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We have generated mouse models of
non-Hodgkin lymphoma (NHL) that rely
on the cooperation between MYC overex-
pression and B-cell antigen receptor
(BCR) signaling for the initiation and main-
tenance of B-cell lymphomas. Using these
mouse models of NHL, we have focused
on the identification of BCR-derived sig-
nal effectors that are important for the
maintenance of NHL tumors. In the

present study, we concentrate on Spleen
tyrosine kinase (Syk), a nonreceptor ty-
rosine kinase required to transduce BCR-
dependent signals. Using a genetic ap-
proach, we showed that Syk expression
is required for the survival of murine
NHL-like tumors in vitro and that tumor
cells deficient in Syk fail to expand in
vivo. In addition, a pharmacologic inhibi-
tor of Syk was able to induce apoptosis of

transformed B cells in vitro and led to
tumor regression in vivo. Finally, we show
that genetic or pharmacologic inhibition
of Syk activity in human NHL cell lines are
generally consistent with results found in
the mouse models, suggesting that target-
ing Syk may be a viable therapeutic strat-
egy. (Blood. 2009;113:2508-2516)

Introduction

Non-Hodgkin lymphoma (NHL) is a heterogeneous group of
malignancies principally composed of mature B cells expressing
surface B-cell receptor (BCR).1 These tumors can involve the
overexpression of MYC that may result from a variety of mecha-
nisms, including chromosomal translocations, gene amplification
and mutations in the transcriptional regulatory regions.2 In the
majority of Burkitt lymphomas (BL), the t(8;14) chromosomal
translocation places the MYC gene under the control of the
immunoglobulin heavy chain (IgH) gene enhancer3,4 resulting in
constitutive overexpression of MYC. The E�-MYC mouse strain
was generated to model this chromosomal translocation.5 However,
unlike in BL tumors, E�-MYC mice develop lymphoid tumors
consisting of pre-pro–B cells lacking BCR expression that do not
resemble NHL, but rather acute lymphoblastic leukemia (ALL).6,7

In contrast, circumstantial evidence links chronic antigenic stimula-
tion through the BCR to the development of certain B-cell NHLs,2,8

and our own work has demonstrated direct contributions of antigen
and the antigen receptor in a transgenic mouse model.6

We have developed novel murine models of NHL that demon-
strate the cooperation between BCR-derived signals and MYC
overexpression during B-cell lymphomagenesis. We introduced a
transgenic BCR onto the E�-MYC background to generate E�-MYC/
BCRHEL transgenic mice. These mice develop tumors composed of
mature, naive B cells, resembling a subset of CD5� B-cell chronic
lymphocytic leukemia (B-CLL) malignancies in humans.9 The
further introduction of a transgene encoding for the cognate
antigen, soluble hen egg lysosyme (sHEL), onto the E�-MYC/
BCRHEL background results in more aggressive tumors composed
of activated mature post–germinal center (GC)–like B cells. Tu-

mors in E�-MYC/BCRHEL/sHEL mice strongly resemble BL by
several criteria.6 Pharmacologic and genetic disruption of BCR
signaling indicates that both E�-MYC/BCRHEL and in E�-MYC/
BCRHEL/sHEL tumors require BCR expression for their mainte-
nance, although the nature of the BCR signal is different and is
responsible for the different tumor phenotypes.6 Our results suggest
that E�-MYC/BCRHEL tumor B cells rely on a BCR signal analo-
gous to a constitutive BCR survival signal,10,11 whereas E�-MYC/
BCRHEL/sHELs depend on a chronic cognate antigen–driven
signal.9

The BCR is composed of a variant extracellular antigen–
interacting subunit (IgM) coupled to 2 invariant cytoplasmic
signaling subunits, Ig� and Ig�. These subunits become phosphor-
ylated on immunoreceptor tyrosine-based activation motifs (ITAMs)
by Src family kinases after antigen-dependent aggregation of the
BCR. Spleen tyrosine kinase (Syk) is a nonreceptor kinase that is
recruited to dually phosphorylated ITAMs on Ig� and Ig� after
BCR aggregation. Once recruited to the BCR complex, Syk is
activated and can phosphorylate several targets, including BLNK
and PLC�2, to propagate BCR signaling via a robust calcium
response.12 Syk-deficient mice have a near complete developmen-
tal block at pre-pro–B-cell stage.13 Other work demonstrates that
Syk is necessary for the maintenance of mature naive B cells.14

These data suggest that Syk is necessary to transduce constitutive
BCR signals10,11 in addition to cognate antigen–driven signals.

