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B-cell lymphomas, which arise in 
lymphoid organs, can spread rapidly 

via the circulatory system and form solid 
tumors within multiple organs. Rate-
limiting steps in this metastatic process 
may be the adhesion of lymphoma cells 
to vascular endothelial cells, their exit 
from the vasculature and their migration 
to tissue sites that will support tumor 
growth. Thus proteins that control 
B-cell adhesion and migration are 
likely to be key factors in lymphoma 
dissemination, and hence potential 
targets for therapeutic intervention. The 
Rap GTPases are master regulators of 
integrin activation, cell motility and 
the underlying cytoskeletal, adhesion 
and membrane dynamics. We have 
recently shown that Rap activation is 
critical for B-lymphoma cells to undergo 
transendothelial migration in vitro and 
in vivo. As a consequence, suppressing 
Rap activation impairs the ability of 
intravenously injected B-lymphoma cells 
to form solid tumors in the liver and 
other organs. We discuss this work in the 
context of targeting Rap, its downstream 
effectors, or other regulators of B-cell 
adhesion and migration as an approach 
for limiting the dissemination of 
B-lymphoma cells and the development 
of secondary tumors.

B-cell lymphomas are frequently occur-
ring malignancies that are often aggressive 
and difficult to treat. Abnormally prolifer-
ating B cells that acquire survival-promot-
ing mutations originate within the bone 
marrow or the lymphoid organs but can 

traffic via the blood and lymphatic sys-
tems to other organs, where they can form 
solid tumors. A consequence of the genetic 
mechanisms that generate a large reper-
toire of antigen-detecting B-cell recep-
tors (BCR) and antibodies is an increased 
frequency of chromosomal translocations 
and mutations that can lead to oncogenic 
transformation.1 During B-cell devel-
opment in the bone marrow, the vast 
diversity of the BCR repertoire within 
an individual is generated by the random 
rearrangement of the VDJ gene segments 
that encode the BCR. Subsequent to anti-
gen binding, highly proliferating B cells 
within the germinal centers of second-
ary lymphoid organs undergo somatic 
hypermutation of the genes encoding 
the immunoglobulin portion of the BCR 
in order to generate antibodies of higher 
affinity (“affinity maturation”). These 
cells can also undergo a second DNA rear-
rangement event associated with immuno-
globulin class switching. Aberrant DNA 
rearrangements or somatic hypermutation 
can lead to oncogenic transformation. 
As examples, translocation of the c-myc 
gene into the IgH locus is characteristic 
of Burkitt’s lymphoma whereas somatic 
hypermutation of genes that encode pro-
survival proteins (e.g., pim-1) is associated 
with diffuse large B-cell lymphomas,2 
the most common type of non-Hodgkin 
lymphoma.

The ability of B-cell lymphomas 
to spread to multiple organs reflects 
the migratory capacity of their normal 
counterparts. B cells circulate continuously 
throughout the body via the blood and 
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(S1P) receptors to stimulate B-cell 
migration and adhesion.12,14 Rap 
activation is also important for receptor-
induced actin polymerization, cell 
spreading and cytoskeletal reorganization 
in both primary B cells and B-lymphoma 
cells.15 These findings suggested that Rap 
activation might be essential for the in vivo 
metastatic spread of B-cell lymphomas.

To test this hypothesis, we sup-
pressed Rap activation in A20 murine 
B-lymphoma cells, a cell line derived from 
an aggressive diffuse large B-cell lym-
phoma. We blocked Rap activation in these 
cells by expressing a Rap-specific GTPase-
activating protein (GAP), RapGAPII,  
which enzymatically converts Rap1 and 
Rap2 proteins to their inactive GDP-
bound states. Injecting stable A20/
RapGAPII and A20/empty vector trans-
fectants intravenously into mice showed 
that Rap activation was required for these 
cells to form solid lymphomas within 
organs such as the liver.16 Solid tumor 
formation was delayed and reduced when 
A20/RapGAPII cells were injected instead 
of A20/control cells. Strikingly, the lym-
phoma cells isolated from the tumors 

Diffuse large B-cell lymphomas are highly 
aggressive precisely for this reason and 
readily spread to the liver, kidneys and 
lungs.8 Thus, identifying key proteins 
that regulate the extravasation of B-cell 
lymphomas could suggest new therapeutic 
strategies for treating these malignancies.9

