, we hypothesized that BTG1
deletion might also contribute to the dissemination of lym-
phoma cells. Hence, we developed a model of lymphoma
dissemination based on intrasplenic graft in immunocompro-
mised NSG mice of the MCD/C5-derived cell line TMD8
(harboring MYD88 and CD79B mutations, but no BTG1 muta-
tion26). Mice were evaluated 5 weeks after engraftment by
quantitative measurement of the lymphoma cells in the spleen
and liver by flow cytometry. We used 2 different single-guide
RNA targeting BTG1 with high specificity, which did not
target the closely related gene BTG2 (supplemental Figure 2A-
B). We also developed a rescue of BTG1 (TDM8-BTG1rescue) in
the TMD8 BTG1−/− cell lines, using a lentiviral expression vector
encoding the murine orthologue of BTG1, which is 100%
untreated groups, n = 4 in Btg1WT-treated group, n = 5 in Btg1−/−-treated group).
lysis of the spleens (top) and quantification (bottom) of SRBC-immunized Btg1−/− or
ival probability of irradiated mice engrafted with VavP-Bcl2-Btg1−/−(blue, n = 15) and
cells in spleen (left) and liver (right) upon sacrifice (Btg1WT, n = 6; Btg1−/−, n = 12). (F)
tg1WT recipients. (G) Quantification of the clonal composition of spleens from VavP-
s represent the percentage of reads corresponding to the largest clone over the 100
between VavP-BCL2-Btg1WT and VavP-BCL2-BTG1−/− recipients (P = .0286). Values
n-Whitney test in panels A-C,E-G or log-rank (Mantel-Cox) test in panel D. ns, not

DELAGE et al
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Figure 2. BTG1 inactivation and mutations promote lymphoma dissemination. (A) Flow cytometry quantification of TMD8 cells (GFP+, human CD19+) in the spleen (left)
and liver (right) of recipient NSG mice 5 weeks after intrasplenic xenograft (TMD8-BTG1WT, n = 17 BTG1−/−, n = 20; BTG1rescue, n = 9; Rescue L26P, n = 4, Rescue G66D, n = 5,
Rescue I1115V, n = 5). (B) Macroscopic examination and (C) immunohistochemical human CD20 staining of the liver of TMD8-BTG1WT and TMD8-BTG1−/−recipients. (D)
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homologous to human BTG1 at the protein level but is not
recognized by the single-guide RNA because of synonymous
differences of the nucleotidic sequence (supplemental
Figure 2B). Of note, BTG1 inactivation had no effect on cell
proliferation or viability in vitro (supplemental Figure 2C) and
did not change the sensitivity of TMD8 cells to corticosteroids,
chemotherapeutic agents (doxorubicin, L-asparaginase, or
methotrexate), or targeted therapies (ibrutinib or venetoclax)
(supplemental Figure 2D).

Using these different TMD8 cell lines, we assessed the role of
BTG1 on lymphoma dissemination. Although BTG1 status had
no effect on the number of lymphoma cells in the spleens, there
was a fivefold increase in the number of tumor cells in the livers
of mice having received TMD8-BTG1−/− cells compared with
those that had received TMD8-BTG1WT cells (Figure 2A).
Macroscopically, numerous tumors were noticed only in the
livers of recipients of TMD8-BTG1−/− cells (Figure 2B). CD20
immunohistochemistry staining confirmed the higher number of
TMD8 cells in the liver of TMD8-BTG1−/− recipients (Figure 2C).
Importantly, this increased hepatic dissemination was not
observed in mice having received TDM8-BTG1rescue

(Figure 2A), confirming the causal role of BTG1 deletion in
hepatic dissemination. As most BTG1 mutations observed in
patients with DLBCL are missense mutations of unknown sig-
nificance, the relevance of the conclusions derived from BTG1
knock out could be questionable. To assess this point, we
rescued BTG1−/− cells with BTG1 carrying either the L26P,
G66D, or I115V mutations described in patients with DLBCL.
Using the in vivo dissemination assay, none of the BTG1
mutants rescued the dissemination potential of TMD8-BTG1−/−

cells (Figure 2A), indicating that these missense mutations
impair BTG1 functions.