A variety of evidence indicates that Syk is an attractive
therapeutic target to treat NHL. We have previously found that
surface BCR expression is required for the maintenance of mouse
NHL-like tumors.6 Although phosphorylation of Ig� and Ig� by
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Lyn, Fyn, or other Src family kinases is generally regarded as the
first biochemical step in BCR signaling, targeting this family of
kinases with pharmacologic inhibitors is problematic due to their
ubiquitous expression, diverse activities, and redundant nature.
Syk, on the other hand, is expressed predominantly in hematopoi-
etic cells, and only has one relative, Zap-70, not commonly
expressed in most B-cell NHLs.15 We have also observed that these
murine tumor cells rely heavily upon calcium-dependent signaling
for their survival, which is directly regulated upstream by Syk. This
BCR-activated calcium signaling pathway is required for the
maintenance of murine and human BL cells.6

In the present study, we used genetic and pharmacologic
approaches to define the role of Syk in the maintenance of NHL.
Using murine models of NHL, we found that genetic disruption of
Syk expression in B-cell lymphoma cells by RNA interference
resulted in a disadvantage in an in vitro competition assay as a
result of increased apoptosis without obvious effects on prolifera-
tion. Furthermore, mouse B-cell tumor cells in which Syk expres-
sion was disrupted failed to implant upon adoptive transfer in vivo.
We also tested the efficacy of a novel Syk inhibitor in the murine
system. Pharmacologic inhibition of Syk activity in vitro also
induced apoptosis of murine B-cell lymphoma cells, and treatment
of mice bearing NHL-like B-cell lymphomas resulted in regression
of the tumors. Finally, we determined that Syk expression and
function are necessary for the survival of human NHL cell lines.
These results validate Syk as a therapeutic target in vivo, using both
genetic and pharmacologic approaches. The human cell line data
further support our results in the mouse models and are in accord
with a published report using DLBCL cell lines.16 Our results
indicate that inhibition of BCR signaling by targeting Syk is a
viable therapeutic strategy to treat NHL.

Methods

Transgenic mice and cell lines

E�-MYC mice were previously described.5 E�-MYC/BCRHEL and E�-MYC/
BCRHEL/sHEL, and their derivative murine B-cell lymphoma cells, DBL-
114, DBL-120, TBL-1, TBL-5, and TBL-90, were previously described.6

BL cell lines, RAJI, BJAB, and DAUDI were obtained from Dr John
Cambier (National Jewish Medical Research Center [NJMRC], Denver,
CO). DLBCL cell lines OCI-LY1, OCI-LY3, and Val were kindly provided
by Dr Hilda Ye (Albert Einstein College of Medicine, New York, NY).
DLBCL cell lines SudHL-4 and SudHL-6, and MCL cell lines GRANTA
and NCEB were a gift of Drs Craig T. Jordan and Randall M. Rossi
(University of Rochester, Rochester, NY). All cells were maintained in C10
media,6 except DAUDI, OCI-LY1, OCI-LY3, and Val cells, which were
maintained in Iscove modified Dulbecco medium (IMDM) supplemented
with 10% fetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin.
Approval for the use of deidentified human lymphoid cells was obtained
from the NJMRC Institutional Review Board for these studies. All
experiments with mice also received approval from the NJMRC Institu-
tional Review Board.

Western blot analysis

Cells were lysed with 1% Triton X-100 as previously described.17 Protein
concentration of the postnuclear supernatants (PNSs) was determined as
previously described.17 PNSs were analyzed by SDS-PAGE as previously
described.15 Anti-Syk rabbit serum was kindly provided by Dr John
Cambier. Anti-phospho (Y525/Y526) Syk rabbit serum from Cell Signaling
Technologies (Danvers, MA) and anti–�-actin mouse antibody (8226) was
obtained from Abcam (Cambridge, MA). Secondary horseradish peroxidase
(HRP)–linked anti–rabbit and anti–mouse were purchased from Cell
Signaling Technologies. Blots were stripped by incubation with 0.2 M

NaOH for 5 minutes, quenched with Tris-buffered saline Tween-20 (TBST;
50 mM Tris, pH 7.6, 150 mM NaCl2 and 0.1% [vol/vol] Tween-20), and
then reblocked. Blots were developed on Kodak BioMax Light film
(Kodak, Rochester, NY) using a X-OMAT 2000 developer (Kodak).

Disruption of gene expression by shRNA in tumor cells

The generation and cloning of small RNA hairpins (shRNAs) into lentiviral
vectors was previously described.6 Target sequences are as follows: shmSyk
TAGTGAAGCCACAGATGTA; shLuc CTTACGCTGAGTACTTCGA;
shhSyk.1 GTCGAGCATTATTCTTATA; shhSyk.2 GGAATAATCTCAA-
GAATCA. Lentiviral infection protocols were previously described.6

To validate knockdown of Syk, infected DBL-114 or BJAB cells were
sorted to greater than 95% green fluorescent protein (GFP) expression on a
MoFlo cell sorter (Dako, Glostrup, Denmark) in the NJMRC flow
cytometry core facility. Sorted cells were lysed and subjected to Western
blot analysis with anti-Syk rabbit antisera. Blots were stripped and reprobed
with anti–�-actin to determine relative loading. Western blots were scanned
from film with a Perfection 1670 digital scanner (Epson, Long Beach, CA)
and densitometry of bands was determined using UnScanit software (Silk
Scientific, Orem, UT). The density of each band corresponding to Syk
protein was normalized to the density of bands corresponding to �-actin,
and this ratio was normalized to the control lane (no transduction).

The in vitro and in vivo competition assays were described previously.6

Tumor spleens and nodules were imaged in brightfield and epifluorescence
by a Zeiss Discovery V08 Stereo microscope (Carl Zeiss, Peabody, MA).

Pharmacologic inhibitors of Syk

R406 and R78818 were provided by Rigel Pharmaceuticals (South San
Francisco, CA). R788 was administered to mice intraperitoneally (IP) at
80 mg/kg per day.

