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Trafficking of B-cell chronic lymphocytic
leukemia (CLL) cells to the bone marrow
and interaction with supporting stromal
cells mediates important survival and pro-
liferation signals. Previous studies have
demonstrated that deletion of Rhoh led to
a delayed disease onset in a murine model
of CLL. Here we assessed the impact of
RhoH on homing, migration, and cell-
contact dependent interactions of CLL
cells. Rhoh�/� CLL cells exhibited re-
duced marrow homing and subsequent

engraftment. In vitro migration toward the
chemokines CXCL12 and CXCL13 and
cell-cell interactions between Rhoh�/�

CLL cells and the supporting microenvi-
ronment was reduced. In the absence of
RhoH the distribution of phosphorylated
focal adhesion kinase, a protein known to
coordinate activation of the Rho GTPases
RhoA and Rac, appeared less polarized in
chemokine-stimulated Rhoh�/� CLL cells,
and activation and localization of RhoA
and Rac was dysregulated leading to de-

fective integrin function. These findings
in the Rhoh�/� CLL cells were subse-
quently demonstrated to closely resemble
changes in GTPase activation observed
in human CLL samples after in vitro and
in vivo treatment with lenalidomide, an
agent with known influence on microenvi-
ronment protection, and suggest that
RhoH plays a critical role in prosurvival
CLL cell-cell and cell-microenvironment
interactions with this agent. (Blood. 2012;
119(20):4708-4718)

Introduction

In patients with chronic lymphocytic leukemia (CLL) the character-
istic accumulation of monoclonal mature B lymphocytes in the
peripheral blood (PB), bone marrow (BM), and secondary lym-
phoid tissues (SLTs) is mostly attributed to defective in vivo
apoptosis, whereas these cells undergo rapid cell death in vitro.1,2 It
has been demonstrated that ex vivo coculture of CLL cells with
stromal cells enhances their survival, and a fraction of CLL cells
proliferate in close contact with T lymphocytes and stromal cells
within pseudofollicles.3 Therefore, close contact to accessory cells
in the BM and SLTs may contribute to their sustained in vivo
survival.2 This is further supported by the observation that CD38
expression associated with adverse outcome in CLL is up-regulated
in response to activated T cells, and thus increased in tissues
containing pseudofollicles.4 In long-term in vitro cultures of PB
mononuclear cells (PBMNCs) from CLL patients, an adherent cell
population, called “nurse-like” cells (NLCs) can be obtained.5

These NLCs express and produce chemokines, such as CXCL12
and CXCL13, which regulate trafficking of human CLL cells
between PB, lymphoid organs, and BM, and thus promote interac-
tion with the microenvironment necessary for their survival and
proliferation.6,7 Furthermore, matrix metalloproteinase-9 is up-
regulated in response to integrin, CXCL12, and CCR7 signaling
via Erk activation in CLL cells and regulates migration and lymph
node infiltration thereby contributing to disease progression.8

Trafficking, directed migration and homing are complex pro-
cesses that involve the coordinate activation of Rho GTPases, such
as Rac and RhoA downstream of integrins, and chemokine

receptors in lymphocytes.9 Their activity varies in a cell and
agonist-specific fashion and is dependent in part on their intracellu-
lar localization.10 In this regard, the Src nonreceptor tyrosine kinase
and its target focal adhesion kinase (FAK) are critical regulators of
both RhoA and Rac.11

RhoH, a hematopoietic-specific member of the RhoE/Rnd3
subfamily of GTPases was initially identified as hypermutable gene
and translocation partner in human B-cell lymphomas suggesting
its involvement in the pathogenesis of B-cell malignancies.12-15

Rhoh�/� mice exhibit a profound T-cell defect because of impaired
T-cell receptor (TCR)–mediated selection and maturation of thymo-
cytes as RhoH is required for CD3� phosphorylation and recruit-
ment of the protein tyrosine kinases Zap70 and Lck to the cellular
membrane and immunologic synapse.16-19

Although the functional importance of RhoH has been well
defined in T cells, its role in B-cell development appears less clear.
However, in human CLL samples RhoH expression correlates with
expression of the unfavorable prognostic marker Zap70. We
previously reported an attenuated disease onset in the absence of
RhoH in an E�-TCL1Tg mouse model of CLL,20 which seemed
paradoxical given the lack of RhoH involvement in normal B-cell
development and the severe T-cell immune deficiency exhibited in
Rhoh�/� mice.16 E�-TCL1Tg;Rhoh�/� mice were characterized by a
significantly reduced number of CLL cells in the BM, but the cell
autonomous basis of RhoH effects in this disease model were not
clearly delineated. Whereas reduced numbers of CLL cells in
E�-TCL1Tg;Rhoh�/� mice may represent cell-autonomous
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alterations in survival or proliferation, the unequal distribution of
CLL cells within the different compartments in the absence of
RhoH suggests that RhoH may be involved in chemokine-mediated
CLL trafficking processes.

Here we investigated the impact of RhoH deletion on CLL cell
homing and migration, NLC-interaction and downstream biochemi-
cal events after chemokine stimulation in the E�-TCL1Tg;Rhoh�/�

mouse model. Rhoh�/� CLL cells were characterized by reduced in
vitro chemotaxis, which correlated with a decreased in vivo
homing of CLL cells to the BM. In addition, cell-cell interaction of
CLL cells with NLC was reduced in the absence of RhoH. RhoH
deficiency also resulted in an altered pattern of RhoA and Rac
activation that was strikingly similar to changes observed after
treatment of primary human CLL cells with lenalidomide providing
a potential mechanism for this agent’s ability to influence CLL cell
survival. Taken together, these observations suggest that RhoH
plays a critical role in CLL progression at least in part via
regulation of cell-cell interactions and resulting failure of the
microenvironment in Rhoh�/� mice or in lenalidomide treated
humans to support survival of CLL cells in vivo.

