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Diffuse large B cell ymphoma (DLBCL) is characterized by a variety of specific genetic
alterations that impact signaling pathway dependencies and therapeutic outcomes.
Among the recurrently mutated genes, we identified RHOA, a member of the small
GTPase family, as a selective dependency in DLBCL. Here, we show that RHOA func-
tion is essential for the survival of ABC DLBCL cells because it sustains oncogenic B cell
receptor (BCR) signaling through maintaining a signaling-permissive conformation of
the cortical actin network. This enables the formation of active BCR microclusters at the
cell surface, ultimately resulting in constitutive, BCR-driven NF-kB survival signaling.
Moreover, we found that RHOA controlled endocytosis of the BCR and thereby the
assembly of the endolysosomal My—T-BCR multiprotein complex, a central activator
of NF-kB consisting of MYD88, Toll-like receptor 9, and the internalized BCR. The
recurrent DLBCL-associated RHOA R5W mutation rendered RHOA constitutively
active in its GTP-bound state and changed the conformation of the actin network from
primarily filamentous actin to globular actin. This altered actin state led to an increase
in BCR microcluster formation, amplification of NF-«B signaling, and resistance to
inhibitors targeting chronic active BCR signaling. Hence, our study establishes RHOA
and its mutant isoforms as critical regulators of oncogenic BCR signaling in DLBCL.
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Diffuse large B cell lymphoma (DLBCL) is the most common type of non-Hodgkin’s
lymphoma (1, 2). Gene expression profiling has uncovered two distinct cell-of-origin
subtypes, activated B cell-like (ABC) and germinal center B cell-like (GCB) DLBCL,
that differ in their molecular signaling mechanisms and therapy response to chemoim-
munotherapy (2). The ABC subtype is characterized by self-antigen-driven, chronic active
BCR signaling, reflected by microclustering of the BCR on the cell surface (3). Chronic
BCR activation triggers multiple intracellular signaling cascades including NF-kB, which
is a key survival pathway in ABC DLBCL (4). BCR-dependent activation of NF-xB
requires a complex interplay of specific kinases and adapter proteins. These include spleen
tyrosine kinase (SYK), Bruton’s tyrosine kinase (BTK), and protein kinase C-beta (PKCp)
that promote the assembly of the CARD11-BCL10-MALT1 (CBM) adapter protein
complex as an activator of IkB kinase (IKK) (5). IKK-mediated phosphorylation of the
inhibitory factor IkBa leads to its proteasomal degradation and the subsequent release of
NF-kB subunits that translocate into the nucleus to regulate gene expression (6). More
recent studies exploring the genomic landscape of DLBCL have identified multiple genetic
subtypes (7-10). The MCD genetic subtype, which is genetically primarily found in ABC
DLBCL, is enriched for mutations in the BCR component CD79B and the immune
adapter MYD88 (MYD88"%°"). MYD88"***" associates with Toll-like receptor 9 and the
internalized BCR in the endolysosomal compartment within the so-called My-T-BCR
complex that serves as an activator of oncogenic NF-«B signaling in MCD tumors (11).
In contrast, GCB DLBCL is characterized by a different mutation spectrum and depends
on “toncogenic” BCR signaling that is likely ligand-independent and engages primarily
the PI3K/AKT pathway (5).

With the advent of the recent genetic characterization of DLBCL, our understanding of
disease biology has expanded considerably. However, the genomic landscape is highly com-
plex and heterogeneous (8-10), and the majority of mutations remain poorly characterized
at the functional level. Among the recurrently mutated genes, we identified Ras Homolog
Family Member A (RHOA), which harbors distinct hotspot mutations in DLBCL tumors
compared to those described in T cell lymphoma. RHOA is a small GTPase that cycles
between an active GTP-bound and inactive GDP-bound state to regulate diverse cellular
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B cell receptor (BCR) signaling is
an important survival pathway in
diffuse large B cell ymphoma
(DLBCL). We show that the small
GTPase RHOA controls lymphoma
cell survival by rewiring the cortical
actin cytoskeleton network,
thereby inducing BCR microcluster
formation at the cell surface and
My-T-BCR complex assembly in
the endolysosomal compartment,
both being essential for oncogenic
NF-kB signaling. Our findings
explain the pathogenic role of
RHOA gain-of-function mutations
and underline their contribution
to the pathogenesis of aggressive
lymphomas.