Cell viability and apoptosis assays

MTS cell viability assays were performed using the Celltiter 96 reagent
(Promega, Madison, WI) as previously described.19 Briefly, a 2-fold
titration of R406 was made and 2.5 � 104 live cells added per well in a
96-well plate and allowed to incubate overnight before addition of MTS
reagent. For data analysis, the value for media alone was subtracted from all
wells as background, and then all samples were normalized to the value of
the well without R406.

Apoptosis was measured using either 7-amino-actinomycin D (7-AAD)
or propidium iodide (PI). 7-AAD (EMD, Gibbstown, NJ) was performed as
previously described.20 The protocol for PI staining was previously
described.21 Cells for PI labeling were obtained through 2 methods. First,
cells were infected with a virus possessing a GFP reporter gene and sorted
for greater than 95% GFP expression, allowed to recover for 2 days, and
then stained. Second, cells were infected with virus containing a Thy1.1
reporter gene. These cells would have a mix of infected (Thy1.1�) and
uninfected (Thy1.1�) cells, and infected cells were determined by a
fluorescein isothiocyante (FITC)–conjugated anti-Thy1.1 antibody (Becton
Dickinson, Franklin Lakes, NJ). For both 7-AAD and PI analysis, necrotic
cells were excluded based on their forward and side light scattering
properties.

Pharmacologic inhibition of Syk in vivo

Tumors were transplanted into cohorts of age- and sex-matched C57/BL6
mice as previously described.6 Mice in one group were injected IP with
250 �L R788 at 4 mg/mL once daily (�80 mg/kg per day), while mice in
the other group were injected with 250 �L vehicle daily. Pharmacokinetic
data for R788 administered IP revealed detectable levels of R406 in the
plasma of mice given a dose of 10 mg/kg (Figure S1; available on the Blood
website; see the Supplemental Materials link at the top of the online article).
Injections were carried out for a total of 7 days. The following day, between
3 and 5 mice were taken from each cohort, plus 2 or 3 wild-type control
mice, for analysis of tumor burden. Those mice were killed and their lymph
nodes were harvested as previously described.6 The remaining mice were
left in the vivarium and survival kinetics were determined in accordance
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with NJMRC Institutional Animal Care and Use Committee (IACUC)
guidelines.

Results

Syk expression is retained in murine B-cell lymphomas

We hypothesized that Syk expression and activity are required
for the maintenance of NHL. We initially examined the levels of
Syk expression and function in our murine B-cell lymphomas to
ensure the validity of our hypothesis. We prepared detergent
lysates of cells obtained from E�-MYC, E�-MYC/BCRHEL, and
E�-MYC/BCRHEL/sHEL mice, and from primary, wild-type
B cells purified from lymph nodes (LN) and spleens of C57/BL6
mice, without or with acute BCR stimulation by anti-IgM to
crosslink surface BCR and activate Syk kinase. We loaded
15 �g of each lysate on to an SDS-PAGE gel for subsequent
Western blot analysis. All samples had Syk expression as shown
by Western blot with anti-Syk rabbit antibody (Figure 1 top
panel). Relative to naive B cells, we found that E�-MYC and
E�-MYC/BCRHEL tumors have reduced Syk expression, whereas
E�-MYC/BCRHEL/sHEL tumors have modestly enhanced Syk
expression when normalized to levels of �-actin expression
(Figure 1 bottom panel). By blotting with anti–phospho-Syk
Y525/526 rabbit antibodies, we observed activation of Syk in
wild-type B cells stimulated with anti-IgM (Figure 1 middle
panel). In contrast, we found no comparable activation in any of
the transformed B-cell lysates. These results indicate that Syk
expression is maintained in transformed B cells, but that
expressed Syk is not acutely activated (see “Discussion”).

Genetic disruption of Syk expression in transformed B cells
results in apoptosis

To evaluate the role of Syk expression in the maintenance of
B-cell lymphomas, we used RNA interference to reduce Syk
expression. A shRNA targeting murine Syk was designed and
designated shmSyk, using a previously described algorithm22

and software, and then cloned into a lentiviral expression vector
that also encodes a GFP reporter.23 To evaluate this shRNA, we
used polyclonal B-cell tumor lines derived from either E�-MYC/
BCRHEL tumor cells, named DBL-114 cells, or E�-MYC/BCRHEL/

sHEL tumors, named TBL-1 cells (see “Methods”). DBL-114
cells were transduced with empty vector, a control shRNA
targeting firefly luciferase (shLuc), or the shRNA specific to Syk
(shmSyk). Transduced cells were sorted to enrich for GFP
expression to greater than 95%, using a high-speed cell sorter
(data not shown). Sorted cells were next lysed in 1% Triton
X-100, and 15 �g of each lysate was subjected to Western blot
analysis with anti-Syk rabbit polyclonal antibody. Blots were
then stripped and reprobed with anti–�-actin mouse monoclonal
antibody to determine relative protein loading between samples
(Figure 2A). Quantitation of band densities on 2 independent
blots showed that the Syk-specific shRNA reduced Syk expres-
sion by 80% relative to controls (see “Methods”).