Methods and Materials

Mice

The generation of a murine model that closely resembles human CLL has
been previously described. To study the role of RhoH in leukemogenesis,
E�-TCL1Tg;Rhoh�/�(E�-TCL1Tg;WT) and E�-TCL1Tg;Rhoh�/� mice were
backcrossed to a C57BL/6J background.20,21 Rag2�/� IL2��/� recipient
mice used in transplantation experiments were obtained from Taconic. All
animal procedures and experiments were approved by the Institutional
Animal Care and Use Committee of Children’s Hospital Boston.

Histology preparations

Hematoxylin and eosin (H&E) staining and immunohistochemistry staining
for Mac-2 expression was performed on spleens from diseased E�-
TCL1Tg;WT and E�-TCL1Tg;Rhoh�/� mice applying standard protocols.
Slides were evaluated by photomicroscopy at 200� magnification and the
percentage of Mac-2� cells in 2 scanned spleen sections per animal
determined using ImageScope Version 7.01 software from Aperio Technolo-
gies. Spleens from 3 animals/genotype were randomly reviewed.

Isolation of murine CLL cells

Single cell fractions from PB and spleens were obtained according to
standard protocols. CLL content of all samples used for outlined functional
experiments was verified by flow cytometry to be � 60%-90%. Samples
with less than 60% CLL cells were enriched by T-cell depletion using
mouse CD90.2 Microbeads and LD columns (Miltenyi Biotec), following
the manufacturer’s recommendations.

Flow cytometry analysis

After red cell lysis with PharmLyse (BD Bioscience) buffer for 10 minutes,
the cell suspensions were incubated for 20 minutes in the dark at 4°C with a
1:100 dilution of the appropriate antibody conjugates in PBS supplemented
with 2% FCS for staining. CLL cells were identified as CD3�/CD5�/IgM�

cell fraction using CD3�-FITC (145-2C11), IgM-APC (II/41), and CD5-PE
or PE-Cy7 (53-7.3). Normal B cells were defined by positive surface
staining for B220-APC-Cy7 (RA3-6B2; BD Bioscience and eBioscience).
After a washing step with PBS pellets were resuspended in 200-300 uL
PBS/2% FCS for analysis. To identify and exclude dead cells either 7AAD
(Invitrogen) or 4�,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) was
added to the staining solution. Cells were analyzed on a LSRII flow

cytometer (BD Bioscience) using BD FACSDiva Version 6.1.1. software
(BD Bioscience).

In vivo homing and transplantation assays

Twenty to 25 � 106 CLL cells obtained from the spleens of diseased
E�-TCL1Tg;WT and E�-TCL1Tg;Rhoh�/� mice were injected into the tail
veins of nonirradiated Rag2�/�IL2��/� recipient mice. After 16 hours the
animals were killed and cell counts obtained from the BM and PB. Both the
cellular input as well as cells homing to the BM and remaining in the PB
were analyzed by flow cytometry to assess the fraction and total number of
CLL cells. The percentage of CD3�/CD5�/IgM�CLL cells homing to the
BM or circulating in the blood relative to the total number of input CLL
cells were used to describe their homing capacity. For transplantation
assays, 2 � 107 CLL cells, again obtained from spleens of diseased
E�-TCL1Tg;WT and E�-TCL1Tg;Rhoh�/� mice, were injected intraperitone-
ally into nonirradiated Rag2�/�IL2��/� recipient mice and disease progres-
sion followed by flow cytometry in the PB. In addition, BM infiltration and
spleen weight was assessed in a separate group of animals 3 weeks after
transplantation.

In vitro culture of NLCs

MNCs were isolated by density-gradient centrifugation over Ficoll (His-
topaque-1083, Sigma-Aldrich) from PB or spleens of diseased E�-
TCL1Tg;WT and E�-TCL1Tg;Rhoh�/� mice and cultured in RPMI1640
medium supplemented with 10%FCS and 1% penicillin/streptomycin.
Equal final concentrations of 5 � 105 to 1 � 107 cells/mL were incubated
for 14 and 4 days at 37C and 5% CO2 in tissue treated plates. Cultures were
analyzed by phase-contrast microscopy for the outgrowth of adherent NLCs
and colocalizing CLL cells were counted in 2 visual fields at 200�
magnification. After 2 weeks the adherent cell fraction was transferred to
poly-L-lysine coated slides and stained for expression of anti-CD68
(H-255; Santa Cruz Biotechnology) using anti–rabbit Alexa 488 secondary
antibody (Invitrogen) and F-actin with rhodamine (TRITC)–labeled phalloi-
din (Molecular Probes). Slides were covered with DAPI-containing mount-
ing medium (Vector Laboratories).

Immunofluorescence staining

For immunofluorescence staining, CLL cells were layered onto poly-L-
lysine or fibronectin-coated cover slides and in part of the experiments
stimulated with 100 ng/mL CXCL12 or 800 ng/mL CXCL13 for 2 minutes
at 37°C. Cells were subsequently fixed using BD Cytofix/Cytoperm (BD
Bioscience) solution and stained with Rhodamine (TRITC)–labeled phalloi-
din, anti-Rac1 (BD Bioscience, Transduction Laboratories), anti-RhoA
(Santa Cruz Biotechnology) or anti–phospho-FAK (pFAK-Tyr925 or pFAK-
Tyr397) antibody (Cell Signaling Technology) followed by anti–mouse
Alexa 488 secondary antibody (Invitrogen). XYZ series fluorescence
images were captured with a PerkinElmer UltraView Vox Spinning Disc
confocal microscope (Nikon) equipped with a 60� objective lens and ultra
view molecular laser, connected to a Hamamatsu C9100-50 camera driven
by Velocity software (Perkin Elmer). Images were analyzed for colocaliza-
tion and protein quantification using Velocity Version 5.3.2 (Perkin Elmer)
and Image J Version 1.42q software.

