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Epstein-Barr virus (EBV) infection and latency has been associated with malignant diseases including
nasopharyngeal carcinoma, Hodgkin lymphoma, Burkitt lymphoma, and immune deficiency associated
lymphoproliferative diseases. EBV-encoded latent membrane protein 2A (LMP2A) recruits Lyn and Syk
kinases via its SH2-domain binding motifs, and modifies their signaling pathways. LMP2A transgenic
mice develop hyperproliferative bone marrow B cells and immature peripheral B cells through modula-
tion of Lyn kinase signaling. LMP2A/A-MYC double transgenic mice develop splenomegaly and cervical

Ié:?; ﬁgﬁsm homa lymphomas starting at 8 weeks of age. We reasoned that targeting Lyn in LMP2A-expressing B cells with
Dasati niz P dasatinib would provide a therapeutic option for EBV-associated malignancies. Here, we show that dasat-

Epstein-Barr virus (EBV) inib inhibits B cell colony formation by LMP2A transgenic bone marrow cells, and reverses splenomegaly
Latent membrane protein 2A (LMP2A) and tumor growth in both a pre-tumor and a syngeneic tumor transfer model of EBV-associated Burkitt
Lyn lymphoma. Our data support the idea that dasatinib may prove to be an effective therapeutic molecule

Post-transplant lymphoproliferative
diseases (PTLD)

for the treatment of EBV-associated malignancies.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Greater than ninety percent of humans are infected with Epstein-
Barr virus (EBV) by adulthood, and the virus establishes a lifelong la-
tent infection in memory B lymphocytes (Cohen, 2000; Thorley-
Lawson, 2001; Thorley-Lawson and Gross, 2004). Latent EBV
infection causes minimal to no harm to hosts with intact immune
systems, but infection is associated with a variety of malignancies
including Burkitt lymphoma and Hodgkin lymphoma. In humans
with decreased T cell immunity, including those with acquired
immunodeficiency syndrome (AIDS) and those who are immuno-

Abbreviations: BCR, B cell receptor; Das, dasatinib, a small molecule inhibitor of
Src and Abl kinases; EBV, Epstein-Barr virus; A-MYC, transgenic mice expressing
MYC under the regulatory DNA sequence of immunoglobulin % gene; LMP2A, EBV-
encoded latent membrane protein 2A; PTLD, post-transplant lymphoproliferative
disorders; Rag1 KO, recombinase activating gene-1 knockout mice; Tg6, TgE, two
independently derived transgenic mouse lines expressing LMP2A in B cells.

* Corresponding author. Tel.: +1 312 503 0467; fax: +1 312 503 1339.

E-mail addresses: jamie.dargart@promedica.org (J.L. Dargart), kamonwan-
fish2015@u.northwestern.edu (K. Fish), I-gordon@northwestern.edu (L.I. Gordon),
r-longnecker@northwestern.edu (R. Longnecker), o-cen@northwestern.edu (O. Cen).

! Present address: Pediatric Hematology/Oncology, Toledo Children’s Hospital,
2142 N. Cove Boulevard, Toledo, OH 43606, USA.

0166-3542/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.antiviral.2012.05.003

suppressed following hematopoietic stem cell or solid organ trans-
plant, latent EBV infection can result in lymphoproliferative
disorders or lymphoid malignancies. Traditional antiviral treat-
ments that target viral mechanisms of acute lytic infection are not
effective in latent EBV infection (Cohen, 1991). Currently, first-line
treatments include attempts to restore cellular immunity by
decreasing immunosuppressive therapy and treatment with cyto-
toxic chemotherapy, both of which offer substantial risk to patients.