We next performed an in vitro competition assay to evaluate
whether targeted knockdown of Syk expression affected NHL-like
mouse tumor cells. DBL-114 and TBL-1 cells were transduced
with empty vector, shLuc, or shmSyk. Initial transduction effi-
ciency was determined by flow cytometry 2 days after transduction,
and the frequency of GFP-positive cells relative to the empty vector
control was monitored every other day for 14 days. Tumor cell lines
harboring shmSyk showed a time-dependent reduction in the
frequency of GFP-positive cells relative to uninfected cells in the
same well (Figure 2B), suggesting they had a competitive disadvan-
tage. Transduction of shLuc had no significant effect on the
frequency of GFP-positive cells over time, demonstrating that
engagement of the Dicer pathway by a double-stranded RNA
substrate does not affect tumor B cells (Figure 2B). Similar rates
for loss of shmSyk-expressing cells were observed for E�-MYC/
BCRHEL and E�-MYC/BCRHEL/sHEL tumor cells, indicating that
both types of BCR signals rely on Syk expression (Figure 2B).

Figure 1. Syk expression and activity in NHL-like murine tumor B cells.
Representative Western blot of naive and anti-IgM stimulated (5 minutes) wild-type
B cells from spleen compared with 2 separate tumor spleens each from E�-MYC,
E�-MYC/BCRHEL, and E�-MYC/BCRHEL/sHEL mice. Cells were lysed with 1% Triton
X-100 in the presence of phosphatase and protease inhibitors, and blotted for
anti–phospho-Syk (human Y525/526) (middle panel), stripped and reprobed for
anti-Syk (top panel), and then stripped a second time and probed for anti–�-actin
loading control (bottom panel).

Figure 2. Knockdown Syk expression confers a competitive disadvantage
through the induction of apoptosis. (A) Semiquantitative Western blot analysis of
Syk knockdown in murine tumor B cells (DBL-114) with anti-Syk (top panel) and
anti–�-actin (bottom panel) of the stripped blot. Cells were infected with empty vector
(pLL3.7), control shRNA (shLuc), or Syk-specific shRNA (shmSyk). Percent knock-
down determined from 2 separate blots. (B) Plot of in vitro competition assay in TBL-1
or DBL-114 cells infected with either control shLuc or shmSyk. Competition between
infected (GFP�) and uninfected cells (GFP�) cells is shown. All samples were
normalized to percent of GFP� cells on day 2 after infection and shown relative to
empty vector pLL3.7 thereafter (n 	 4). (C) Plot of 7-AAD–positive cells normalized
to levels of 7-AAD expression in cells expressing shLuc relative to 7-AAD expression
in shmSyk (n 	 3). (D) PI staining of DBL-114 tumor B cells expressing shLuc (gray
filled, top number) or shmSyk (black trace, bottom number) 2 days after sorting for
greater than 95% GFP-expressing cells.
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The in vitro competition assay used in Figure 2B is unable to
differentiate between changes in cellular proliferation and survival.
To determine whether Syk knockdown resulted in decreased cell
proliferation, we transduced DBL-114 cells with a lentivirus
encoding shmSyk and a Thy1.1 reporter gene. Transduced DBL-
114 cells were labeled with carboxyfluoroscein succinimidyl ester
(CFSE) 4 days after the last day of transduction. Cell division can
be tracked by following the dilution of CFSE over time using flow
cytometry, which is diluted among the daughter cells after cell
division. Analysis of CFSE-labeled cells 24, 48, and 72 hours later
did not reveal a significant difference in proliferation between the
control shLuc and the Syk-specific shRNA (data not shown).

We next determined if Syk knockdown resulted in increased
apoptosis, as determined by 7-AAD (7-amino-actinomycin D)
exclusion from live cells. TBL-1 and DBL-114 cells transduced
with virus-expressing shLuc or shmSyk encoding a Thy1.1 reporter
gene were labeled with 7-AAD 5 days after infection. Examination
of Thy1.1-positive cells revealed that knockdown of Syk resulted
in a 3-fold increase in the proportion of 7-AAD–positive cells
compared with control shRNA (Figure 2C). We confirmed these
results with PI staining for total DNA content of cells in each
culture. Using this method, we observed a 2-fold increase in the
population of cells harboring subdiploid DNA,24 a hallmark of
apoptosis,25 in shmSyk versus shLuc-transduced cells (Figure 2D).
Together, these results indicate that Syk knockdown induces
apoptosis in B-cell lymphoma cells.

Syk expression is required for tumor maintenance in vivo

To validate the conclusions drawn from the in vitro competition
assay we next examined how genetic ablation of Syk affects tumor
maintenance in vivo. DBL-114 cells were transduced with control
shLuc or Syk-specific shmSyk shRNA. Four days after transduc-
tion, a mixture of infected (GFP�) and uninfected (GFP�) cells
were transplanted into Rag1�/� recipient mice. When the transplant-
recipient mice developed externally evident clinical signs of
disease (scruffy fur, hunched posture, dehydration, labored breath-
ing, splenomegaly, and lymphadenopathy), they were euthanized,
and their tumors were harvested. GFP fluorescence was observed in
spleens and tumor masses from these mice by epifluorescence
microscopy (Figure 3A); tumorous lymph nodes were not imaged
because of low GFP fluorescence. The images in Figure 3A show a
qualitative decrease in GFP fluorescence in tumors expressing
shmSyk, relative to shLuc. Although both cohorts of mice devel-
oped tumors, GFP� cells were observed only in those mice that
received control shRNA (Figure 3A). The percentage of GFP�

tumor cells from each mouse was determined by fluorescence-
activated cell sorting (FACS) analysis of single-cell suspensions

obtained from tumor masses (Figure 3B). We again observed an
absence of GFP� cells in those mice that received shmSyk-
transduced cells, demonstrating that loss of Syk expression confers
a competitive disadvantage to established B-cell tumors. These
data suggest that Syk expression is necessary for expansion of
mature E�-MYC/BCRHEL tumors in vivo. TBL cells were not used
in this assay because their transduction efficiency with lentiviral
vectors is not high enough for this less sensitive in vivo assay.