TMD8 cells were not observed in the central nervous system
(CNS) of the recipient mice after intrasplenic injection. How-
ever, given the frequency of CNS involvement in MCD/C5
DLBCL, we explored the consequences of BTG1 deletion in this
specific environment by using stereotaxic surgery to engraft
TMD8 cells inside the brain. The dissemination of TMD8-
BTG1−/− cells in the brain parenchyma was more pronounced
as compared with TMD8-BTG1WT or TDM8-BTG1rescue cells
(Figure 2D), confirming their higher dissemination ability, also
within the CNS.

Effect of BTG1 deletion on actin cytoskeleton, cell
adhesion, and migration
Having established the role of BTG1 deletion in lymphoma
dissemination, we searched for the mechanism underlying this
observation with the aim of finding a clinically relevant target to
prevent extranodal dissemination. Given the importance of F-
actin–dependent membrane extrusion in lymphoma cell
migration,32 we first analyzed the actin cytoskeleton of TMD8
cells on poly-L-lysine–coated slides, leading to unspecific cell
adhesion. Phalloidin staining was diffuse in TMD8-BTG1WT cells
but showed cortical actin accumulation in TMD8-BTG1−/− cells
Figure 2 (continued) Quantification of tumoral extension by human CD20 immunohisto
TMD8-BTG1WT, or TMD8-BTG1rescue cells in the right hemisphere (n = 5) and representati
**P < .01; ***P < .001; ****P < .0001; using one-way ANOVA with Tukey multiple comparis
not significant; SEM, standard error of the mean.
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(Figure 3A-B). After adhesion on fibronectin after integrin-
mediated adhesion, confocal 3-dimensional microscopy
showed that TMD8-BTG1−/− cells were flattened and presented
numerous long filopodia whereas TMD8-BTG1WT cells main-
tained a round shape with a reduced number of short filopodia
(Figure 3C-D; supplemental Figure 3A-B). This phenotype was
rescued by BTG1WT (BTG1Rescue) expression but not by
missense BTG1 (L26P, G66D, or I115V) expression (Figure 3C-
D). This phenotype was also observed in a 3-dimensional
collagen matrix in which TMD8 BTG1−/− cells formed more
cytoplasmic protrusions than TMD8-BTG1WT cells
(supplemental Figure 3C).

Thereafter, we quantified the cells’ capacities to adhere to
coated surfaces, using a Xcelligence device, to monitor the
dynamics of cell adhesion processes over time. TMD8-BTG1−/−

had higher adhesion capacities on fibronectin compared with
TMD8-BTG1WT (Figure 3E) whereas no difference was observed
on uncoated wells or in wells coated with poly-L-lysine or
collagen (supplemental Figure 3D). This was rescued by
expression of BTG1WT but not by missense mutant of BTG1
(supplemental Figure 3E). Finally, time-lapse microscopy
demonstrated an increased motility of TMD8-BTG1−/− on
fibronectin-coated surfaces compared with TMD8-BTG1WT

(20.3 × 10−2 μm.min−1 vs 10.3 × 10−2 μm.min−1, P < .0001;
Figure 3F; supplemental Movie 1). This was rescued by
expression of BTG1WT but not by missense mutant of BTG1
(Figure 3F). Altogether, these data show that BTG1 deletion
induces the redistribution of actin cytoskeleton, leading to the
formation of membrane protrusions, which confer increased
adhesion and migration capacities.