The ubiquitously-expressed Rap 
GTPases are master regulators of cell 
adhesion, cell polarity, cytoskeletal 
dynamics and cell motility.10 Receptor-
induced conversion of the Rap GTPases 
to their active GTP-bound state (Rap-
GTP) allows them to bind multiple 
effector proteins and thereby orchestrate 
their localization and function. These 
downstream effectors of Rap-GTP control 
integrin activation, actin polymerization 
and dynamics and the formation of 
protrusive leading edges in migrating 
cells (see below and Fig. 2). In both 
normal B cells and B-lymphoma cell lines, 
signaling via chemoattractant receptors, 
the BCR and integrins all activate Rap.11-13 
Moreover, we have shown that chemokine-
induced Rap activation is essential for 
the chemoattractants CXCL12 (SDF-1), 
CXCL13 and sphingosine-1-phosphate 

lymphatic systems. The extravasation of B 
cells out of the blood and into tissues is 
a multi-step process that requires selectin-
mediated rolling on the surface of vascular 
endothelial cells, intergin-mediated firm 
adhesion to the endothelial cells, and 
migration across the endothelial cell 
monolayer that makes up the vessel wall 
(Fig. 1).3-6 These steps are orchestrated by 
chemokines and adhesion molecules that 
are displayed on the surface of the vascular 
endothelial cells. Chemokines initiate 
signaling within the B cell that results 
in integrin activation. The collaboration 
between chemokine receptor signaling 
and outside-in integrin signaling causes B 
cells to reorganize their cytoskeleton. This 
cytoskeletal reorganization allows B cells 
to spread on the surface of the vascular 
endothelial cells, migrate to sites suitable 
for extravasation (e.g., junctions between 
endothelial cells) and then deform 
themselves in order to move across the 
endothelial cell layer.7 The ability of B-cell 
lymphomas to follow these constitutive 
organ-homing cues allows them to 
spread to multiple organs throughout the 
body, making them difficult to combat. 

Figure 1. rap activation is required for multiple steps in lymphoma dissemination. B-cell lymphomas exit the vasculature using the same mechanisms 
as normal B cells. once B cells are tethered via selectin-mediated rolling, chemokines immobilized on the surface of vascular endothelial cells convert 
integrins to a high affinity state via a mechanism that involves activation of the rap GtPases. this permits firm adhesion. Adhered B cells migrate 
across the endothelium and then send out actin-rich protrusions, which penetrate the endothelial barrier to reach the subendothelial matrix. the 
formation of these membrane processes, and the subsequent movement of the cells through the junctions, requires activation of the rap, rho and 
rac GtPases. once in the tissue, B-lymphoma cells assume a polarized morphology and can migrate towards optimal growth niches.
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question as tumor cells can be physically 
trapped in small vessels in a manner that 
is independent of integrins or other adhe-
sion molecules (Freeman SA, unpublished 
data). In contrast, the ability of lymphoma 
cells to generate polarized membrane pro-
trusions that invade junctions between 
vascular endothelial cells and then move 
through the junctions is likely to have a 
strong dependence on Rap-mediated inte-
grin activation and Rap-mediated cell 
polarization and cytoskeletal reorganiza-
tion. Indeed, we found that Rap activa-
tion was required for A20 B-lymphoma 
cells to form membrane projections that 
penetrated endothelial junctions in vitro, 
and for the subsequent transendothelial 
migration of A20 cells.16

In addition to this well-characterized 
paracellular mode of extravasation in 
which leukocytes crawl across endo-
thelial cells until they arrive at cell-cell 
junctions and then migrate across the 
endothelial cell layer, leukocytes can also 
extravasate via a transcellular route.18 
T cells can send invadopodia through 

site of lymphoma homing and tumor for-
mation. More detailed studies revealed 
that the control A20 cells that lodged 
in the liver had entered the liver paren-
chyma and had an elongated morphology, 
as expected for cells that are migrating 
within the tissue and interacting with resi-
dent cells. In contrast, a larger fraction of 
the A20/RapGAPII cells were round and 
appeared to still be within the vasculature. 
These findings suggest that Rap activation 
is required for efficient extravasation of 
lymphoma cells in vivo, as had previously 
been shown for in T cells in vitro.17

Leukocyte extravasation is a multi-step 
process that requires initial adhesion to the 
vascular endothelium followed by crawl-
ing on the luminal surface of the endothe-
lial cells until a suitable site for migration 
through the endothelial barrier is located. 
We found that Rap activation was required 
for the initial adhesion of A20 cells to vas-
cular endothelial cells in vitro.16 Whether 
integrin-mediated adhesion is an abso-
lute requirement for tumor cells to arrest 
within organ vasculature remains an open 

that developed in mice injected with 
A20/RapGAPII cells had downregulated 
RapGAPII expression and regained the 
ability to activate Rap. Thus tumor forma-
tion reflected a strong in vivo selection for 
lymphoma cells capable of activating Rap. 
This indicates that Rap-dependent signal-
ing is critical for the metastatic spread of 
B-cell lymphomas.