Chemotaxis assays

Splenocytes from disease-stage matched animals were isolated and
500 000 cells/well seeded in the upper chamber of 24-well, 5-�m transwell
plates (Corning) in triplicate. To assess the influence of ICAM-1 activation
on migration, in some assays the filter of the upper chamber was coated with
40 ug/mL recombinant ICAM-1. The lower chamber contained 600 �L of
complete medium supplemented with either 100 ng/mL CXCL12 (Pepro-
Tech) or 800 ng/mL CXCL13 (R&D Systems). After 4 hours incubation,
cells that migrated to the lower chamber were collected and counted using a
hemocytometer or Hemovet counter. To assess the number of migrated
leukemic cells, flow analysis of both the input as well as the migrated cell
fraction was performed. The results were expressed as the percentage of
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migrated CD3�/CD5�/IgM�CLL cells, relative to the total number of input
CD3�/CD5�/IgM�CLL cells.

Immunoblotting

For immunoblotting and GTPase activity assays, cells were lysed on ice in
Mg2� lysis/wash buffer (Upstate Biotechnology) containing 8% glycerol as
well as complete protease inhibitor cocktail (Roche Applied Science) and
phosphatase inhibitors (10mM sodium fluoride, 1mM sodium orthovana-
date). In part of the experiments CLL cells were stimulated for the indicated
time points with 100 ng/mL CXCL12 or 800 ng/mL CXCL13 before cell
lysis. To assess Rac and RhoA activity, cellular extracts were incubated with
GST-p21–activated kinase (PAK1) or Rhotekin RBD agarose beads (Milli-
pore) as previously described. Activated, GTP-bound Rac and RhoA levels
as well as total protein were assessed after separation on 12% sodium
dodecyl sulfate (SDS) polyacrylamide gels and transfer to polyvinylidene
difluoride membrane (PVDF; BioRad) using anti-Rac1 antibody and
anti-RhoA antibody in a 1:1000 dilution. 	-actin (AC-15; Sigma-Aldrich)
was used as a loading control for total protein levels in a 1:10 000 dilution.
The RhoH antibody was previously described,22 anti–pFAK-Tyr925, anti-
pFAK-Tyr397, and anti-FAK were obtained from Cell Signaling Technol-
ogy. HRP-coupled anti–mouse or anti–rabbit antibodies at a dilution of
1:2000 and LumiGlo chemiluminescent substrate (Cell Signaling Technol-
ogy) were used for detection.

Human CLL samples

After signed informed consent and approval by the Institutional Review
Board of the Ohio State University, human PB samples were collected from
CLL patients. PBMNCs were obtained by density-gradient centrifugation
over Histopaque (GE Healthcare) and CLL cells further purified before in
vitro treatment by Rosette-Sep technique (StemCell Technologies). After a
purity of � 90% for CD19�CD5� cells was confirmed by flow cytometry
using anti–human CD19-APC (BD Bioscience), aliquots a 1 � 107 of
freshly isolated CLL cells were treated with either vehicle or 0.5uM of
lenalidomide for the indicated time points. This concentration is attainable
with doses ranging from 2.5 to 10 mg daily, although there is variation in
pharmacology among patients with this agent. Subsequently cell pellets
were frozen and GTPase expression and activity determined by pull down
and Western blot analysis after cell lysis as stated above. For examination of
the effects of lenalidomide in vivo, samples were obtained from relapsed
patients before (pre) and after 8 days (d8) of in vivo treatment with
lenalidomide within a phase 1 clinical trial at OSU (NCT00466895). All
patients on this trial were at least 4 weeks from receiving their last
chemotherapy when lenalidomide treatment was initiated. For analysis,
patients were chosen randomly after determining the availability of
circulating tumor cells. As severe side effects and tumor flare reactions were
observed after high dose treatment (25 mg), patients in this study were
started on a lower dose of 2.5 mg lenalidomide. The patients studied
received lenalidomide at 2.5 to 5 mg per day for 8 days. Blood samples
were collected before therapy and on day 8 (after therapy). PBMNCs at
these time points were obtained by density-gradient centrifugation and
cyropreserved in dimethylsulfoxide (DMSO) for subsequent analysis.
Isolated PBMNCs contained � 87% CD19� cells and were not further
purified.

Image acquisition

Fluorescence images both in main text and supplemental Figures (see
Figures 4A-B, 5C, and supplemental Figures 3 and 8) were taken with a
PerkinElmer UltraView Vox Spinning Disc confocal microscope (Nikon
Inc) using a 60� objective lens and ultra view molecular laser at room
temperature, with oil imaging medium; TRICT, Alexa488, DAPI, EGFP,
Alexa594 fluorochromes were used as indicated and acquired with a
C9100-50 electron multiplier CCD camera (Hamamatsu Photonics); Veloc-
ity software (Perkin Elmer) and Image J software (NIH) were used as
acquisition and image processing software.

Tissue culture images (see Figure 2) were taken with a Nikon Eclipse
TS100 microscope (Nikon Inc), with a 20� objective lens at room
temperature. The camera used was a Nikon Digital Sight (Nikon Inc).

Statistical analysis

To determine differences between BM homing, percentage of Mac-2� cells
in the spleen sections, as well as for comparison of surface marker MFI
values of wild-type (WT) and Rhoh�/� CLL cells student t test and
Mann-Whitney U (MWU) test was applied. CXCL12 and CXCL13 serum
levels were compared in WT, Rhoh�/�, E�-TCL1Tg;WT, and E�-TCL1Tg;
Rhoh�/� mice by Kruskal-Wallis test. For comparison of GTPase expres-
sion and activation levels as well as migration before and after in vivo
treatment with lenalidomide a paired Student t test was used. Survival in
transplanted animals was compared by 
2 test and Kaplan-Meier analysis.
Statistical analysis was performed using the PASW statistics 18 program.
Two-sided P values � .05 were considered significant.