Latent membrane protein 2A (LMP2A) is an EBV-encoded trans-
membrane protein with an N-terminus intracellular signaling do-
main that associates with and activates B cell signaling
components such as Lyn and Syk kinases (Caldwell et al., 1998;
Fruehling and Longnecker, 1997; Fruehling et al., 1998; Merchant
etal., 2000; Rickinson and Kieff, 2007). Previous studies have shown
that LMP2A is constitutively phosphorylated and alters B lympho-
cyte growth and differentiation signaling (Merchant et al., 2000;
Rickinson and Kieff, 2007). Furthermore, LMP2A is consistently
detected in latently infected B lymphocytes and in EBV-associated
malignancies, providing a direct link between benign latent infec-
tion and malignant transformation (Caldwell et al., 1998; Ong
et al., 2009; Tao et al., 1998; Thorley-Lawson and Gross, 2004;
Xue et al., 2002). Normally, in the absence of antigen stimulation,
the B cell receptor (BCR) delivers a tonic signal that is essential for


http://dx.doi.org/10.1016/j.antiviral.2012.05.003
mailto:jamie.dargart@promedica.org
mailto:kamonwanfish2015@u.northwestern.edu
mailto:kamonwanfish2015@u.northwestern.edu
mailto:l-gordon@northwestern.edu
mailto:r-longnecker@northwestern.edu
mailto:o-cen@northwestern.edu
http://dx.doi.org/10.1016/j.antiviral.2012.05.003
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral

50 J.L. Dargart et al./ Antiviral Research 95 (2012) 49-56

A
' LMP2A (TgE)
. - N A‘ ' .‘. - -y
DMSO s
: J Cn
das ' r

3007 «WT =LMP2A

p=0.014

200

100

colonies (% of control)

10 30 100 300
Dasatinib (nM)

Fig. 1. Dasatinib inhibits colony formation by bone marrow cells from LMP2A transgenic (TgE) mice. (A) Representative micrographs of colonies formed in the
methylcellulose culture by bone marrow cells from wild-type (wt) or LMP2A transgenic (TgE line) mice in the presence of dasatinib or DMSO. The micrograph is a
representative of four different experiments. (B) Macroscopic colonies were manually counted and calculated as explained in Section 2. The normalized percentage of colonies
for each dasatinib concentration for wt or TgE bone marrow cells is graphed versus the concentration of dasatinib (n = 2-4). Data were analyzed using Student’s t-test. A p

value of 0.05 or less was considered statistically significant.
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Fig. 2. Dasatinib decreases spleen size in LMP2A transgenic mice. LMP2A transgenic
(TgE) and wild-type (wt) mice were treated intraperitoneally with dasatinib or
vehicle alone daily for 14 days. The spleen mass and cell composition were analyzed
on day 15. (A) The spleen mass of wt or TgE mice treated with DMSO or dasatinib
(das) is shown. The percent of B220-positive (B) and CD3-positive (C) lymphocytes
in the spleen of respective groups was analyzed with flow cytometry as explained in
Section 2. Each data point is from 2-6 mice. See Section 2 for the details of data
presentation on the graphs.

B lymphocyte survival (Lam et al., 1997). A member of the Src family
protein tyrosine kinases Lyn is a key regulator of many downstream
signaling events in B lymphocytes, including maturation, apoptosis,
proliferation, and tolerance (Chan et al., 1997; Ferry et al., 2005;
Hibbs et al., 1995; Meade et al., 2002; Mirnics et al., 2004; Nishiz-
umi et al., 1995). Lyn phosphorylates tyrosine residues within the
immunoreceptor tyrosine activation motif (ITAM) of the BCR, to
which the non-receptor protein tyrosine kinase Syk is recruited,
resulting in a cascade of activating downstream events that pro-
mote survival and inhibition of apoptosis in B lymphocytes (Miller
etal.,, 1995, 1994; Thorley-Lawson, 2001). LMP2A contains a similar
ITAM motif and is able to mimic the BCR survival signal by seques-
tering Lyn and Syk from the BCR, resulting in constitutive activation
of downstream signaling proteins that enhance B lymphocyte sur-
vival and regulate EBV latency (Engels et al., 2001; Fruehling and
Longnecker, 1997; Miller et al., 1995). By activating key kinases in
the BCR signaling pathway, LMP2A is able to generate anti-apopto-
tic signals that enhance B lymphocyte survival and may contribute
to the development of malignancies.