BCAR1 is a new BTG1 interactant
To investigate how BTG1 deletion affects actin cytoskeleton,
quantitative mass spectrometry was used to identify BTG1
interacting proteins relevant to this process. Among the 104
proteins statistically enriched after anti-hemagglutinin (HA)
immunoprecipitation in cells expressing HA-tagged BTG1
compared with cells expressing HA-tagged green fluorescent
protein (GFP) was BCAR1 (formerly known as p130Cas), which
transduces signals after the binding of integrins to the extra-
cellular matrix33 (Figure 4A). After phosphorylation of its sub-
strate domain by SRC or FAK, BCAR1 activates RAC1, which
remodels actin cytoskeleton.34 Of note, we also identified a
significant enrichment of the BCAR1 partner BCAR3 in the
BTG1 immunoprecipitation (supplemental Table 1). To confirm
the interaction between BTG1 and BCAR1, we transfected
HEK293T cells with either V5-tagged BTG1 or a control V5-
tagged protein (AHCYL2). BCAR1 was found only in cells
transfected by V5-tagged BTG1, and, conversely, only V5-BTG1
was immunoprecipitated with an anti-BCAR1 antibody
(Figure 4B). To further confirm this interaction, we used bimo-
lecular fluorescence complementation.35 HEK293T cells were
transfected to express the N-terminal part of the fluorescent
protein Venus fused to BTG1 (VN-BTG1) and the C-terminal
part of Venus fused to BCAR1 (CC-BCAR1) or to a control
chemical staining of NSG mice brains after stereotaxic injection of TMD8-BTG1−/−,
ve images of human CD20 staining. Values represent mean or mean ± SEM; *P < .05;
ons test in panel A or Mann-Whitney test in panel D. ANOVA, analysis of variance; ns,
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protein (CC-MDH2). Despite similar levels of expression quan-
tified with anti-VN or anti-CC GFP–coupled antibody
(supplemental Figure 4), Venus fluorescence was detected only
with CC-BCAR1– and VN-BTG1–transfected cells, thus con-
firming the interaction of BTG1 and BCAR1 (Figure 4C).
BTG1 inactivation promotes BCAR1-driven
dissemination of lymphoma
Given the phenotype observed in TMD8-BTG1−/− cells, we
hypothesized that BTG1 might act as an inhibitor of BCAR1.
Indeed, an increased phosphorylation of BCAR1 on tyrosine
Figure 3 (continued) TMD8-BTG1−/−, TMD8-BTG1rescue, and TMD8-BTG1rescue mutated ce
(Xcelligence) after addition of TMD8-BTG1−/− (blue), TMD8-BTG1WT (red), or TMD8-BTG
motility of TMD8-BTG1WT, TMD8-BTG1−/−, TMD8-BTG1rescue, and TMD8-BTG1rescue muta

n = 3). Values represent mean ± SEM; ****P < .0001, using one-way ANOVA with Dun
significant; SEM, standard error of the mean.
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410, which attests of BCAR1 activation,36 was observed in
TMD8-BTG1−/− cells (Figure 5A), as well as in total splenocytes
(supplemental Figure 5A) and sorted B lymphocytes of Btg1−/−