Pharmacologic inhibition of Syk activity induces apoptosis of
B-cell lymphoma cells in vitro

Our results from genetic disruption of Syk on tumor maintenance
(Figures 2,3) indicate that Syk is a potential therapeutic target to
treat NHL. We sought to test this idea with a pharmacologic
approach. We obtained the small molecule inhibitors of Syk
function named R406 and R788, where R788 is a prodrug of R406
for use in vivo. R406 is a bioavailable Syk inhibitor shown to
inhibit Syk-dependent phosphorylation of SLP-65 in anti-IgM–
treated RAMOS cells.18 Furthermore, R406 treatment of primary
splenocytes inhibits both CD69 up-regulation18 and calcium flux
after BCR cross-linking (R.M.Y. and Y.R., unpublished results,
August 2006). We decided to test R406 and R788 in our mouse
models of NHL.

We performed an MTS cell viability assay on E�-MYC/BCRHEL

and E�-MYC/BCRHEL/sHEL tumor cells. We found a dose-
dependent decrease in cellular metabolism with increasing concen-
trations of R406 with the EC50 of R406 in the high nanomolar range
for both types of murine tumors (Figure 4A). The MTS assay is
unable to distinguish between decreases in cellular metabolism
caused by changes in cell proliferation or cell death. E�-MYC/
BCRHEL and E�-MYC/BCRHEL/sHEL tumor cells were stained
with CFSE and then treated with 2 �M R406, the lowest dose at
which we observed a maximal effect. CFSE staining did not reveal
a significant defect in cell proliferation after 24 or 48 hours
compared with dimethyl sulfoxide (DMSO) alone (data not shown).
We next examined whether R406 treatment of these murine
lymphoma cells resulted in cell death. E�-MYC/BCRHEL (DBL-
114 and DBL-120) and E�-MYC/BCRHEL/sHEL (TBL-1, TBL-90)
tumor cells were treated with 2 �M R406 for 24 hours before PI
staining and analysis. R406 treatment resulted in a substantial
increase in subdiploid apoptotic cells (black) compared with
DMSO vehicle control (gray) for all cell lines tested (Figure 4B,C).
Moreover, when we used a second method to detect apoptotic cells,
7-AAD, we observed that 2 �M R406 for 24 hours resulted in a
marked increase in 7-AAD staining (Figure 4C). Experiments on
DLBCL cell lines also found that R406 induced apoptosis via a
cell-intrinsic caspase 9 and 3 pathway.16 These results confirmed

Figure 3. Syk-deficient lymphomas fail to expand in
mice. DBL-114 tumor B cells were infected with either
pLL3.7-shLuc or pLL3.7-shmSyk and then adoptively
transferred into mice. Mice were killed when they devel-
oped externally palpable tumors (A). Representative
brightfield or fluorescent images of tumor spleens and
tumor nodules harvested from mice. (B) Quantitation of
percent GFP� cells left in tumors relative to the percent-
age of GFP� cells transferred into the mice, as deter-
mined by FACS analysis of cells before adoptive transfer
and after tumor harvest.
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our genetic data and indicate that inhibition of Syk activity by
R406/788 induces apoptosis of transformed B cells.

Pharmacologic inhibition of Syk activity in murine models of
NHL resulted in tumor remission

We took advantage of our ability to transplant tumors, from either
tumor-bearing mice or cell lines, into cohorts of recipient mice.
This approach allows us to test the effects of a specific compound
on a statistically relevant number of independent animals that
harbor the same tumor in a synchronized manner. We transplanted
E�-MYC/BCRHEL and E�-MYC/BCRHEL/sHEL (TBL-1) tumors
into cohorts of syngeneic age- and sex-matched C57BL6 recipient
mice. In addition, we also transplanted E�-MYC tumors as a
control, because these tumors are not dependent on BCR-derived
signals for their initiation or maintenance. After the cohorts of
recipient mice developed externally evident clinical signs of
disease, we administered 80 mg/kg per day of the Syk inhibitor
R788, or an equal volume of vehicle as a control, for 7 consecutive
days. Pharmacokinetic data for R788 administered IP revealed
detectable levels of R406 in the plasma of mice given a dose of
10 mg/kg (Figure S1). Subsets of mice from the R788-treated or
vehicle-treated cohorts were euthanized 24 hours after the last day
of treatment. At that time, their spleens and lymph nodes were
harvested and used to generate single-cell suspensions that were
then enumerated. The remaining mice in the cohorts stayed in the
vivarium for long-term observation to determine whether any
remission induced by the transient treatment resulted in an
extension of their lifespan.