Competing interest statement: R.W.-K. received honoraria
from BMS, Gilead, Hexal, Roche, Kite and Sobi B.C. is an
inventor on patent applications related to DLBclass. B.C.
is the lead clinical and scientific investigator on the ITT R-
Pola-Glo study supported by IKF and Roche. B.C. served
unrelated to the submitted work on advisory boards
for AbbVie, AstraZeneca, ADC, Bristol Myers Squibb,
Gilead, Incyte, J&, Regeneron, Roche, and Sobi, and
received honoraria unrelated to the submitted work for
talks from AbbVie, Ars tempi, AstraZeneca, BMS, Gilead,
Incyte, Janssen, KML, ONO, Roche, Sandoz, and Sobi. B.C.
received travel support from ONO, Roche and Sobi. S.S.:
Honoraria: BMS, AstraZeneca, AbbVie, Incyte T.O. served
on advisory boards for and/or received honoraria from
AbbVie, BeiGene, Bristol Myers Squibb, Gilead, Janssen,
Kite, Kronos Bio, Lilly, Roche, and Sobi. T.O. received travel
support from BeiGene, Janssen, Kite, and Roche. S.W.
received travel support from Jazz Pharmaceuticals, Servier,
and AbbVie, and served on advisory boards for AbbVie,
Servier, Daiichi Sankyo, Astellas, and Stemline. S.\W. was
supported by the Mildred-Scheel-Nachwuchszentrum
(MSNZ) of the German Cancer Aid and the INITIALISE
Advanced Clinician Scientist program of the Federal
Ministry of Research, Technology and Space (BMFTR).

Copyright © 2026 the Author(s). Published by PNAS. This
article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

'AN.J. and D.J. contributed equally to this work.

2To whom correspondence may be addressed. Email:
Istaudt@mail.nih.gov, s.scheich@med.uni-frankfurt.de,
or oellerich@em.uni-frankfurt.de.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2534531123/-/DCSupplemental.

Published January 27, 2026.

https://doi.org/10.1073/pnas.2534531123 1 0f9



Downloaded from https://www.pnas.org by Dagmar Sitek on February 25, 2026 from IP address 193.174.53.85.

20f9

processes such as cytoskeletal organization, cell migration, signaling,
and cell cycle progression (12). The molecular role of RHOA and
its mutant variants has not been explored in DLBCL. Here, we
elucidate the function of RHOA as a key regulator of oncogenic
BCR signaling, thereby providing insights into the functional inter-
play between actin cytoskeleton dynamics, spatial BCR organiza-
tion, and downstream oncogenic BCR signaling in ABC DLBCL.

Results

RHOA Controls NF-kB-Dependent Survival Signals in ABC DLBCL.
Functional genomic screens have emerged as a powerful tool to
identify cellular dependencies on specific genes and pathways.
Using genome-wide CRISPR-Cas9 screens, we identified RHOA
as a dependency in lymphoma cells (11, 13—15) (Fig. 1A4), which
was confirmed in the publicly available DepMap database (16)
that aggregates data from more than 1,100 CRISPR screens in
more than 160 cancer entities (Fig. 1B). We identified lymphoma
as one of the most RHOA-dependent cancer entities, and among
the lymphoid malignancies, DLBCL showed the strongest reliance

on RHOA compared to B-ALL, T-NHL, and myeloma cell lines
(Fig. 1B).

To validate these findings, we evaluated the impact of RHOA
deletion in a panel of 4 ABC DLBCL, 9 GCB DLBCL, and 4
mantle cell lymphoma (MCL) cell lines. RHOA deletion in MCL
models showed only a minimal effect on cell survival, while being
critical in DLBCL, particularly in ABC DLBCL cell lines (Fig. 1C).

To assess the influence of RHOA inhibition on cell
survival-promoting signaling pathways, we next utilized the
RHOA-specific small molecule inhibitor rhosin (17, 18) and ana-
lyzed gene expression changes induced by RHOA inhibition in the
DLBCL cell lines HBL1, TMD8, and RIVA. We compared these
gene expression profiles with those upon treatment of the same cell
lines with the BTK inhibitor ibrutinib. As expected, gene signatures
associated with NF-kB activity and proximal BCR signaling were
downregulated in ibrutinib-treated cells (Fig. 1D and SI Appendix,
Fig. S14 and Datasets S1-S3). Interestingly, RHOA inhibition mim-
icked these changes reflected by a strong correlation of the transcrip-
tional changes induced by either ibrutinib or rhosin treatment