mice (Figure 5B). We also observed in 2 other lymphoma cell
lines (SUDHL-4 and OCI-LY10) that BTG1 inactivation was
associated with increased BCAR1 phosphorylation, actin cyto-
skeleton redistribution, increased cell area, and increased
adhesion capacities on fibronectin (supplemental Figure 5B-H).
The overactivation of BCAR1 was confirmed by the increased
level of GTP-bound RAC1 in TMD8-BTG1−/− cells (Figure 5C).
Altogether, these results show that BTG1 deletion leads to an
overactivation of the BCAR1-RAC1 pathway.
ll area (P < .0001, compared with TMD8-BTG1WT, n = 3). (E) Cell index measurement
1rescue (purple) on fibronectin-coated or uncoated wells. (F) Quantification of cellular
ted seeded onto fibronectin-coated slides (P < .0001, compared with TMD8-BTG1WT,
nett multiple comparisons test in panels D,F. ANOVA, analysis of variance; ns, not
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The functional role of the BCAR1-RAC1 pathway in the
dissemination phenotype of TMD8-BTG1−/− cells was further
investigated with genetic and pharmacologic inhibition of
this pathway. Using CRISPR/Cas9, we knocked out BCAR1 in
TMD8-BTG1−/− cells (supplemental Figure 6A) and we observed
a complete rescue of the adhesion phenotype conferred by
BTG1 inactivation (Figure 5D-E; supplemental Figure 6B). Then,
we used dasatinib to inhibit the phosphorylation of BCAR1 by
SRC. As expected, SRC inhibition reduced the phosphorylation
of BCAR1 and the level of RAC1-GTP (supplemental Figure 6C-
D). Accordingly, short-term (2 hours) exposure to dasatinib
strongly impaired the ability of TMD8-BTG1−/− cells to adhere to
fibronectin (Figure 5D) without any detectable effect on cell
survival (supplemental Figure 6E). Of note, even a low dose
(10 nM), which did not induce cell death after long-term expo-
sure (72 hours) (supplemental Figure 6F), had a significant effect
on cell adhesion capacities. To confirm the relevance of this
observation in vivo, we analyzed the effect of dasatinib treatment
on hepatic dissemination after intrasplenic engraftment. Whereas
dasatinib treatment had no effect on the proliferation of TMD8-
BTG1−/− cells in the spleen, it dramatically decreased hepatic
dissemination (Figure 5G; supplemental Figure 6G) and signifi-
cantly increased the survival of mice compared with mice treated
with excipient (median survival 35 days vs 53 days, P = .0041,
Figure 5H). Thus confirming, in vivo, that SRC inhibition can
prevent lymphoma dissemination driven by the BCAR1-RAC1
pathway after BTG1 inactivation.
cle-pdf/141/10/1209/2086659/blood_bld-2022-016943-m
ain.pdf by guest on 22 M

ay 2024
Discussion
Following the extensive characterization of the genomic land-
scape of cancers, the driver/passenger dichotomy has been
widely used to prioritize the recurrently mutated genes for
further functional analyses. However, this classification relies on
algorithmic analysis of genomic data, which produce highly
variable results.37 In B-cell neoplasms, the genes harboring a
strong signature of the activity of activation-induced cytidine
deaminase, such as BTG1, have mostly been considered as
passengers of lymphomagenesis.8 However, the data pre-
sented here support the hypothesis that BTG1 mutations are
actively driving the process of lymphomagenesis. First, we
observed that BTG1 inactivation increases the magnitude of
the GC reaction after immunization by a T-cell–dependent
antigen, suggesting important functions of this gene in the
physiology of mature B cells. Second, by using a classical
model of Bcl2 overexpression, we observed that Btg1 deletion
accelerated the development of an oligoclonal lymphoprolif-
eration, as was previously shown for other drivers of lympho-
magenesis such as CREBBP,38 KMT2D,39 or TBL1XR1.11 The
data presented here do not formally demonstrate that BTG1
inactivation drives lymphomagenesis in a cell-intrinsic manner,
and we cannot exclude that the inactivation of BTG1 in other
Figure 5 (continued) lymphocytes from Btg1 WT or Btg1−/− mice (n = 2 per group). (C) Im
GTP in TMD8-BTG1−/− and TMD8-BTG1WT cells (P < .05). (D) Representative confocal ima
BTG1−/−-BCAR1WT, and TMD8-BTG1−/−-BCAR1−/− cell area on fibronectin-coated slide
estimated by the cell index (Xcelligence) of TMD8-BTG1−/− cells on fibronectin-coated w
cytometry quantification of TMD8-BTG1−/− cells in the spleen and liver of recipient NS
compared with vehicle). (H) Kaplan-Meier survival probability of NSG mice after intrasp
dasatinib (orange, n = 5; **P = .0041). Values represent mean ± SEM; *P < .05; **P < .01;
Dunnett multiple comparisons test in panel E, and log-rank test in panel H. ANOVA, an
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hematopoietic cells have contributed to the observed pheno-
type. Of note, Mlynarczyk and Melnick40 have observed a
similar acceleration of VavP-BCL2 lymphoproliferation after
expression of a BTG1 missense mutation (Q36H) restricted to B
cells, which strongly support the cell-intrinsic role of BTG1 in
lymphomagenesis. Third, we observed that all the missense
mutations tested phenocopied the dissemination phenotype
observed after BTG1 deletion, suggesting that the conclusions
derived from genetic knock out of BTG1 are applicable not
only to patients with false sense mutations, but also to patients
with missense mutations. This is in accordance with a recently
published report assessing in vitro the effects of BTG1
missense mutations on its ability to interact with the CCR4-Not
complex, which also concluded that most of the missense
mutations were loss-of-function mutations.41 Finally, it is not
common to observe multiple BTG1 mutations in cis (on the
same allele) in DLBCL (5% of DLBCL, according to42) probably
as a result of activation-induced cytidine deaminase activity,
which also supports the hypothesis that BTG1 activity is
impaired in mutated DLBCL.