During B cell genesis, B lymphocytes lacking a baseline survival
signal from the BCR undergo apoptosis in the bone marrow. How-
ever, in LMP2A transgenic mice, the expression of LMP2A permits
the bypass of normal B lymphocyte checkpoints, allowing the es-
cape and accumulation of BCR-negative cells in the periphery (Cald-
well et al.,, 1998). This indicates that LMP2A expression offers a
constitutive survival signal in B cells that would otherwise undergo
apoptosis (Caldwell et al., 2000, 1998). LMP2A transgenic mice have
normal spleen size and do not develop lymph node tumors. How-
ever, double transgenic mice that express both LMP2A and the
MYC oncogene (LMP2A/A-MYC) develop marked splenomegaly
prior to tumor formation, as compared to A-MYC transgenic mice.
Additionally, LMP2A/A-MYC double transgenic mice demonstrate
accelerated development of cervical and axillary lymph node pri-
mary tumors compared to A~-MYC transgenic mice (Bieging et al.,
2009; Bultema et al., 2009). These findings support the hypothesis
that expression of LMP2A allows B lymphocytes to bypass MYC-in-
duced apoptosis, resulting in enhanced B lymphocyte survival.

With significant morbidity and mortality rates associated with
the EBV-associated malignancies and the lack of efficient therapies,
novel therapeutic approaches exploiting the mechanisms of EBV la-
tency are needed to treat or prevent these malignancies. Targeting
and inhibiting the function of signaling proteins modulated by
LMP2A may decrease the number of B lymphocytes that depend
on the LMP2A survival signal and may have the potential to be used
in the treatment of EBV-associated malignancies. Lyn kinase consti-
tutes one such therapeutic target since it preferentially associates
with LMP2A, relative to other Src kinases, and is required for the by-
pass of the normal BCR signal and propagation of the LMP2A sur-
vival signal (Rovedo and Longnecker, 2008). Dasatinib is a small
molecule inhibitor of Src and Abl kinases and is currently used in
the treatment of imatinib-resistant chronic myeloid leukemia
(CML) and Philadelphia chromosome-associated acute lymphoblas-
tic leukemia (ALL) (Doggrell, 2005; Guilhot et al., 2007; Jabbour
et al., 2011; Kantarjian et al., 2006; Lee et al., 2011; Lindauer and
Hochhaus, 2010; Lombardo et al., 2004; Shah et al., 2004). There-
fore, dasatinib is a promising drug candidate targeting LMP2A-mod-
ulated B cell signaling.

Targeted inhibition of signaling molecules activated by LMP2A,
including Lyn, may interrupt LMP2A-mediated survival signals and
result in enhanced death of LMP2A-expressing malignant B lym-
phocytes. In this study, we aimed to test the therapeutic efficacy
of dasatinib to target the LMP2A-modulated survival signals in tu-
mors in vitro as well as in vivo in a murine model of EBV-associated
lymphoma. Here we report that dasatinib specifically inhibits the



J.L. Dargart et al./ Antiviral Research 95 (2012) 49-56 51

ability of bone marrow cells from LMP2A transgenic mice to form
colonies in vitro and prevents splenomegaly and tumor develop-
ment by B cell tumors from LMP2A/A-MYC double transgenic
(Tg6/A-MYC) mice in vivo.

2. Materials and methods
2.1. Mice

EPLMP2A (TgE and Tg6 strains), MYC (A-MYC), and LMP2A/x\-
MYC double transgenic mice (Tg6/A-MYC) have been previously
described (Bieging et al., 2009; Bultema et al., 2009; Caldwell
et al., 2000, 1998; Kovalchuk et al., 2000). A-MYC mice were ob-
tained from the National Cancer Institute (Kovalchuk et al.,
2000). Rag1knockout (Rag-1KO) mice (B6.129S7-Rag1™M°™/] cat-
alog number 002216) were purchased from Jackson Laboratories.
All mice were bred and housed at the Northwestern University
Center for Comparative Medicine in accordance with Institutional
Animal Care and Use Committee guidelines.