(81 Appendix, Fig. S1B and Datasets S1-S3).
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Fig. 1. RHOA s essential in ABC DLBCL and controls NF-kB-mediated survival signaling. (A) RHOA CRISPR screen scores (CSS) in different lymphoid malignancies.
Mean + SEM shown. (B) Left, DepMap essentiality scores of RHOA in DLBCL cell lines compared to other cell line lineages. Box and whiskers: 10 to 90% percentile.
**%*p < 0.0001 (unpaired t-test). Right, DepMap essentiality scores of RHOA in DLBCL compared to other lymphoid malignancies. Box and whiskers: 10 to 90%
percentile. ****pP < 0.0001, **P < 0.01, *P < 0.05 (one-way ANOVA). (C) Upper panel, average toxicity of RHOA deletion in ABC DLBCL, GCB DLBCL, and mantle
cell lymphoma (MCL) cell lines. Lower panel, toxicity of RHOA knockout in individual cell lines. Viable cell numbers are normalized to day 0. Mean of at least
three replicates per cell line. (D) Gene set enrichment analysis using the lymphoma signature database in HBL1 ABC DLBCL cells after treatment with the BTK
inhibitor (BTKi) ibrutinib or RHOA inhibitor (RHOi) rhosin for 10 h. (F) Imagestream nuclear NF-kB p50 translocation scores in TMD8, HBL1, or RIVA cells after 24 h
treatment with RHOi or BTKi. ****p < 0.0001, ***P < 0.001 (one-way ANOVA). (F) Immunoblots of (Left) TMD8 and (Right) RIVA cells of the indicated proteins
after 6 h of treatment with RHOI or BTKi. (G) Normalized IRF4-GFP expression measured by flow cytometry after deletion of RHOA or BTKi treatment for 16 h.
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To confirm the observed NF-kB-specific effects, we tested
whether NF-xB activity was altered upon pharmacologic inhibi-
tion of RHOA in ABC cell lines. As measured by imaging flow
cytometry and immunoblots, NF-kB p50 translocation into the
nucleus and phosphorylation of IKK were significantly reduced
upon RHOA inhibition (Fig. 1 £ and F). Furthermore, we used
engineered TMDS cells in which GFP was knocked into the
endogenous /RF4 locus. The resulting IRF4—GFP fusion protein
served as a robust and direct marker of NF-kB activity (3) and
was validated using the BTK inhibitor acalabrutinib that is known
to suppress NF-kB in these cells. The genetic deletion of RHOA
by CRISPR-Cas9 also reduced IRF4-GFP expression indicating
dampened NF-kB activity (Fig. 1G), further supporting RHOA’s
role in regulating NF-kB activity and thereby controlling cell sur-
vival in ABC DLBCL.

Chronic Active BCR Signaling Depends on RHOA Function. To
further elucidate how RHOA controls NF-kB activity, we analyzed
tyrosine phosphorylation changes in three ABC cell lines using
quantitative phosphoproteomics after either inducible genetic
knock-down of RHOA or CD794, the latter known to completely
disrupt BCR signaling (4). Overall, between 409 and 1,359
phospho-tyrosine sites were quantified in the three ABC cell lines.
Silencing of RHOA, likewise CD79A, decreased phosphorylation
of several BCR-proximal signaling effectors including SYK, BTK,
PLCy2, and the adaptor protein BLNK (Fig. 2 A and B and
SI Appendix, Fig. S2, and Datasets $4-S6), which we confirmed
by immunoblotting (Fig. 2C). Overall, the signaling changes were
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highly correlated between both conditions, indicating that RHOA
function is essential for maintaining chronic active BCR signaling
in ABC DLBCL. Furthermore, the data suggest that RHOA acts
proximal to the BCR, because RHOA silencing led to the reduced
phosphorylation of SYK and the adaptor protein BLNK that both
directly bind to activated BCRs (19, 20).