The data presented here also demonstrate that BTG1 inacti-
vation has a strong effect on lymphoma dissemination. Extra-
nodal dissemination has long been recognized as a poor
prognostic factor included into the International Prognostic
Index,43 but the molecular mechanisms explaining the
outspread of lymphoma cells outside of the lymph nodes have
not been studied extensively. Interestingly, overexpression of
BCAR1 was already noted in a model of CNS involvement after
intravenous injection of a lymphoma cell line.44 Our study
reveals another mechanism of BCAR1 overactivation, after the
loss of the inhibitory interaction between BTG1 and BCAR1.
The release of this interaction provokes major changes of the
actin cytoskeleton leading to the formation of numerous filo-
podia, associated with increased adhesion and spreading on
fibronectin and increased in vitro migration, supporting the
increased migration capacities in vivo. Of note, BCAR1 activity
also contributes to the sensing of the mechanical properties of
the extracellular matrix45 and the metastatic spreading of breast
cancers,46,47 suggesting a broader role of this pathway in can-
cer. Accordingly, therapeutic targeting of the BCAR1-RAC1
pathway is an interesting avenue, which can be achieved indi-
rectly by SRC inhibitors such as dasatinib.

Dasatinib has already been studied in preclinical models of
DLBCL, showing cytotoxic activity against cell lines in vitro and
in vivo, mostly owing to FYN inhibition.48 However, the efficacy
of dasatinib as a cytotoxic agent in DLBCL was not confirmed in
a phase 1-2 trial of dasatinib in relapsed or refractory non-
Hodgkin lymphomas including 8 patients with DLBCL.49 The
experimental results described here suggest that dasatinib
might be an interesting drug in DLBCL beyond its cytotoxic
munoprecipitation (representative of n = 3 experiments) and quantification of RAC1-
ges of phalloidin staining and (E) quantification of TMD8-BTG1WT-BCAR1−/−, TMD8-
s (P < .0001 compared with TMD8-BTG1WT-BCAR1WT). (F) Resistivity measurement
ells after dasatinib pretreatment (excipient, 0.01 and 0.1 μM for 30 minutes). (G) Flow
G mice treated by 5 daily injections of dasatinib (n = 5) or vehicle (n = 6), (P < .01
lenic injection of TMD8-BTG1−/− cells and treatment with vehicle (blue, n = 5) or
****P < .0001; using the Mann-Whitney test in panels A,C,G, one-way ANOVA with
alysis of variance; ns, not significant; SEM, standard error of the mean.
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activity, by inhibiting the BCAR1-RAC1–mediated dissemina-
tion. Accordingly, dasatinib could be repurposed to prevent
extranodal relapse of BTG1-mutated DLBCL, and this strategy
might be evaluated in clinical trials.

In conclusion, we provide evidence that BTG1 mutations
actively contribute to lymphomagenesis, GCs reaction, and
cellular dissemination by modulation of BCAR1-RAC1 pathway.
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