R788 treatment markedly reduced tumor burden relative to
vehicle in E�-MYC/BCRHEL (Figure 5A) and E�-MYC/BCRHEL/
sHEL (TBL-1) tumors (Figure 5B). In addition, R788 treatment
extended the survival of mice transplanted with either E�-MYC/
BCRHEL (Figure 5D) and E�-MYC/BCRHEL/sHEL (Figure 5E).
After an initial remission, mice with E�-MYC/BCRHEL and E�-
MYC/BCRHEL/sHEL (TBL-1) tumors that were transiently treated

with R788 relapsed and uniformly died as a result of their tumors.
In contrast, mice transplanted with E�-MYC tumors had no
significant reduction in tumor burden (Figure 5C), and treatment of
these tumors did not affect the survival of mice transplanted with
E�-MYC tumors relative to treatment with vehicle alone (Figure
5F), suggesting R788 is not a general mitostatic agent. One
difference of tumors arising in E�-MYC mice is that they do not
express surface BCR and developed in the absence of BCR
signaling. These data suggest that R788 is inhibiting Syk activity in
the context of BCR signaling, although we cannot rule out
differences in R788 sensitivity due to the different developmental
state of the E�-MYC tumors. These data also validate the notion of
acute dependence of established B-cell lymphomas on continuous
BCR signaling.

Human B-cell lymphomas require Syk activity for survival
in vitro

Results from our mouse models of NHL demonstrate that Syk
expression and activity are required for tumor maintenance. We
wanted to validate our observations obtained in the mouse model of
NHL by testing the requirement for Syk in human cells to rule out
any potential differences between the 2 species. We examined
whether human B-cell lymphomas were also dependent on Syk
expression for their survival in vitro. For these experiments, we
used the human BL tumor cell lines RAJI and BJAB. We found
robust Syk expression in both of these cell lines (data not shown).
We generated an shRNA to disrupt expression of human Syk.
BJAB cells were transduced with empty vector (pLL3.7), shLuc, or
shRNAs specific for human Syk, shhSyk.1 and shhSyk.2. Trans-
duced cells were sorted for GFP expression and then lysed with
1.0% Triton X-100 as described above for knockdown of murine
Syk (Figure 2A). Semiquantitative Western blot analysis indicated
that we had near 90% knockdown of Syk protein expression with
the Syk-specific shhSyk.2 shRNA (Figure 6A).

Figure 4. Inhibition of Syk activity induces cell death in tumor
B cells. Cells were treated with R406 in vitro. (A) A representative plot
of cell viability as determined by MTS assay by concentration of the
Syk inhibitor R406 (n 	 4). (B) Representative plots of PI stains of
TBL-1 and DBL-114 tumor B cells treated with DMSO (gray shaded)
or 2 �M R406 (black trace). The bar is gated on subdiploid DNA for
apoptotic cells. The bottom percentage is for DMSO treatment and
the top for R406. (C) A bar graph depicting percent positive 7-AAD
(top panel) or PI (bottom panel) after 24-hour treatment with DMSO
(■ ) or 2 �M R406 (�).
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Using these constructs, we performed an in vitro competition
assay to determine whether RAJI or BJAB cells are dependent on
Syk expression for their survival. Cells were transduced with
empty vector, shLuc or shhSyk.2. Both shLuc and shhSyk.2
infections were normalized to the initial transduction efficiency
determined 2 days after transduction, and the frequency of GFP-
positive cells relative to empty vector were monitored by FACS
analysis every other day for 14 days. RAJI cells harboring
shhSyk.2 had a reduction in the frequency of GFP� cells over time,
whereas cells expressing shLuc did not, suggesting knockdown of
Syk results in a competitive disadvantage relative to RAJI cells
expressing shLuc (Figure 6B). In contrast, disruption of Syk
expression in BJAB cells did not result in competitive disadvantage
compared with cells expressing the control shRNA.

To test the requirement for Syk function in the human NHL cell
lines, we treated cells with R406 in vitro. We tested the affect of
R406 treatment on a panel of human NHL cell lines in vitro,
including BL, DLBCL, and mantle cell lymphoma (MCL) cell
lines. We evaluated the effect of R406 on the human NHL cell lines
by MTS cell viability assays, as described for the murine cell lines
in Figure 3C. We found that the human NHL cell lines were
generally less sensitive to R406 compared with the murine cell
lines (Figure 7A). For the BL cell lines tested, we found that RAJI

cells were highly sensitive to R406, but that only a fraction of the
BJAB cells were sensitive (see “Discussion”). This mirrors the
genetic results shown in Figure 6B. We found that the DLBCL cell
lines were generally more resistant to R406 than the BL cell lines,
whereas MCL cell lines were the most resistant to R406. To
ascertain the induction of apoptosis by R406 in the human NHL
cell lines, RAJI and BJAB cells were treated with 2 �M R406 or an
equivalent volume of vehicle (DMSO) for 24 hours, fixed and
permeabilized with ethanol, and labeled with PI. FACS analysis
revealed that R406 treatment (black) led to a dramatic increase in
apoptotic cells with subdiploid DNA compared with DMSO
control (gray) in RAJI cells, and to a lesser extent in BJAB cells
(Figure 7B), in agreement with results obtained from the MTS
assay. These data demonstrate that inhibition of Syk activity
induces apoptosis in human NHL cell lines, suggesting Syk is an
attractive therapeutic target for treating human NHL.