2.2. Preparation of dasatinib

Dasatinib was generously provided by Bristol-Myers Squibb. For
in vitro experiments, dasatinib was dissolved in dimethyl sulfoxide
(DMSO) at 10 mg/ml and stored in aliquots at —20 °C. For in vivo
experiments, dasatinib was dissolved in DMSO at 60 mg/ml and
stored in aliquots at —20 °C. On each treatment day, aliquots were
thawed and diluted with 5.1% polyethylene glycol (PEG-400; EMD,
Fisher) and 5.1% Tween-80 (Fisher) immediately before use, as pre-
viously described (Cen and Longnecker, 2011). Control mice were
treated with an equivalent concentration of DMSO dissolved in
vehicle buffer.

2.3. Isolation of bone marrow cells and growth in methylcellulose
media with dasatinib

Bone marrow cells were collected from wild-type (WT) or TgE
mice (6-12 weeks old) and cultured in methylcellulose media con-
taining IL-7 (MethoCult® M3630, Stemcell Technologies), as previ-
ously described (Caldwell et al., 1998; Cooper and Longnecker,
2002; Ikeda and Longnecker, 2005). Specifically, WT cells were
seeded at a concentration of 2 to 4 x 10° cells per mL in 0.5 mL
of media in 12-well plates. TgE cells were seeded at a concentra-
tion of 1 x 106 cells per mL. The cells were cultured in duplicate
with varying concentrations of dasatinib (10 nM-300 nM) or equiv-
alent concentrations of DMSO for 7 days at 37 °C in 5% CO,. Each
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sample well was photographed under the microscope (Nikon
SMZ10A, 7.5x), and the colonies were counted manually. The num-
ber of colonies in each dasatinib-treated well was normalized as
the percent of the number of colonies in DMSO-treated control
wells. Dose-response curves were calculated based on this normal-
ization. Data for each concentration point are the average of 2-4
separate experiments.

2.4. Treatment of transgenic mice

Wild-type (6-16 weeks old), TgE (6-10 weeks old), --MYC (16-
20 weeks old), and Tg6/A-MYC (5-10 weeks old, in a given experi-
ment, age difference of mice was less than two weeks) mice were
treated with dasatinib (30 mg/kg intraperitoneally) or equivalent
amount of vehicle alone once daily for 14 days. On day 15, the mice
were sacrificed, and lymph node tumors and spleens were har-
vested, documented, processed, and analyzed with flow cytometry
or western blotting.

2.5. Transgenic tumor graft model

Peripheral lymph node tumor cells from A-MYC and Tg6/A-MYC
mice were harvested, processed into single cell suspensions, and
frozen at —80°C. Cells were later thawed, washed, and 0.5-
1 x 10° cells from A-MYC mice or 1-2 x 10° cells from Tg6/r-
MYC mice in 200 uL of PBS were injected subcutaneously into
the right flank of anesthetized Rag-1KO mice (10-20 weeks old).
For each separate experiment, two-times the number of Tg6/A-
MYC lymphoma cells was used compared to A-MYC lymphoma
cells, as previous experiments had demonstrated that A-MYC tu-
mors developed more rapidly than Tg6/A-MYC tumors, in the tu-
mor transfer system, as opposed to the primary tumor
development in the transgenic mice, when the same number was
injected (O Cen, unpublished data). For each experiment, the same
number of A-MYC or Tg6/A-MYC cells was injected into each mouse
in each cohort. When tumors were evident, mice were treated with
dasatinib (30 mg/kg intraperitoneally daily) or vehicle alone for
10-14 days, depending on the health and anticipated survival of
the mice. On the day following the last day of treatment, the mice
were sacrificed, and tumors and spleens were harvested, docu-
mented, and processed for flow cytometry or western blotting
(Cen and Longnecker, 2011).

2.6. Flow cytometry analysis

Spleens, lymph nodes, and tumors were processed into single
cells. One million cells from each sample were stained with B220
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Fig. 3. Lyn is hyperphosphorylated in Tg6/A-MYC tumors. (A) Representative western blots of cervical tumors for phosphorylated Lyn (pLyn), total Lyn (tLyn), LMP2A, and
GAPDH from 4 Tg6/A-MYC (6 M) and 4 »-MYC (myc) transgenic mice (a non-specific band consistently detected with anti-LMP2A antibody is also seen just above the LMP2A).
(B) Densitometric analysis of pLyn normalized to tLyn for each tumor sample. The raw densitometric value for each pLyn band from each sample is divided to that of tLyn
from the same sample and multiplied by 100 to find the percent of pLyn for the respective mouse. Data are from 4 independent experiments, totaling 14 Tg6/A-MYC and 15 A~