RHOA Regulates BCR Internalization and Subsequent Formation
of the My-T-BCR Complex. Having identified RHOA as a
regulator of chronic active BCR signaling, we next explored the
underlying mechanisms. First, we identified the proteins that are
in proximity to RHOA to gain insight into RHOA’s functional
interaction with other proteins and pathways. For this purpose,
we expressed RHOA-BiolD2 fusion proteins in two ABC cell
lines allowing the promiscuous biotin ligase BioID2 to biotinylate
proteins in close proximity to RHOA, which were read out by
mass spectrometry after streptavidin-based aflinity purification.
We plotted the enrichment score of the individual proteins against
their degree of essentiality for cell survival as measured by genome-
wide CRISPR-Cas9 screens in the same cell lines, thereby defining
its “essential interactome” (11). As expected, RHOA itself and
its two associated protein kinases ROCK1 and ROCK2, which
mediate RHOA signaling to the actin cytoskeleton (21), were
biotinylated. In addition, multiple cell surface receptors which are
not essential for ABC DLBCL cell survival (CD86, CD72, CD44,
CD20, CD22, and CD19) were biotinylated, likely reflecting
RHOA’s localization at the inner plasma membrane (22) (Fig. 34
and ST Appendix, Fig. S3A and Datasets S7 and S8). Surprisingly,
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Fig. 2. RHOA controls proximal BCR signaling. (A) Changes in global phosphotyrosine abundance in RIVA cells after genetic silencing of RHOA (x-axis) or CD79A
(y-axis). Phosphosites quantified in at least two of three replicates, with a localization probability =0.75. (B) Diagram of BCR signaling displaying changes in
average phosphorylation abundance per protein in three ABC DLBCL cell lines after genetic silencing of RHOA (Left pill, berry) or CD79A (Right pill, orange). (C)
Immunoblots of indicated proteins in TMD8 cells (Left) and RIVA cells (Right) upon genetic deletion of RHOA.
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of RHOA-CD79A pair in TMD8 cells under control or RHOA genetic silencing. PLA puncta are shown in red and DAPI in blue. (Scale bar, 10 pm.) Right, PLA scores
for the RHOA-CD79A PLA pair in TMD8, HBL1, and RIVA cells upon control, RHOA, or CD79A genetic silencing. Box and whiskers: 10 to 90% percentile. ****p
< 0.0001 (one-way ANOVA). (C and D) Left, representative PLA images (n = 3) of (C) MYD88 with TLR9 and (D) MYD88 with MALT1 in TMD8 and HBL1 cells upon
control or RHOA genetic deletion. PLA puncta are depicted in red, DAPI in blue. (Scale bar, 10 pm.) Right, PLA scores of the respective PLA pairs in TMD8 and
HBL1 cells upon nontargeting control or RHOA genetic deletion. Box and whiskers plot indicating 10th to 90th percentile. ****P < 0.0001 (one-way ANOVA). (E)
BCR internalization assay of TMD8, HBL1, and RIVA cells after treatment with a RHOA inhibitor (RHOI) or BTK inhibitor (BTKi) as indicated. ***P < 0.001, **P <

0.01, *P < 0.05 (Mann-Whitney U test).

we identified the BCR subunits CD79A and CD79B as essential
regulators of cell survival in proximity to RHOA suggesting that
RHOA functionally interacts with the BCR. This notion is further
supported by the finding that the degree of the dependency on the
BCR subunits CD79A/B, as assessed previously (3), and RHOA
51gn1ﬁcantly correlated across lymphoma cell lines (2 = 0.007,
r* = 0.44; SI Appendix, Fig. S3B). Notably, and in line with these
results, genetic deletion of RHOA did not effect the viability of the
ABC line OCI-Ly3, in which a gain-of-function CARD11 mutant
isoform strongly activates NF-kB, rendering these cells independent
of upstream BCR signaling (4, 23) (S] Appendix, Fig. S3C).

To further validate the interaction of RHOA and the BCR, we
visualized the RHOA-CD79A interaction by proximity ligation
assays (PLA), a method to detect endogenous protein—protein
interactions (24). Across three ABC cell lines, we observed a robust
and specific PLA signal validating the interaction of RHOA and
the BCR (Fig. 3B). Due to evident intracellular PLA signals, we
investigated whether RHOA impacts not only the plasma mem-
brane fraction of the BCR, but also the My-T-BCR multiprotein
complex that resides in the endolysosomal compartment as a cen-
tral regulator of cell survival in ABC DLBCL (11). Therefore, we
assessed the My-T-BCR complex using MYD88-TLR9 and
MYD88-MALT1 PLAs as previously published (11). In both
assays, genetic deletion of RHOA significantly reduced My-T-BCR
formation (P < 0.0001) (Fig. 3 C and D). Because My-T-BCR
formation requires BCR internalization and because this process

https://doi.org/10.1073/pnas.2534531123

is dependent on the cytoskeleton (25, 26), we hypothesized that
reduced My-T-BCR assembly upon RHOA genetic deletion was
due to alterations in trafficking of the BCR from the plasma
membrane to the endolysosomal compartment. Using a flow
cytometry-based BCR internalization assay, we indeed observed
a significant reduction of the BCR internalization rate after
RHOA inhibition, while treatment with the BTK inhibitor ibru-
tinib did not affect internalization (Fig. 3E).

Taken together, these data suggest that RHOA controls two
spatially distinct, yet mechanistically related mechanisms of onco-
genic BCR signaling: Surface-level activation, and by subsequent
regulation of BCR internalization, the assembly of the My-T-BCR
complex in the endolysosomal compartment.