Results

Significantly reduced BM homing efficiency of Rhoh�/� CLL
cells in vivo

Genetic knockout of Rhoh in the E�-TCL1Tg mouse model of CLL
leads to reduced numbers of CLL cells in the BM and significantly
delays disease onset.20 To determine whether this was because of
reduced trafficking and homing of Rhoh�/� CLL cells an in vivo
homing assay of CD3�/CD5�/IgM� cells generated in WT versus
Rhoh�/�;E�-TCL1Tg mice was performed. Sixteen hours after
injection of 20 to 25 � 106 CLL cells, significantly less Rhoh�/�

CLL cells compared with WT CLL cells were detected in the BM
(3 � 10�3 % � 0.17 vs 1.7 � 10�3 % � 0.23; WT vs Rhoh�/�,
mean � SEM, respectively, MWU test, P � .004; Figure 1A).
Despite an increased spontaneous apoptosis rate (supplemental
Figure 1, available on the Blood Web site; see the Supplemental
Materials link at the top of the online article), the number of
Rhoh�/� CLL cells remaining in the PB was slightly increased
(Figure 1B), suggesting impaired trafficking of Rhoh�/� CLL cells
in vivo. This explanation was further supported by the observation
that 4 weeks after transplantation of 2 � 107 CLL cells intraperito-
neally, disease burden in the blood in recipient mice was signifi-
cantly reduced in the absence of RhoH (13.1 � 3 K/�L vs
1.2 � 0.3 K/�L; WT vs Rhoh�/�, respectively, P � .004;
Figure 1C), and survival was significantly prolonged as assessed by

2 test (P � .014; Figure 1D) and Kaplan-Meier analysis (supple-
mental Figure 2). This was associated with lower BM infiltration
and spleen weights in surviving animals receiving Rhoh�/� CLL
compared with WT CLL cells (data not shown). To further address
early engraftment kinetics a separate group of animals was killed
3 weeks after transplantation. At that time recipient mice trans-
planted with Rhoh�/� CLL cells also had significantly less CLL
cells in the PB (3.49 � 0.86 K/�L vs 0.87 � 0.2 K/�L; WT vs
Rhoh�/�, respectively, P � .01; Figure 1E). In addition, the
infiltration of CLL cells in the BM was significantly reduced in the
absence of RhoH (30.2 � 28.6 � 108 vs 0.58 � 0.1 � 108 CLL
cells; WT vs Rhoh�/�, respectively, P � .025; Figure 1F-G) and
spleen weights were significantly lower in mice receiving Rhoh�/�

CLL cells (362.5 � 138.8 mg vs 131.3 � 6.3 mg, WT vs Rhoh�/�,
respectively, P � .006; Figure 1H).

Impaired contact-dependent interaction of Rhoh�/� CLL cells
and NLCs in vitro and pseudofollicle formation in Rhoh�/�

spleens in vivo

In CLL patients, leukemic cells are organized into pseudofollicles
within the BM and SLTs.3,5 Long-term in vitro culture of PBMNCs
from CLL patients gives rise to CD68� monocyte-derived adherent
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NLCs that produce chemokines, such as CXCL12 and CXCL13,
and support CLL cell survival.5-7 It has been shown that these cells
also exist in lymph nodes of CLL patients.5 The generation of
murine NLCs and their interaction with CLL cells in vitro was next
examined. In vitro culture of MNCs from the spleen (Figure 2A)
and PBMNCs (Figure 2B) of E�-TCL1Tg;Rhoh�/� and E�-
TCL1Tg;WT mice resulted in outgrowth of adherent cells that
appeared morphologically similar to NLCs and expressed CD68
(supplemental Figure 3A-B). In age/disease-stage matched animals
the number of Rhoh�/� CLL cells (Figure 2A-B arrows) associated
with either splenic (7 � 1.7 vs 17 � 1.3; Rhoh�/� vs WT,
mean � SEM, P � .0001; Figure 2A) or PBMNC-derived (2 � 0.3
vs 16 � 3; Rhoh�/� vs WT, P � .001; Figure 2B) Rhoh�/� NLCs
was significantly reduced as enumerated in randomly selected
microscopic fields in 2 to 4 independent experiments. The input
CLL cell numbers were lower in in vitro cultured PBMNC samples
because of lower leukemic burden in the PB of age-matched mice,
which could contribute to the lower number of CLL cells associated
with NLCs. However, in the spleen samples obtained from mice
older than 8 months, the percentage of CLL cells were similar in
WT and Rhoh�/� samples and accordingly the number of CLL cells

plated was comparable. Despite equivalent CLL cell input, the
number of CLL cells interacting with NLCs was still significantly
decreased.

To better assess CLL-microenvironment interactions in vivo,
spleen sections of E�-TCL1Tg;Rhoh�/� and E�-TCL1Tg;WT mice
were examined for macrophage galactose-specific lectin 2 (Mac-
2)� cells within pseudofollicles (supplemental Figure 4A). Mac-2
expressing myeloid-lineage cells, including macrophages and
dendritic cells, have been shown to produce the B-cell attracting
chemokine CXCL13, thus regulating B cell positioning within
lymphoid organs.7,23,24 The percentage of Mac-2� cells morphologi-
cally distinguishable as macrophages and dendritic cells was
significantly increased in E�- TCL1Tg;Rhoh�/� spleens (46.7 � 3.6/
section vs 20.8 � 1.2; Rhoh�/� vs WT, mean � SEM, P � .004),
and pseudofollicles (34.8 � 7.7/chosen area vs 16.7 � 3.4; Rhoh�/�

vs WT; P � .05; supplemental Figure 4B). Therefore the ratio of
Rhoh�/� CLL cells to accessory cells was also reduced in situ in
Rhoh�/� spleens. As previously described, splenic Rhoh�/� CLL
cells also demonstrate an increased apoptosis rate.20 These data
suggest that Rhoh�/� CLL cells lack survival signals from the
microenvironment because of impaired access/interaction despite a