MYC transgenic mice. See Section 2 for the details of data presentation on the graphs.
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Fig. 4. Dasatinib inhibits splenomegaly and lymphadenopathy in Tg6/A-MYC mice.
Tg6/A-MYC (6 M), A-MYC (myc), and wild-type (wt) mice were intraperitoneally
treated with dasatinib (das) or vehicle (DMSO) alone daily for 14 days; the mass of
spleens (A) and lymph nodes (B) were analyzed on day 15. The percentage of B220-
positive (C) and CD3-positive (D) lymphocytes in the spleens (left panels) and
lymph nodes (LN - right panels) of respective groups were analyzed by flow
cytometry as indicated in Section 2. Each data point is from 2 to 6 mice. See
Section 2 for the details of data presentation on the graphs.

(eBiosciences), CD3, and IgM (BD Biosciences) antibodies and 7AAD
(Invitrogen) and acquired with FacsCANTO-II (BD Biosciences). The
following successive gating strategy was used in the given order
for all samples: live cells (7AAD negative), singlet cells, and

lymphocytes. The percentages of B220 and CD3 positive cells were
determined within the lymphocyte gate.

2.7. Western blotting

Tumor cells from primary tumors of transgenic mice (Fig. 3) and
transgenic tumor grafts following treatment with dasatinib or
vehicle (Fig. 5) were collected and lysed in modified RIPA buffer
(0.1 M Tris, pH 8.2, 0.15M NaCl, 2% sodium dodecyl sulfate, 1%
NP-40, 0.5% NaF, 200 mM Na3VO,, 200 mM phenylmethylsulfonyl
fluoride, 10 mM dithiothreitol, 10 units benzonase nuclease, Com-
plete Mini EDTA-free protease inhibitor, and PhosSTOP phospha-
tase inhibitor cocktail (Roche)). Equal amount of lysate from each
sample was separated by SDS-PAGE, transferred to Immobilon-P
membrane (Millipore), and then probed with Lyn (sc-15, Santa
Cruz Biotechnology), phosphorylated Lyn (Ab-40660, Abcam,
Inc.), GAPDH (Abcam Inc.), or anti-LMP2A 14B7 rat monoclonal
antibody (Fruehling et al., 1996). Blots were developed with ECL
(Amersham) and detected with X-ray films.

2.8. Data analysis and presentation

Unpaired Student’s t tests with two-tailed p values were used to
analyze the data. Statistical analysis was performed using SPSS
(version 18.0) and GraphPad Prism (version 5.0a — GraphPad Soft-
ware Inc). A p value of 0.05 or less was considered statistically sig-
nificant. The data were graphed for each Fig. in the following
format: the box plots for each group represents the interquartile
range (25th-75th percentiles) and the longer horizontal line in
each box represents the median value. The mean is marked as
a + sign, which is a short horizontal line when it coincides with a
vertical line or absent or a short vertical line when the median
and mean correspond. The whiskers indicate minimum and maxi-
mum data points. When there are less than four data points in a
group, a vertical line is shown instead of a box. Only p values of less
than or equal to 0.05 are shown as decimal numbers above the
connected data points.

3. Results

3.1. Dasatinib specifically inhibits colony formation by bone marrow
cells from LMP2A transgenic mice in methyl cellulose culture