Discussion

Current treatment approaches to certain NHLs have raised the
possibility that targeting the antigen receptor pathway in lympho-
mas may be a viable approach for the development of novel

Figure 5. Inhibition of Syk activity by R788 reduces
tumor burden and increases survival in mouse mod-
els of NHL. Cohorts of mice were adoptively transferred
with primary tumors or tumor cell lines. At the first
external sign of tumors, mice were treated with either
80 mg/kg per day of R788 or control vehicle for 7 days.
One day after treatment, 3 or more mice were harvested
from R788 or control groups to determine tumor burden
relative to wild-type mice. Representative plots of tumor
burden as assessed by total number of live cells in the
lymph nodes of mice are shown for (A) primary E�-MYC/
BCRHEL tumors, (B) E�-MYC/BCRHEL/sHEL (TBL-1) tu-
mors, or (C) primary E�-MYC tumors (n 	 2). The
remaining mice were left in the vivarium to determine
whether R788 treatment affected survival. Representa-
tive plots of tumor survival are shown for (D) primary
E�-MYC/BCRHEL tumors, (E) E�-MYC/BCRHEL/sHEL
(TBL-1) tumors, or (F) primary E�-MYC tumors. No AT
and no treatment (E), AT tumor and treatment with
control vehicle (�), or AT tumor and treatment with
80 mg/kg per day R788 (Œ) are shown (n 	 3). P values
for vehicle versus R788 are less than .002 for E�-MYC/
BCRHEL and E�-MYC/BCRHEL/sHEL tumors.

Figure 6. Genetic disruption of Syk expression in human NHL
cell lines. Syk expression was disrupted in human BL cell lines.
(A) Semiquantitative Western blot analysis of Syk knockdown in
BJAB cells with anti-Syk (top panel); blots were then stripped and
reprobed with anti–�-actin (bottom panel). Cells were infected with
empty vector (pLL3.7), control shRNA (shLuc), or Syk-specific shRNA
(shSyk). Percent knockdown was determined by densitometry of the
Syk bands relative to the �-actin bands. (B) Plot of in vitro tumor
competition assay in RAJI and BJAB cells infected with either control
shLuc or shhSyk, as described in Figure 4 (n 	 4).
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therapeutics. In the present study, we used complementary genetic
and pharmacologic approaches to show that Syk expression and
function are necessary for the survival of mature B-cell neoplasias.
We found that genetic disruption of Syk in both murine B-cell
lymphoma cell lines and the human RAJI B-cell lymphoma line
conferred a competitive disadvantage, relative to untransduced
cells in vitro, as a result of increased apoptosis. Moreover, Syk
expression is required for the expansion of murine B-cell lympho-
mas in vivo. This genetic data suggested that inhibition of Syk
activity might be a possible therapeutic strategy for NHL. Inhibi-
tion of Syk activity with R406 generally induced apoptosis in both
murine and human B-cell lymphoma cell lines. We used the mouse
models of NHL to test the efficacy R788 (in vivo R406) in vivo on
transplanted tumors. We found that treatment of mice with
E�-MYC/BCRHEL or E�-MYC/BCRHEL/sHEL NHL-like tumors
with the Syk inhibitor led to acute tumor remission and extended
mouse survival. In contrast, treatment of mice with E�-MYC
tumors, which are not dependent on BCR signaling for their
survival, did not result in tumor remission. These results show the
value of our murine model systems to first, identify potential
therapeutic targets, and then to perform preclinical testing of novel
therapeutic agents against the targets.

We have described 2 types of BCR-derived signals that
cooperate with MYC in our murine models of NHL.6 Both types of
BCR-dependent signals are required for the survival of the
resultant lymphoma, but they are qualitatively distinct and differen-
tially affect lymphoma development. E�-MYC/BCRHEL tumors
require a constitutive BCR signal, which occurs in the absence of a
cognate antigen. We hypothesize that this signal is analogous to the
constitutive BCR signals essential to B-cell development and the
survival of mature naive B cells.26,27 On the other hand, E�-MYC/
BCRHEL/sHEL tumor B cells develop with cognate antigen to their
transgenic BCR.6 In this case, MYC overexpression breaks self-
tolerance, and B cells continue to proliferate in response to chronic
stimulation by self-antigens.9 This signal is less characterized, as it
does not have a wild-type homologue. To our surprise, we observed
no difference in Syk phosphorylation between E�-MYC/BCRHEL

and E�-MYC/BCRHEL/sHEL tumor B cells. In contrast, we have
previously reported that E�-MYC/BCRHEL and E�-MYC/BCRHEL/
sHEL tumors are sensitive to distinct immunosuppressant drugs
acting downstream of the BCR.6 We also have genetic data
indicating that these 2 BCR signals are differentially reliant on
nuclear factor kappa B (NF-
B) and Akt signaling (R.M.Y. and

Y.R., unpublished results, March 2007) Therefore, although
2 distinct signals are present, it is not clear whether they are
different at the level of Syk expression and phosphorylation. It is,
therefore, possible that chronic cognate-antigen stimulation of a
BCR on a B-cell lymphoma could be confused with a constitutive
BCR signal, although antigen may, in fact, be driving the BCR-
derived signal.