Figure 1. Reduced BM homing of E�-TCL1Tg;Rhoh�/�

CLL cells. (A) The number of CD3�/CD5�/IgM�CLL
cells was determined by flow cytometry and the ratio of
CLL cells detected in the BM to number of injected CLL
cells was calculated. (B) The ratio of CLL cells detected in
the PB to number of injected CLL cells was calculated.
(A-B) Data show mean � SEM of CLL cells homing to the
BM and circulating in the PB 16 hours after injection of
20 to 25 � 106 CLL cells (WT versus Rhoh�/�,
mean � SEM, **P � .004 and P � .2, Mann-Whitney
U (MWU) test, n � 6 recipients). (C) The number of
CD3�/CD5� CLL cells was determined in the PB of
recipients by flow cytometry. Data show mean � SEM of
CLL cells circulating in the PB 4 weeks after transplanta-
tion of 2 � 107 CLL cells (WT versus Rhoh�/�,
mean � SEM, **P � .004, MWU test, n � 6 recipients/
group). (D) Comparison of survival of Rag2�/�/IL2��/�

recipients 8 weeks after transplantation. (E) Data show
mean � SEM of CD3�/CD5� CLL cells circulating in the
PB 3 weeks after transplantation as assessed by flow
cytometry (WT versus Rhoh�/�, mean � SEM, *P 
 .05,
MWU test, n � 6 recipients/group). (F) Bars indicate
mean � SEM of total BM cells 3 weeks after transplanta-
tion (WT versus Rhoh�/�, mean � SEM, *P 
 .05, MWU
test, n � 6 recipients/group) and (G) CLL cells present in
the BM (WT versus Rhoh�/�, mean � SEM, *P 
 .05,
MWU test, n � 6 recipients/group). (H) Data show
mean � SEM of spleen weights in recipients 3 weeks
after transplantation (WT versus Rhoh�/�, mean � SEM,
*P 
 .05, MWU test, n � 6 recipients/group).
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potential compensatory increase in chemokine-expressing cells
within the spleen and exhibit a potentially altered cell-intrinsic
response to chemokine signaling pathways.

Impaired directed migration of Rhoh�/� CLL cells toward
CXCL12 and CXCL13 in vitro

Migration and homing of leukemic cells to specific supportive cell
environments has been postulated to support leukemia cell survival and
disease progression.25-27 The chemokines CXCL12 and CXCL13 are
known to regulate normal B lymphocyte trafficking, positioning within
lymphoid follicles, and homing to the BM.28,29 Directed migration of

E�-TCL1Tg;WT and E�-TCL1Tg;Rhoh�/� CLL cells in vitro in response
to these chemokines was next examined. Input and migrated splenocyte
fraction of B cells were identified as B220� and CLL cells as
CD3�/CD5�/IgM� using flow cytometric analysis. Directed migration
of E�-TCL1Tg;Rhoh�/� CLL cells toward CXCL12 was significantly
reduced compared with E�-TCL1Tg;WT CLL cells (1.7% � 0.3 vs
7.3% � 0.4; E�-TCL1Tg;Rhoh�/� vs E�-TCL1Tg;WT, P 
 .001;
Figure 3A). ICAM-1 is a known ligand for LFA-1 and facilitates
transmigration of lymphocytes across endothelial barriers.30 Despite
increased overall response in the presence of ICAM-1 fewer Rhoh�/�

CLL cells migrated toward CXCL12 (19.4% � 5 vs 44.6% � 1.6;

Figure 2. Impaired cell-cell contact of E�-TCL1Tg;Rhoh�/�CLL and NLCs. (A-B) show colocalization of murine NLCs with CLL cells (arrowheads) in representative
bright-field photomicrographs of WT and Rhoh�/� (A) spleen cells and (B) PBMNCs of E�-TCL1Tg animals at 200� magnification (n � 2-4). The table for each panel indicates
number of CLL cells colocalized per NLC enumerated in 2 randomly selected microscopic fields at 200� magnification (WT versus Rhoh�/�; mean � SEM, **P � .0001 and
*P � .001, Student t test).

Figure 3. Significantly impaired CXCL12 and CXCL13-directed migration of E�-TCL1Tg;Rhoh�/�CLL cells. Percent migration of B220� B cells or CD3�/CD5�/IgM�CLL
cells after 4 hours in response to (A-B) CXCL12 and (C) CXCL13 in the absence (A-C) or presence (B) of 40 ug/mL ICAM-1. Shown is 1 representative experiment of 2 giving
similar results. Data show mean � SEM of triplicate wells (WT versus Rhoh�/�; *P 
 .05 and **P 
 .005, Student t test, n � 3).
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E�-TCL1Tg;Rhoh�/� vs E�-TCL1Tg, P � .02; Figure 3B). The number
of E�-TCL1Tg;Rhoh�/� CLL cells attracted by CXCL13 was also
significantly decreased (9.5% � 1.3 vs 20.0% � 1.6, E�-TCL1Tg;
Rhoh�/� vs E�-TCL1Tg;WT, P 
 .01; Figure 3C). Additional in vitro
studies examining migration at 2 hours and 6 hours revealed that this
defect was not simply because of delayed migration (data not shown).
The impaired migration was moreover not because of decreased
expression of the cognate receptors CXCR4 and CXCR5 as determined
by flow cytometry. CXCR4 expression was significantly increased on
Rhoh�/� CLL cells (MFI 169 � 6 vs 137 � 5; E�-TCL1Tg;Rhoh�/� vs
E�-TCL1Tg;WT, P 
 .01; supplemental Figures 5A and 6A), whereas
CXCR5 expression was only modestly decreased compared with WT
CLL cells (MFI 5770 � 1290 vs 7392 � 1613; E�-TCL1Tg;Rhoh�/� vs
E�-TCL1Tg;WT, P � .45; supplemental Figures 5C and 6B). The
difference in CXCR5 receptor expression may be physiologically
relevant because serum levels of CXCL13 but not CXCL12 were
considerably increased in Rhoh�/� mice (supplemental Figure 5B-D)
suggesting a compensatory response in vivo, which is also consistent
with the increased percentage of Mac-2� cells detected in E�-TCL1Tg;
Rhoh�/� spleens. Homing of lymphocytes in vivo is affected by
transient, and then firm adhesion that is mediated by integrins.Adhesion
to fibronectin a known 	1 integrin ligand was significantly increased in
the presence of CXCL12 in Rhoh�/� CLL (75.7 � 6.3% vs 44.7 � 3.9,
Rhoh�/� vs WT, P � .02; supplemental Figure 5E-F), whereas adhesion
to 	2 integrins, such as ICAM-1, was not affected (data not shown).
This may reflect increased expression of CXCR4 in the absence of

RhoH or could suggest that RhoH is involved in regulation of
chemokine induced inside-out signaling in CLL cells. These results
demonstrate that RhoH is required for directed CLL cell migration in
response to chemokines implicated in B-cell trafficking in vivo.
Increased adhesion in the presence of chemokine stimulation may
further contribute to dysfunctional transendothelial migration of Rhoh�/�

CLL cells in vivo.