The LMP2A transgenic mice express LMP2A in B cells early in
development. Bone marrow cells from the TgE line of LMP2A trans-
genic mice are hyperproliferative and produce more colonies than
bone marrow cells from wild-type C57BL/6 mice (WT) in methyl-
cellulose colony formation assays (Caldwell et al., 1998; Cooper
and Longnecker, 2002; Ikeda and Longnecker, 2005). Given the
importance of Lyn kinase in the development of B cells and its asso-
ciation with LMP2A, we aimed to test the effect of the Lyn inhibitor
dasatinib on the ability of bone marrow cells from TgE mice to form
colonies in a methylcellulose culture. Bone marrow cells from TgE
or WT mice were cultured in methylcellulose medium containing
IL-7 in the absence or presence of varying concentrations of dasat-
inib for 7 days. Results from four independent experiments show
that colony formation by bone marrow cells from TgE mice, but
not from WT mice, was significantly inhibited in the presence of
dasatinib (Fig. 1). The percent of colonies of TgE bone marrow cells
were decreased from 100% in untreated wells to 4.12% in dasatinib
treated wells. The values for WT bone marrow cells ranged from
100% to 174.31% (Fig. 1B), but this increase is not statistically
significant (p > 0.05). In the presence of dasatinib, the difference
in the percentage of colonies formed by WT and TgE bone marrow
cells is statistically significant (174.31% of untreated WT colonies
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Fig. 5. Dasatinib inhibits splenomegaly and secondary tumor formation in Rag1KO mice implanted with primary tumor from Tg6/A-MYC mice. Lymph node tumor cells from
Tg6/1-MYC (6 M) and A-MYC (myc) transgenic mice were injected subcutaneously into the flank of Rag-1KO mice. When tumors were palpable, mice were intraperitoneally
treated with dasatinib (das) or vehicle (DMSO) alone daily for 10-14 days, depending on the health and anticipated survival of the mice. The masses of spleens (A) and tumors
(B) were analyzed on the day following the last day of treatment. Data of one representative experiment of three separate experiments are shown. The spleen masses from
untreated wild-type (wt) and Rag-1 knock-out (rag1KO) mice are shown as reference in A. Each data point represents 3 to 6 mice. (C) Representative protein lysates of tumors
from two mice in each group from panel B above were analyzed by western blotting for the phosphorylated Lyn (pLyn), total Lyn (tLyn), LMP2A, and GAPDH. Each lane
indicates a single tumor of the specified genotype; the data is representative of three different immunoblot analyses. See Section 2 for the details of data presentation on the

graphs.

vs. 4.12% of untreated TgE colonies at 300 nM, p = 0.0143) (Fig. 1B).
Although not statistically significant, also at 100 nM concentration
of dasatinib, there is a difference in the reduction of colonies formed
by WT and TgE bone marrow cells (65.45% colonies in WT vs.
18.77% colonies in TgE cultures at 100 nM, p =0.073) (Fig. 1B).
These data indicate that dasatinib targets LMP2A-induced prolifer-
ation and/or survival of B progenitor cells. This also suggests that
expression of LMP2A is able to promote B lymphocyte survival
and proliferation, which can be inhibited by targeting Lyn and/or
c-Abl kinases through dasatinib.

3.2. Dasatinib treatment decreases the spleen size in LMP2A transgenic
mice

To further determine the in vivo effect of dasatinib in the context
of LMP2A, we treated the TgE line of LMP2A transgenic mice with
dasatinib or DMSO (vehicle). Results from two independent exper-
iments demonstrate that dasatinib treatment causes a decrease in
the spleen mass of TgE mice compared to that of TgE mice treated
with vehicle alone (Fig. 2A). In contrast, such a decrease in spleen
mass was not observed in WT mice treated with dasatinib
(Fig. 2A). The mean spleen mass of TgE mice treated with vehicle
or dasatinib alone were 77.14 and 41.57 mg, respectively
(p =0.0023); the mean spleen mass of WT mice treated with vehicle
or dasatinib alone were 68.50 and 60.00 mg, respectively
(p =0.2509). Compared to WT, the TgE mice have a decreased per-
centage of B cells and increased percentage of T cells in the periph-
ery (Fig. 2B and C). With dasatinib treatment, we observed a further
considerable, but not statistically significant (p > 0.05), decrease in
the percentage of B220 cells and an increase in the percentage of
CD3-positive cells (Fig. 2B and C, respectively). These data indicate
that dasatinib targets LMP2A-modulated signaling in B cells.