Previous reports have examined the role of constitutively active
or hyperactive Syk in lymphoma. For example, Syk was found to
be constitutively phosphorylated in RAJI and follicular lymphoma
cell lines.28 Likewise, expression of a constitutively active mutant
of Syk, Tel-Syk, in pre-B cells induced a novel lymphoma.29 In
contrast, our results suggest that basal Syk activity, as observed
through the absence of elevated Y525/526 phosphorylation, is
enough to maintain NHL-like lymphomas, in agreement with
findings in DLBCL cell lines.16 Moreover, it has been demonstrated
that a dominant positive form of Syk cannot substitute for BCR
ligation alone.30 Therefore, it is normal BCR-dependent signals
that cooperate with deregulated MYC expression to drive lym-
phomagenesis. In this scenario, BCR signals transduce a survival
signal, and the overexpression of MYC substitutes for cytokine
signaling to promote cellular proliferation and survival.9 This
suggests that wild-type B cells could also be equally affected by
R406/R788 treatment since they also rely on basal Syk activity for
their survival.13 In support of this hypothesis, toxicity studies show
that R788-treated rats have mild lymphopenia.18

Our models demonstrate a role for BCR signaling in promoting
lymphoma survival is conserved across a spectrum of B-cell
NHLs.6 This suggests that targeting Syk activity may be a viable
therapeutic strategy these malignancies. We have focused on BL,
but our R406 cell viability data on human cells in Figure 7 shows
that other human NHL cell lines tested had some response to R406.
We found that MCL cell lines tested were somewhat resistant to
R406 treatment. A recent study also found that inhibition of Syk
activity with piceatannol in MCL cell lines had mixed results in
inhibiting cell growth.31 On the other hand, we generally found a
high efficacy of R406 on DLBCL cell lines, in agreement with
results from Chen et al,16 which reported that surface BCR
expression directly correlated to R406 sensitivity. Likewise, all
DLBCL cell lines we tested were sensitive to R406 and reported to
be BCR�, with the exception of Val, which was not examined in
that study. The work by Chen et al also examined the tyrosine
phosphorylation of state of Syk by Western blot and FACS

Figure 7. Inhibition of Syk activity in a panel of
human NHL cell lines. The R406 Syk inhibitor was
tested against several human NHL cell lines. (A) Repre-
sentative cell viability plots as determined by MTS assay
by concentration of the Syk inhibitor R406. Plots are
separated by cell type: BL (left), DLBCL (center), and
MCL (right). (B) Representative plots of PI stains of RAJI
and BJAB human tumor B cells treated with DMSO
(gray) or 2 �M R406 (black). The bar shows apoptotic
cells staining for subdiploid DNA. The top percentage is
for DMSO treatment and the bottom for R406.
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analysis. They found no Syk phosphorylation at Y525/526 before
BCR crosslinking, in agreement with our results. However, resting
levels of Y352 correlated with DLBCL cell sensitivity to R406
treatment, suggesting that a basal level of Syk activity exists
downstream of the BCR. Taken as a whole, these results indicate
that targeting BCR-dependent signals by the inhibition of Syk
activity may be a potential therapeutic strategy for a spectrum of
NHLs that rely on BCR-derived survival signals.

BCR expression alone may not account for sensitivity to R406.
We hypothesize that bypass mutations resulting in R406 resistance
may be a result of Zap-70 expression. Zap-70 is a relative of Syk
primarily expressed in T-cell lineages, but it is functionally quite
different from Syk. Zap-70 is 100-fold less active than Syk, and
Zap-70 also requires Src family kinases for its own activation.32

Interestingly, Zap-70 expression has been implicated in the patho-
genesis of B-CLL,33 and patients with B-CLL tumors expressing
Zap-70 generally have a poor prognosis.34 We speculate that tumors
that do not respond to R406 treatment express Zap-70, which could
be activated independently of the BCR. The specific contributions
of Zap-70 to murine BL tumors that lack Syk can be directly
examined in our mouse models of NHL.

Therapeutic targeting of the BCR pathway in NHL is currently
being explored in the clinic. For example, mucosa-associated
lymphoid tissue (MALT) lymphoma is treated with a course of
3 antibiotics to eliminate the antigen that propels those tumors.35,36

It is not clear, however, that the specific antigen that drives MALT
lymphomas is encoded by the Helicobacter pylori genome, or a
self-antigen whose expression on epithelial cells is induced by the
bacteria. This is an unusual case where the instigating antigen can
be removed, and may not easily translate into cases where the
specificity of the B-cell lymphoma cells is directed to a self-
antigen. Another example involves the targeting of immunoglobu-
lin complexes on the surface of B-cell lymphomas, by specifically
generating monoclonal antibodies to an idiotype,37,38 and is, thus, a
tumor-specific approach. Currently, R788 is in clinical trials to treat
NHL in relapsed refractory cases as part of a phase 1/2 clinical trial.
The key advantage of a small molecule inhibitor of downstream
signals from the BCR, like R788, is that it moves away from
specific instances and can be applied more readily across a wide
spectrum of tumors. Our results using mouse models of NHL

indicate that R788 will be effective against NHLs that rely on BCR
signaling for their survival.
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