Mutant RHOA Enhances Oncogenic BCR Signaling Through
Reorganization of BCR Microclusters. RHOA is recurrently
mutated in different lymphoid malignancies (7, 8, 27).
Interestingly, the single point mutation p.G17V, which occurs in
more than 60% of T cell lymphoma patients (27, 28), does not
occur in DLBCL tumors (Fig. 4A4). Instead, in a large survey of
DLBCL patients, we identified 312 cases with RHOA mutations
exhibiting mutational hotspots leading predominantly to arginine
5 (R5), tyrosine 34 (Y34), tyrosine 42 (Y42), and leucine 69
(L69) exchanges (Fig. 44) (7, 8, 15, 29-72). Structural modeling
with superimposition of wild-type (WT) and mutant structures
revealed that both missense mutations are positioned at the
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PDB ID: 1DPF) and ARHGEF18 (cyan, PDB:4DON). Amino acid changes of the indicated missense mutations are overlaid to the RHOA-ARHGEF18 interface and
color-coded: L69P, blue; R5W, red. GDP highlights the catalytic center in black. (C) Competitive growth experiment where the indicated TMD8 cell genotypes
were mixed with GFP+ wild-type (WT) cells under DMSO, acalabrutinib, or copanlisib treatment. GFP was evaluated over the course of 2 wk. Bars display
relative GFP negative cells normalized to day 0. Mean of at least 3 independent experiments with SEM depicted as error bars. (D) Immunoblots of active RHOA
immunoprecipitations in WT RHOA p.R5W TMD8 knock-in cells for the indicated proteins. Upper panel, rhotekin-RBD immunoprecipitations. Lower panel, input
controls. (E) Gene set enrichment analysis utilizing the lymphoma signature database of TMD8 p.R5W vs WT cells. (F) Mean nuclear NF-xB (p50) translocation
score evaluated by ImageStream flow cytometry in WT or p.R5W TMDS8 cells under DMSO or acalabrutinib treatment for 16 h. *P < 0.05 (two-way ANOVA).
(G) Immunoblots of indicated proteins in TMD8 cells (Left) and RIVA cells (Right) under 15 min LatA treatment. (H) Reconstructed dSTORM IgM single molecule
localizations in TMD8 WT (Upper panel) and RHOA p.R5W cells (Lower panel). The white square in representative images (three or more experiments) indicates
inset used for quantification, shown magnified to the Right. (Scale bar, 5 pm.) (/ and /) dSTORM quantification of IgM distribution via the Hopkins index (above)
and the H-function (below) in WT and RHOA p.R5W TMD8 cells. SEM depicted by error bars (Hopkins index) and dotted lines (H-function). Data are pooled from
3 (/) or 2 () independent experiments. **P < 0.01, ****P < 0.0001 (one-way ANOVA). (K) Left, Reconstructed Actin-DNA-PAINT single molecule localizations in
TMD8 WT cells treated with DMSO (Left panel), TMD8 WT cells for 15 min with latrunculin A (LatA, Right panel) and TMD8 RHOA p.R5W cells (Middle panel). The
white square area in representative images shown magnified Below. (Scale bar, 3 um.) Right, quantified relative actin filament density of TMD8 WT cells treated
with DMSO, TMD8 WT cells for 15 min with latrunculin A (LatA) and TMD8 RHOA p.R5W cells. Box and whiskers: 10 to 90% percentile. *P < 0.05, ****P < 0.0001
(one-way ANOVA). (L) Quantification of replicated immunoblots of G-actin/F-actin differential separation assays in (Left) TMD8 WT cells after treatment with
DMSO, jasplakinolide (Jasp), and latrunculin A and (Right) TMD8 WT cells and two independent RHOA p.R5W clones in TMD8 cells as indicated.
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interface of RHOA and its activators, specific GEF proteins like
ARHGEF18, thus potentially influencing the interaction between
RHOA and these proteins (Fig. 4B).

We next investigated the distribution of RHOA mutations
across DLBCL subtypes in large patient cohorts (7, 8, 15, 30-35,
37, 40-45, 48-52, 54, 56, 60-65, 67, 68, 71, 73, 74). Overall,
RHOA mutations were found in both ABC and GCB DLBCL,
and they were most prevalent in the EZB (C3) genetic subtype.
The most frequent R5 mutations (R5W/Q) were most enriched
in the MCD subtype though (S7 Appendix, Fig. S4A4), supporting
a potential role of the R5W or R5Q RHOA variants in the regu-
lation of oncogenic BCR and My-T-BCR signaling in this subtype.

To explore the functional role of DLBCL-specific RHOA muta-
tions, we generated endogenous knock-in mutants of RHOA
(p-R5W and p.L69P) in TMDS cells and tested competitive growth
phenotypes under selective pressure with either the BTK inhibitor
acalabrutinib or the PI3-kinase inhibitor copanlisib. Interestingly,
expression of the p.R5W variant led to significant outgrowth under
BTKi and PI3Ki treatment, while p.L69P knock-in cells demon-
strated no growth advantage (Fig. 4C). Moreover, higher levels of
active GTP-bound RHOA in p.R5W mutants were detected by
pull-down assays using RBD-coupled beads, a well-established
assay to estimate the amount of active RHOA (75), further vali-
dating the observed gain-of-function phenotype of p.R5W RHOA
in ABC DLBCL cells (Fig. 4D). Consequently, the p.R5W mutant
cells were less sensitive to both kinase inhibitors than the RHOA
WT cells (SI Appendix, Fig. S4B).