Dysregulated activity of RhoA and Rac in Rhoh�/� CLL

We next determined whether these defects in Rhoh�/� CLL
cytoskeletal functions were mediated by alterations in Rho GTPase
signaling pathways. Rho GTPases, particularly RhoA and Rac, are
major regulators of cell shape and migration.9,31 These functions
require localized activation of Rho GTPases at the cell membrane
in response to chemokine stimulation.32 Deficiency of RhoH was
previously shown to be associated with increased basal Rac activity
and abnormal chemokinesis in hematopoietic cells.10,33 In E�-
TCL1Tg;Rhoh�/� CLL cells total RhoA protein expression was
rather increased and total Rac protein expression rather decreased
when normalized to 	-actin. However, E�-TCL1Tg;Rhoh�/� CLL
cells showed increased baseline activation and membrane localiza-
tion of RhoA (Figure 4A) and Rac (Figure 4B) as determined in
effector pull-down assays. After stimulation with CXCL12 and
CXCL13 there was no further activation of RhoA (Figure 4C-D) or
Rac (supplemental Figure 7A-B) in response to either cytokine in

Figure 4. Increased RhoA and Rac activity and dyregulated RhoA activation after stimulation with CXCL12 and CXCL13 in E�-TCL1Tg;Rhoh�/�CLL cells. (A) RhoA
and (B) Rac activity determined by pull-down assays in WT versus Rhoh�/�CLL samples (WT versus Rhoh�/�CLL; mean � SEM, *P 
 .05, Student t test, n � 3).
Representative photomicrographs showing immunofluorescence staining and membrane localization of (A) RhoA (green), (B) Rac (green), and DAPI stained nuclei (blue) in
fixed WT and Rhoh�/�CLL cells. Representative dot plot analysis of RhoA and Rac distribution randomly selected from 3 to 4 microscopic fields at 600� magnification are
exhibited and show increased membrane localization as indicated by arrowheads in Rhoh�/�cells. Primary WT and Rhoh�/�CLL cells were analyzed for activated and total
RhoA protein after (C) CXCL12 and (D) CXCL13 stimulation. Top panels: activated (GTP-bound) RhoA; bottom panels: total RhoA protein. Bar graphs depict the relative ratio of
GTP-bound to total protein obtained by densitometric measurement of the respective bands in blots of 2 independent experiments. These ratios were normalized to the
unstimulated condition and indicate the fold increase after chemokine stimulation (gray bars: WTCLL vs black bars: Rhoh�/�CLL; mean � SEM).
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the absence of RhoH. Thus, RhoH appears critical for the
regulation of RhoA and Rac activity in CLL cells.

Impaired chemokine-induced activation and recruitment of
focal adhesion kinase to membrane ruffles in Rhoh�/� CLL

FAK is activated by phosphorylation via Src kinases and regulates
adhesion and directed cell migration in an agonist-specific fash-
ion.34 Activation of FAK regulates RhoA and Rac activity via
guanine nucleotide exchange factors (GEFs) and GTPase activat-
ing proteins (GAPs) in a spatiotemporal fashion.11 Baseline expres-
sion and phosphorylation of FAK was not significantly altered in
Rhoh�/� CLL (Figure 5A-B). However, after activation with
CXCL12 and CXCL13 accumulation of tyrosine-925 phosphory-
lated FAK (pFAK-Tyr925) appeared impaired and was less polar-
ized within membrane ruffles in Rhoh�/� CLL cells (Figure 5C).
This may suggest that RhoH plays a role in Scr-induced FAK
phosphorylation and its localization. To assess the localization of
RhoH in relation to auto and src-phosphorylated-FAK in B lymphoid
cells, RHOH-EGFP was introduced into the precursor B-cell
leukemia line Nalm-6 (supplemental Figure 8A-C). After stimula-
tion with CXCL12, RhoH and pFAK-Tyr925 colocalized in
membrane ruffles and appeared in close vicinity at sites of cell-cell
contact (supplemental Figure 8B-C). Thus, altered pFAK localiza-
tion in Rhoh�/� CLL cells was associated with defective regulation
of GTPase activation and impaired directional movement and may
contribute to the defective cell-cell contact with NLCs in vitro.

Reduced RhoH expression and dysregulated RhoA/Rac activity
after lenalidomide treatment of primary human CLL cells

Immunomodulatory drugs, such as lenalidomide, have recently
shown efficacy in CLL, although the mechanism of action remains
obscure.35-37 Given its influence on Rho GTPase activity in
hematopoietic cells that was similar to differences noted above,38

we next treated primary human CLL samples in vitro with 0.5�M
lenalidomide, a concentration achieved in patients in vivo with
daily administration of 2.5-5 mg lenalidomide, or vehicle and
assessed GTPase activity. In 4 of 5 CLL samples, lenalidomide
treatment resulted in decreased RhoH expression (Figure 6A) and
increased RhoA and Rac activation (Figure 6B-C). Given the in
vitro effect, we next investigated whether in vivo treatment with
lenalidomide would result in altered GTPase expression and
activity in 6 paired CLL patient samples. GTPase expression and
activity was assessed in CLL samples obtained from relapsed
patients before (pre) and after 8 days (d8) of in vivo treatment with
2.5 to 5 mg/d of lenalidomide. Compared with pretreated samples,
there was a significant decrease in RhoH expression (0.44 � 0.11
vs 0.29 � 0.09; pre vs d8, mean � SEM, n � 6 patients, P � .004;
Figure 7A) and increase in RhoA (0.08 � 0.02 vs 0.40 � 0.05; pre
vs d8, P � .002; Figure 7B) and Rac (0.77 � 0.08 vs 1.43 � 0.36;
pre vs d8, P � .002; Figure 7C) activity after in vivo lenalidomide
treatment. Similar to murine Rhoh�/� CLL cells, pFAK-Tyr925
staining appeared less pronounced within membrane ruffles and at