The ability of B-lymphoma cells to 
exit the vasculature and migrate into the 
underlying tissue is likely to be a rate-
limiting step in the metastasis of B-cell 
lymphomas. We showed that this extrava-
sation step is a Rap-dependent process for 
B-cell lymphomas. To do this, we per-
formed competitive in vivo homing assays 
in which differentially-labeled A20/vector 
and A20/RapGAPII cells were co-injected 
into the tail veins of mice.16 Analyses per-
formed 1–3 days after injecting the cells 
showed that A20/RapGAPII cells exhib-
ited a greatly reduced ability to arrest and 
lodge in the liver, compared to control 
cells. The liver produces large amounts 
of the chemokine CXCL12 and is a major 

Figure 2. the rap GtPases are master regulators of actin dynamics, cell morphology, cell polarity and integrin-mediated adhesion. the rap GtPases 
are activated subsequent to the binding of chemokines to their receptors or activated integrins to their ligands. the active GtP-bound form of rap 
binds effector proteins that promote integrin activation, actin polymerization and membrane protrusion, as well as activation of the Pyk2 and FAK 
tyrosine kinases, which modulate cell spreading, adhesion and migration. rap-GtP also plays a key role in establishing cell polarity and may direct 
membrane vesicles to the leading edge of the cell. See text for details. MtoC, microtubule-organizing center.
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key determinants of lymphoma motility, 
invasiveness and progression. shRNA-
mediated knockdown of either Rac2 or 
Twf1 expression dramatically inhibited 
the growth of Em-myc B-cell lympho-
mas in mice, a model for the develop-
ment of human Burkitt lymphomas. The 
decreased lymphoma tumorgenicity, as 
well as the decreased ability of the lym-
phoma cells to engraft in the spleen and 
bone marrow and then metastasize to sec-
ondary sites such as the liver was associ-
ated with the cells’ inability to migrate and 
crawl in vitro. This is consistent with our 
finding that inhibiting the in vitro migra-
tion and adhesion of B-lymphoma cells by 
suppressing Rap activation correlated with 
reduced extravasation and tumor forma-
tion in vivo.

The involvement of both Rap and 
Rac2 in lymphoma motility and dissemi-
nation may reflect the fact that these two 
GTPases lie in the same pathway. Rap-
GTP has been shown to bind the Rac 
activator Vav2 and promote Rac activa-
tion.23 Conversely, Batista and colleagues 
showed that Rac2 acts upstream of Rap 
to promote Rap activation and modulate 
B-cell adhesion and immune synapse 
formation.32 Although the interrelation-
ship of Rap and Rac2 in B-cell lympho-
mas remains to be clarified, the Rac2/
Rap signaling module is a potential target 
for limiting the spread of B-cell lympho-
mas. Inhibiting this Rac2/Rap module 
that controls B-cell motility and adhesion 
may reduce both the extravasation of lym-
phoma cells into organs as well as the abil-
ity of B-lymphoma cells to crawl to sites 
within the organ where they can establish 
a suitable metastatic niche. Migration 
through the subendothelial stroma to find 
optimal growth niches is a rate-limiting 
step in the dissemination of many types of 
tumors.33 Blocking Rap-dependent adhe-
sion may also prevent B-lymphoma cells 
from forming critical adhesive interactions 
with tissue-resident stromal cells. In vitro, 
the survival of many B-cell lymphomas 
depends on integrin engagement34,35 and 
the subsequent activation of pro-survival 
signaling pathways (e.g., the PI 3-kinase/
Akt pathway) by integrin signaling.36 It is 
not known whether Rap-dependent adhe-
sion and the ensuing integrin-mediated 
survival signaling are required for B-cell 

Effector proteins that bind Rap-
GTP include upstream activators of 
Rac and Cdc42,23,24 GTPases that pro-
mote dynamic actin polymerization at 
the leading edge of migrating cells and 
at the growing ends of membrane pro-
trusions. Activated Rac and Cdc42 act 
via the WASp and WAVE proteins to 
induce branching actin polymerization 
that drives membrane protrusion and the 
formation of lamellipodia and filopodia. 
Other Rap effectors, the RIAM25 and 
AF-6 adaptor proteins,26 allow Rap-GTP 
to recruit Ena/Vasp and profilin, proteins 
that prime actin monomers for incorpora-
tion into actin filaments, a rate-limiting 
step in actin filament assembly.