We next evaluated gene expression changes in p.R5W cells under
selective drug pressure and observed an upregulation of gene expres-
sion signatures indicating increased NF-kB activity and proximal
BCR signaling according to established signatures derived from the
Signature database (76) (i.e., BCRactUBCRproxp-1, BCRactUp-2,
IRF4-5, IRF4-2,-3, MYD88Up-1, and NF-kB-2,-10,-11; Fig. 4F
and Dataset S9). These signatures were largely overlapping with the
signatures that were found to be downregulated upon pharmaco-
logical inhibition of RHOA, again supporting the notion that
p-R5W results in a gain-of-function. In accordance with the gene
expression data, imaging flow cytometry analysis of p.R5W mutant
cells showed significantly increased nuclear translocation of NF-kB
p50 after acalabrutinib treatment compared to cells expressing WT
RHOA (Fig. 4F). In contrast, there were no differences in FOXO1
nuclear localization (87 Appendix, Fig. S4C), a transcriptional
repressor mainly acting downstream of AKT (77).

We identified RHOA as a regulator of BCR signaling and inter-
nalization (Figs. 2 and 3). Previous studies showed that BCR signals
emerge from active BCR microclusters at the cell surface that are
controlled by a tightly regulated actin cytoskeleton fence under-
neath the plasma membrane (25, 26). For example, latrunculin A
(LatA), a chemical drug interfering with actin polymerization, was
shown to be sufficient to induce BCR signaling by disrupting the
cortical actin cytoskeleton network (25). To experimentally test
whether LatA can enhance BCR signaling in ABC DLBCL cells,
we measured the calcium flux upon BCR stimulation in the pres-
ence or absence of LatA. In accordance with published literature,
LatA enhanced Ca®* signaling and the phosphorylation of CD79A
and SYK (Fig. 4G and SI Appendix, Fig. S4D). In contrast, and in
line with our observations, RHOA inhibition compromised the
BCR-induced Ca®* mobilization (S7 Appendix, Fig. S4D).

As RHOA is a known regulator of the actin cytoskeleton and
since we identified a functional and spatial interaction with the
BCR, we next investigated by superresolution microscopy
whether the p.R5W mutant form of RHOA impacts BCR cell
surface organization and microcluster formation. TMD8 WT
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and p.R5W mutant cells were stained for IgM and imaged using
direct stochastic optical reconstruction microscopy (ASTORM)
in total internal reflection fluorescence (TIRF) mode. The fitted
molecule localizations were analyzed by the Hopkins index (33),
a metric to assess the clustering tendency of molecules, and the
H-function, a nearest neighbor metric that estimates clustering
tendency and cluster size (78, 79). IgM was clustered on the cell
surface of WT TMD8 cells as previously described (3) (Fig. 4H)
and RHOA p.R5W mutants showed an increased clustering ten-
dency, as demonstrated by the Hopkins index and Ripley’s
H-function (Fig. 4/). Conversely, genetic deletion of RHOA or
pharmacologic RHOA inhibition significantly decreased BCR
clustering (Fig. 4/).

Based on these data and the literature describing RHOA's role
in actin regulation, we further hypothesized that mutant RHOA
impacts BCR clustering through deregulation of the actin cytoskel-
eton. To test this, we turned once again to superresolution micros-
copy, specifically DNA-PAINT. WT cells in the presence or
absence of LatA, as well as mutant RHOA cells, were stained with
an actin dye and imaged in TIRF mode. We skeletonized recon-
structed images and calculated summary statistics for actin fiber
density. As expected, LatA treatment disrupted the actin filament
network (Fig. 4K), which was described to trigger BCR signaling
(25). Strikingly, RHOA p.R5W mutant cells also displayed a
decreased actin filament network (Fig. 4K) suggesting that the
rewiring of the actin cytoskeleton enhances oncogenic BCR sign-
aling. To biochemically validate these results, we performed differ-
ential separation experiments of globular (G)-actin and filamentous
(F)-actin in cells treated with either LatA or the F-actin stabilizer
Jasplakinolide (Jasp). As expected, LatA treatment shifted the
G/F actin ratio toward G-actin, while Jasp treatment skewed it
toward F-actin, validating our biochemical read-out (Fig. 4L and
SI Appendix, Fig. S4E). In line with the microscopy data, RHOA
p-R5W cells displayed, similarly to LatA treatment, a significantly
higher G/F actin ratio in this assay, thus providing evidence that
RHOA controls BCR microcluster formation and signaling
through the perturbation of the plasma-membrane-proximal
F-actin network, a process that has previously been described
to directly regulate BCR signaling (Fig. 4L and SI Appendix,
Fig. S4F).