Figure 5. Impaired and less polarized recruitment of phospho-FAK-Tyr925 to membrane ruffles in E�-TCL1Tg;Rhoh�/�CLL cells after chemokine stimulation.
(A) Total FAK and (B) phospho-FAK expression determined by immunoblot in WT versus Rhoh�/�CLL samples (WT versus Rhoh�/�CLL; mean � SEM, n � 3). (C) Primary
murine CLL cells were stained for pFAK-Tyr925 (green), F-actin (rhodamine-phalloidin, red), and nuclear DAPI (blue). Merged confocal photomicrographs are also shown, all
600� magnification. On the right representative dot plots of pFAK-Tyr925 distribution pattern in CLL cells selected from 3 to 4 microscopic fields at 600� magnification.
Arrowheads indicate accumulation of pFAK-Tyr925 in a polarized fashion in CXCL12 or CXCL13 stimulated WTCLL cells (representative of 2 independent experiments).
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sites of cell-cell contact (data not shown). Despite a low overall
migratory response of CLL cells after cryopreservation, chemokine-
induced in vitro migration tended to be reduced in lenalidomide-
treated patient samples (15%-40% vs 100%, d8 vs pre and
32%-89% vs 100%, d8 vs pre toward CXCL13 and CXCL12,
respectively; data not shown). Overall, these data show that
lenalidomide-treatment of CLL in vitro and in vivo closely
resemble the findings in the E�-TCL1Tg animal model in the
absence of RhoH and suggest a previously unrecognized mecha-
nism for lenalidomide microenvironment effects in CLL.

Discussion

RhoH was first identified as a fusion transcript with Bcl-6 in B-cell
diffuse large cell lymphoma12 and subsequently implicated in other
B-cell malignancies.13-15 Despite significant progress in the under-
standing of RhoH function in the TCR signaling pathway where it
facilitates colocalization of ZAP70 and LCK to the immune
synapse,16,18,19 the role of RhoH in B-cell malignancies is still
obscure and Rhoh�/� mice have a relatively modest B cell
phenotype. RhoH has no intrinsic GTPase activity and remains in a
GTP-bound and constitutively active state. Therefore it is regulated
by expression levels and posttranslational modifications.12 The
expression of RHOH correlates with ZAP70 expression in human

primary CLL cells suggesting an association of increased RHOH
expression with high-risk features.39 We have previously demon-
strated that disease progression in a murine model of CLL is
attenuated in the absence of RhoH despite a significant T-cell
immunodeficiency20 without fully clarifying the mechanism. Here
we explored the potential effect of RhoH deficiency on migration
and the interaction of CLL cells with supporting cells of the
malignant microenvironment.

It has become increasingly clear that a fraction of CLL cells can
proliferate in vivo within supportive niches and that response to
chemokines and access to tissue microenvironment are important
factors contributing to their survival and proliferation.3,6,7 Our data
indicate that Rhoh�/� CLL cells are able to home to the BM in vivo
less efficiently than WT CLL cells and exhibit decreased directed
migration in vitro in response to the chemokines CXCL12 and
CXCL13. CXCL12 regulates homing of CLL cells to the BM
environment via functional CXCR4 receptor expressed on these
cells and confers contact-dependent protection from spontaneous
and chemotherapy-induced apoptosis within pseudofollicles.6,40 It
has been shown that CXCR4 inhibition in vitro blocks CXCL12
induced activation, migration, and signaling, and partially sensi-
tizes CLL cells to apoptosis.41 In accordance to normal B cells,
CLL cells recirculate and home to the BM, where they receive
survival and proliferation signals from NLCs or stromal cells in a
cell-contact dependent manner.25,28,42 This may well contribute to

Figure 6. In vitro lenalidomide treatment of primary human CLL cells results in decreased RhoH expression and increased RhoA and Rac activation. Primary human
CD19�CLL samples were treated with vehicle or 0.5�M lenalidomide for the indicated time points. CLL content was � 90% in all cases. One representative experiment of 5 is
shown. (A) Western blot analysis for RhoH protein expression. (B-C) RhoA and Rac activities determined by pull-down assays. In each panel the protein of interest or active
(GTP-bound) protein is shown in top panel and the loading control or total protein is shown in the bottom panel. The bar graphs in the middle panel show ratio of RhoH to 	-actin
and activated GTP-bound RhoA or Rac protein to total RhoA or Rac protein based on densitometric measurements of the respective Western blot bands. The bar graphs in the
bottom panel summarize the respective ratios obtained in all 5 patients (gray bars: vehicle versus black bars: lenalidomide treatment; mean � SEM; (A) P � .09; (B) *P � .002;
(C) P � .24, Student t test, n � 5).
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their sustained survival and relative resistance to standard chemo-
therapy. Of note it has been demonstrated that hematopoietic
cell-specific Lyn substrate-1 (HS1)–deficient CLL cells that home
preferentially to the BM result in a more aggressive disease
phenotype in E�-TCL1Tg;HS1�/� mice, further underlining the
importance of microenvironment cross-talk in CLL progression.26

Stromal cells in B cell areas of SLT secrete CXCL13, which
regulates lymphocyte homing to these tissues and positioning of
circulating naive B cells within follicles via the cognate receptor
CXCR5.29 We show here that RhoH regulates CLL migration in
response to these chemokines and the resulting defect in the CLL
microenvironment interaction probably reduces this contact-
dependent protection from spontaneous apoptosis within prolifera-
tion centers. Impaired access to the supportive microenvironment
in the absence of RhoH may therefore contribute to the increased
apoptosis rate detected in Rhoh�/� CLL cells from the PB and
spleens. Interestingly, this phenotype appears to be specific for the
malignant CLL cells as it was previously demonstrated that RhoH
deficiency had no impact on in vitro migration of normal B cells.20