The Pyk2 and FAK tyrosine kinases 
are key regulators of cell adhesion, cell 
migration and cell morphology, and we 
have shown that they are also down-
stream targets of Rap-GTP signaling.27 
Rap-dependent actin dynamics is criti-
cal for the activation of Pyk2 and FAK in 
B-lymphoma cells. Moreover the kinase 
activities of Pyk2 and FAK are required 
for B cell spreading, a key aspect of cell 
adhesion and motility.27 The impor-
tance of this Rap/Pyk2 signaling mod-
ule is supported by the observation that 
B cells from Pyk2-deficient mice have 
a severe defect in chemokine-induced 
migration.28

Rap effectors also promote the estab-
lishment of cell polarity, another key 
aspect of cell motility. Rap-GTP binds the 
evolutionarily-conserved Par3/6 polarity 
complex29 and promotes the microtubule-
dependent transport of vesicles containing 
integrins to the leading edge of migrating 
cells and to cell-cell contact sites such as 
immune synapses.30,31

A key question is whether modulating 
the expression or activity of individual 
targets of Rap signaling can effectively 
limit the dissemination of B-cell lympho-
mas. An exciting recent paper supports 
the idea that targeting proteins involved 
in cell motility may be an effective way to 
limit the spread and growth of B-cell lym-
phomas.9 Using a library of short hairpin 
RNAs (shRNAs) directed against 1,000 
genes thought to be involved in lym-
phoma progression, Meachem et al. found 
that two regulators of the actin cytoskel-
eton, Rac2 and twinfilin (Twf1), were 

endothelial cells, which upon contacting 
the subendothelial matrix pull the cell 
through and across the endothelial cell. 
The paracellular and transcellular routes 
of leukocyte extravasation may involve 
distinct modes of leukocyte motility and 
cytoskeletal reorganization. For example, 
activation of WASp and Src is required 
for transcellular extravasation of T cells, 
but dispensable for paracellular extrava-
sation.18 Our data suggest that Rap acti-
vation is involved in the paracellular 
extravasation of B-cell lymphomas. It is 
not known if lymphoma cells, which are 
considerably larger than normal leuko-
cytes, can undergo transcellular extrava-
sation, and if so, whether Rap-dependent 
signaling is required. Determining the 
relative contributions of these two modes 
of extravasation, as well as their under-
lying molecular mechanisms, could 
facilitate the development of therapeutic 
approaches for reducing lymphoma cell 
extravasation and dissemination.

Rap GTPases are ubiquitously expressed 
and are involved in critical processes such 
as the formation of tight junctions between 
vascular endothelial cells.19 Therefore, 
targeting downstream effectors of Rap 
that mediate specific aspects of adhesion 
and migration may be a more reasonable 
way to limit lymphoma dissemination 
than targeting Rap activation. As shown 
in Figure 2 and reviewed by Bos,10 the 
effector proteins that are regulated either 
directly or indirectly by Rap-GTP control 
several modules that are critical for cell 
adhesion and migration.

Activated Rap is an essential compo-
nent of the inside-out signaling pathway 
by which chemokine receptors activate 
integrins. Rap-GTP recruits the adap-
tor protein RapL as well as RIAM/talin 
complexes to the cytoplasmic domains of 
integrins.20,21 This results in conforma-
tional changes in the integrin extracel-
lular domains that increase their affinity 
for adhesion molecules, such as those pres-
ent on the surface of vascular endothelial 
cells. Actin-dependent intracellular forces 
exerted by talin on the integrin cyto-
plasmic domains also increase integrin  
affinity22 and may be regulated by Rap-
GTP, which promotes actin polymeriza-
tion (see below).
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that Rap1b is also the most abundant Rap1 
isoform in platelets and plays a critical role 
in platelet aggregation and clotting.43,44

As master regulators of cell adhesion 
and migration, the Rap GTPases and the 
signaling pathways they control are obvi-
ous therapeutic targets for limiting the 
spread of B-cell lymphomas. Other signal-
ing pathways that impact B-cell migra-
tion and adhesion, perhaps independently 
of Rap, are also attractive targets. Our in 
vivo experiments and those of Meachem 
et al.9 provide direct evidence that inter-
fering with key regulators of adhesion and 
migration can dramatically limit the dis-
semination of B-cell lymphomas and the 
development of secondary tumors in criti-
cal organs. Further studies are needed to 
determine if this approach would be a use-
ful therapeutic strategy for patients with 
B-cell lymphoma.

Finally, it will be of interest to deter-
mine whether gain-of-function mutations 
that increase Rap signaling, or activate 
other pathways that promote B cell migra-
tion and adhesion, contribute to the 
aggressiveness of certain types of B-cell 
lymphomas. Increased Rap activation is 
associated with enhanced invasiveness in 
several types of tumors.45,46 If this were 
true for B-cell lymphomas, then Rap-GTP 
levels could be a useful prognostic marker 
for aggressive lymphomas, in addition to 
being a potential therapeutic target.
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