Discussion

RHOA is involved in various cellular pathways including the reg-
ulation of the actin cytoskeleton dynamics, receptor endocytosis,
and cell migration (12). This study was motivated by our findings,
i) that lymphoma cells are more dependent on RHOA function
than other cancer types, and ii) that DLBCL tumors show recur-
rent mutations in RHOA and its activators, both suggesting an
important role of RHOA in DLBCL biology.

By combining functional genomics, proteomics, and superreso-
lution microscopy, we have elucidated the functional role of RHOA
and its mutant variants in DLBCL. We identified RHOA as a mas-
ter regulator of oncogenic chronic active BCR signaling in ABC
DLBCL. Interestingly, RHOA controls two central mechanisms:
First, the spatial organization of the plasma membrane-bound BCR
within active microclusters that were previously shown to be essen-
tial for proximal BCR signaling (3, 4). Second, BCR endocytosis
as a requirement for the function of the My-T-BCR complex that
forms intracellularly, consisting of the internalized BCR, TLRY,
and MYDS88, and is essential for oncogenic NF-kB signaling in a
subset of ABC DLBCLs. Previous studies have demonstrated that
BCR endocytosis can be mediated by either clathrin-dependent or
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independent pathways (80-82). While constitutive BCR endocy-
tosis is largely controlled by clathrin-dependent mechanisms (83),
activated BCRs are mostly internalized in a clathrin-independent
manner because the phosphorylation of the ITAMs within
CD79A/B counteracts the binding of AP2, which is the key adaptor
protein responsible for the initiation of clathrin-dependent endo-
cytosis. Given the chronic activation of BCRs in ABC DLBCL
cells, it is likely that clathrin-independent pathways significantly
contribute to BCR endocytosis in these cells. This endocytosis mode
is known to be particularly dependent on actin reorganization, and
previous studies have demonstrated that clathrin-independent endo-
cytosis of receptors other than the BCR is regulated by RHOA (84,
85). Hence, our data suggest that RHOA is essential for My-T-BCR
function, because it controls BCR endocytosis, most likely in a
clathrin-independent manner, to allow internalized BCRs to assem-
ble within the My-T-BCR complex. However, the detailed mecha-
nisms how RHOA regulates BCR clustering and internalization
beyond the regulation of the actin cytoskeleton remain unclear and
should be explored in future studies.

The functional relevance of RHOA is further underscored by
the occurrence of RHOA mutations in DLBCL. The RHOA R5W
mutation, which is found in ABC DLBCL, affects an arginine in
the first beta-sheet, which is important for GEF binding and thus
RHOA activation (86). Accordingly, we found that this particular
mutation enhanced BCR microcluster formation, thereby
strengthening the oncogenic BCR signaling output. Enhanced
BCR clustering in DLBCL cells expressing the RHOA R5W
mutant is caused by a reorganization of the cortical actin network,
shifting the balance from F-actin toward G-actin. F-actin is
known to restrict the lateral movement of cell surface BCRs
thereby inhibiting the formation and the signaling output of BCR
microclusters (26, 87), which has secondary effects on BCR endo-
cytosis (26, 87). Shifting the balance from F- to G-actin thus
unleashes an amplified BCR signal due to the breakup of inhib-
itory plasma membrane compartments that are mediated by the
cortical F-actin fence. It remains unclear whether mutant RHOA
does additionally influence the BCR-proximal membrane lipid
composition through rewiring of the actin network which could
be another important mechanism affecting the BCR signal-
ing output.

An important question in the context of precision medicine is
whether RHOA mutations would affect the response to com-
pounds targeting oncogenic BCR signaling, such as BTK inhibi-
tors. These have proven efficacy in clinical trials, especially in ABC
DLBCL harboring mutations in MYD88 and CD79B (15). RHOA
mutations may identify tumors with enhanced BCR signaling that
in theory could be more sensitive to BTK inhibition due to a
stronger BCR dependency. However, our data suggest that the
R5W hotspot mutation renders DLBCL cells less responsive to
BTK inhibitors in vitro, pointing toward a less sufficient suppres-
sion of BCR signaling by BTK inhibitors once the pathway is
hyperactivated by mutant (R5W) RHOA.

A limitation of this study is that the mechanistic insights pre-
sented are based on lymphoma cell line models. While these mod-
els capture important genetic and signaling features of ABC
DLBCL, they do not fully reflect the complexity of primary tum-
ors, including the intratumoral heterogeneity and microenviron-
mental factors.