Compared with E�-TCL1Tg;WT mice the percentage of cells
staining positive for Mac-2, a well-established marker for staining
murine macrophages and dendritic cells, was increased in Rhoh�/�

spleens. Although an increased number of tumor-associated macro-
phages so far has been associated with a poor prognosis in most
clinical cancer studies,43 there is also evidence that activated
macrophages can exhibit a tumoricidal effect in CLL.44 In addition,

it has been demonstrated that both dendritic cells and macrophages
produce the B-cell attracting chemokine CXCL13,23 and that
chemokines as well as cell-contact–dependent interaction with the
NLCs supports CLL cell survival.5,7 We demonstrate reduced
interaction of murine CLL cells with NLCs derived from the PB
and spleen of E�-TCL1Tg;Rhoh�/� mice.

Rho GTPases regulate cell shape and migration via complex
interactions with severaleffector pathways that control actin poly-
merization, focal adhesion complexes, and kinase activation.9,11,31

The Rho GTPase Rap1 has been implicated in activation of
integrins resulting in defective transendothelial migration and
recirculation of CLL cells.45 RhoH was previously demonstrated by
us and others to antagonize Rac signaling10,22,33,46 and was also
implicated in maintenance of LFA-1 in the nonactivated state.47

Interestingly, it has also been shown that CLL cells can home to the
spleen in a LFA-1 and VLA4-independent manner, thus LFA-1
expression and VLA-4 activation appeared critical for the ability of
these cells to transmigrate through endothelial barriers and home to
SLTs and the BM.27 Here we demonstrate that RhoH deficiency
leads to increased basal activation and dysregulated responses to
chemokine stimulation of both RhoA and Rac. Localized activation
of Rac and RhoA at opposite ends of the migrating cell probably
depends on cross-talk between these GTPases and their antagonis-
tic regulation. It has been demonstrated that active Rac can both
suppress and increase RhoA activation and vice versa.48-51 In this
respect Src family kinases and the protein tyrosine kinase FAK can

Figure 7. In vivo lenalidomide treatment of primary human CLL cells results in decreased RhoH expression and increased RhoA and Rac activation. CLL patients
were treated daily for 8 days with 2.5 mg lenalidomide within a clinical phase 1 study. All samples obtained from 6 patients before (pre) and on day 8 (d8) of lenalidomide
treatment contained � 87% CD19� cells. Representative blots of 3 patients are displayed. (A) Western blot analysis for RhoH protein expression. (B-C) RhoA and Rac
activities determined by pull-down assays. In each panel the protein of interest or active (GTP-bound) protein is shown in top panel and the loading control or total protein is
shown in the bottom panel. The bar graphs in the middle panel show ratio of RhoH to 	-actin and activated GTP-bound RhoA or Rac protein to total RhoA or Rac protein based
on densitometric measurements of the respective Western blot band before and after treatment for each of the 3 patients. The bar graphs in the bottom panel summarize the
ratios obtained in all 6 patients (gray bars: pre treatment vs black bars: day 8 results; mean � SEM, *P 
 .05, Student t test, n � 6).
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serve as critical coordinators of the cytoskeleton response as they
are able to interact with both GEFs and GAPs thus regulating Rac
and RhoA GTPase activity.11,52 We found that the Src-dependent
phosphorylated form of FAK colocalizes with RhoH in membrane
ruffles and is located in close vicinity to RhoH at sites of cell-cell
contact. Despite overall normal expression and activation levels,
pFAK-Tyr925 staining also appeared less polarized and with lower
accumulation in membrane ruffles in CLL cells that lack RhoH.
This may explain the defective migration of CLL cells lacking
RhoH, because both RhoA and Rac are required for coordinated
cell migration in many hematopoietic cells and our data suggest
that RhoH may contribute to the regulation and modulation of both
their activity and localization.

Importantly, we also demonstrate that the finding of diminished
RhoH expression might have relevance to lenalidomide, an im-
mune modulatory agent with diverse mechanisms of action in CLL
including B-cell activation and stromal cell interactions.53 Al-
though the mechanism of B-cell activation of CLL through CD154
induction was recently reported by us, little understanding of how
lenalidomide inhibits stromal interaction has been put forward.54

Herein we demonstrate that both ex vivo and in vivo treatment of
human CLL cells with the immunomodulatory drug lenalidomide
results in reduced RhoH expression and similar dysregulation of
RhoA and Rac activation and a slightly altered distribution pattern
of pFAK within CLL cells after chemokine stimulation. Further-
more, additional data suggest that these molecular changes after in
vivo treatment with low doses (2.5 mg) of lenalidomide are also
associated with reduced migratory potential of CLL cells in
response to chemokines in vitro. In CLL this finding of pharmaco-
dynamic effect of RhoH modulation at very low doses of lenalido-
mide (2.5 mg) is important because of the poor tolerance of this
agent in CLL at higher doses (25 mg) used in lymphoma and
multiple myeloma.55 The microenvironmental influence on CLL
cell protection from apoptosis from cytotoxic agents is well
described.56 These findings suggest that lenalidomide at low doses
might have the potential to augment efficacy of standard cytotoxic
therapies used in CLL whose activity is blunted in compartments,
such as the BM. However, future work focusing on how decreased
RhoH expression influences CLL cell migration in response to
chemokines in more detail and the exact mechanism of how
lenalidomide down-regulates RhoH in CLL remains unknown and
is under investigation at this time.

Taken together, our findings provide novel mechanistic insights
in the effects of lenalidomide treatment in CLL patients and
demonstrate that RhoH is a critical component downstream of
chemokine receptor signaling required for colocalization and
cell-contact–dependent interaction of CLL cells with supportive
microenvironment tissue in vivo. This is of clinical relevance as
interference with both of these aspects in CLL pathogenesis seems
promising for the development of novel and complementary
treatment strategies for this common, yet incurable disease.
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