Interestingly, a plethora of different RHOA mutations is found
in ABC and GCB DLBCL (Fig. 44 and SI Appendix, Fig. S4A),
and they likely act through different mechanisms given the distinct
biology of these DLBCL subtypes. This is supported by our data
revealing functional differences between the R5W and L69P
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variants. Our functional and biochemical analyses revealed a
gain-of-function phenotype for the p.RSW RHOA mutant
in ABC DLBCL, resulting in enhanced BCR clustering at the
cell surface and an increased My-T-BCR signaling output.
Interestingly, the same mutation also occurs in GCB DLBCL, a
subtype known to lack the expression of the My-T-BCR complex,
but still being dependent on cell surface BCR signaling. While
we have not explored the functional impact of RHOA mutations
in GCB DLBCL, it is tempting to speculate that mutant RHOA
influences BCR-driven survival signals in GCB DLBCL as well,
potentially through alternative mechanisms though. RHOA
mutations are also found in T cell lymphoma, most frequently
in angioimmunoblastic T-NHL (AITL). However, the muta-
tional spectrum markedly differs between B and T cell lymphoma.
While DLBCL hotspot mutations often affect the amino acid
residues R5 and L69, AITL is almost exclusively associated with
G17V alteration. This particular AITL-associated mutation leads
to enhanced PI3-kinase signaling through activation of ICOS
and VAV1 (88). The marked differences between the mutation
types found in DLBCL and AITL suggest distinct pathomecha-
nistic features, and future studies are needed to functionally
annotate the manifold RHOA mutations occurring in lymphoma.
The different mutations in B and T cell lymphomas, however,
suggest the possibility that they interact with different GEFs,
GDlIs, or other proteins. Therefore, there may be opportunities
to interfere specifically with mutant RHOA function in malig-
nant B and T cells without affecting WT RHOA function in
other cell types.

Methods
Additional details are available in the S/ Appendix, Materials and Methods.

Cell Culture. All lymphoma cell lines were provided by Louis Staudt (NIH,
Bethesda). All cells were grown in advanced RPMI medium with either 5% or 10%
fetal bovine serum (FBS) + 1% penicillin/streptomycin and 2 mM L-Glutamine.
HEK293FT (Takara/Clontech) and HEK293T cells (ThermoFisher) were cultured
in Dulbecco’s modified Eagle medium (DMEM) with 10% FBS (Merck) and
2 mM L-Glutamine.

Virus Production. Lentivirus was made by using HEK293FT cells, transfecting
with pMD2.G (Addgene plasmid #1225) and psPAX2 (Addgene plasmid # 12260)
gag/pol and envelope plasmids using OptiMEM medium (Life Technologies) and
TransIT293 (Mirus) transfection reagent following the manufacturer's instructions.
Lentiviral particles were harvested on all three following days and concentrated
using Lenti-X concentrator (TaKaRa) or ultracentrifuged (30,000 rpm, 2 h 15 min,
4 °C). Retrovirus was made by using HEK293T cells that were transfected with
TransIT293 transfection reagent with pHIT-60/full-length GALV or pHIT-60/EA6X3*
helper plasmids. Retroviral supernatant was harvested after (shRNA) 24-48 h or
(BiolD2) every 24 h for 3 d.To infect lymphoma cell lines with shRNA containing
virus, cells were spin-infected by centrifugation (90 min, 2,500 rpm). For BiolD2
constructs, viral supernatant was spun on retronectin (TaKaRa)-coated nontissue-
treated plates (3%, 2,500 rpm, 32 °C, 30 min) and then, cells transduced via
centrifugation on the retronectin plate (1,000 rpm, 5 min).

Generation of Mutant Knock-In Cell Lines. An sgRNA was designed in
Benchling targeting the region around the desired mutation and ordered from
IDT along with Cas9 protein, an HDR template (100 to 110 bp Ultramers with
phosphorothioate modifications), and electroporation enhancers. RNP complexes
were assembled by incubating Cas9 with sgRNA and combined with HDR tem-
plates and enhancer prior to electroporation. Approximately 5 x 10° cells were
resuspended in Buffer R and electroporated using a Neon Transfection System
with optimized settings for each cell line. Following electroporation, cells were
cultured in complete media supplemented with HDR enhancer and conditioned
medium until they recovered. Pools were optionally PCR-screened for editing
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efficiency before plating at limiting dilution for single-cell expansion. Individual
clones were lysed, and target regions were PCR-amplified and analyzed by Sanger
sequencing to identify positive knock-in clones.

Data, Materials, and Software Availability. RNA-sequencing data have been
deposited in GEQ (accession number: GSE306747) (89). Proteomics data have
been deposited in MassIVE (accession number: MSV000100447)(90). Other data
are included in the article and/or supporting information.
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