3.3. Lyn is hyperphosphorylated in tumors from LMP2A/MYC double
transgenic mice

MYC transgenic mice develop B cell lymphoma and leukemia
(Adams et al., 1985; Kovalchuk et al., 2000). In double transgenic
mice expressing LMP2A and deregulated MYC (Tg6/A-MYC), MYC-
induced lymphoma development is greatly accelerated (Bieging

etal., 2009; Bultema et al., 2009). Our lab has previously shown that
LMP2A preferentially associates with Lyn (Rovedo and Longnecker,
2008). To examine if LMP2A expression in B cells upregulates Lyn
kinase activity that may contribute to accelerated lymphoma devel-
opment, we analyzed the baseline level of phosphorylated Lyn in
the context of LMP2A expression. Autophosphorylation of the ki-
nase domain on tyrosine 396 of Lyn is associated with its kinase
activity. To this end, cervical lymph node tumors from four Tg6/A-
MYC and four A-MYC transgenic mice were harvested and analyzed
for the expression and phosphorylation of Lyn kinase by western
blotting (Fig. 3). Even though the expression levels of total Lyn in
both groups were similar, the phosphorylated Lyn levels varied
from moderate to almost no phosphorylation in A-MYC tumors
while these levels were consistently higher in the Tg6/A-MYC
tumors (Fig. 3). The Tg6/A-MYC primary lymphoma cells had signif-
icantly higher phosphorylated Lyn levels than A-MYC primary lym-
phoma cells (78.44% of total Lyn expression in Tg6/A-MYC tumors
vs. 33.86% in --MYC, p < 0.05) (Fig. 3A and B). These results suggest
that LMP2A provides a constitutive signal that leads to activation of
Lyn in B lymphoma cells in vivo.

3.4. Dasatinib reverses splenomegaly in LMP2A/MYC double transgenic
mice

Tg6/A-MYC mice develop splenomegaly at as young as two weeks
of age and develop tumors starting at 8 weeks of age. The A-MYC
mice do not develop splenomegaly until much later, generally after
120 days of age (Bieging et al., 2009; Bultema et al., 2009). While the
Tg6/A-MYC mice rarely live beyond 14 weeks of age, some A-MYC
mice do not develop tumors even after one year of age. Since dasat-
inib specifically prevented colony formation by LMP2A expressing
bone marrow B cells and decreased spleen size in the TgE mice, we
anticipated that dasatinib treatment would prevent splenomegaly
and tumor development in Tg6/A-MYC mice. Wild type, A-MYC, or
pre-tumor/early tumor Tg6/A-MYC transgenic mice were treated
with dasatinib or vehicle alone to determine its effect on the sizes
of spleen and lymph nodes. Results from three independent experi-
ments demonstrate that the spleen mass is significantly decreased
in dasatinib treated Tg6/A-MYC mice when compared to the control
group (Fig. 4A). The mean spleen masses of Tg6/A-MYC mice treated
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with either dasatinib or vehicle alone were 220.00 mg and
887.50 mg, respectively (p < 0.0001) (Fig. 4A). No significant differ-
ences in spleen masses of WT or A-MYC transgenic mice were
observed with dasatinib treatment. The mean spleen masses of -
MYC mice treated with dasatinib or vehicle alone were 73.33 and
95.00 mg, respectively (p > 0.05) (Fig. 4A). The mean spleen masses
of WT mice treated with dasatinib or vehicle alone were 65.00 and
85.00 mg, respectively (p > 0.05) (Fig. 4A).

3.5. Dasatinib inhibits lymphadenopathy in LMP2A/MYC double
transgenic mice

Similar to inhibiting splenomegaly, dasatinib also inhibited
lymphadenopathy in the pre-tumor or early tumor Tg6/A-MYC
mice. The mean lymph node masses of Tg6/A-MYC mice treated
with dasatinib or vehicle alone were 60.00 and 285.00 mg, respec-
tively (p < 0.0001) (Fig. 4B). Similar to our observations with spleen
mass, dasatinib did not exert any significant effect on the masses of
lymph nodes of WT or A-MYC transgenic mice. The mean masses of
lymph nodes of A-MYC mice treated with dasatinib or vehicle alone
was 13.33 and 10.00 mg, respectively (p > 0.05) (Fig. 4B), and those
of WT mice treated with dasatinib or vehicle alone were both less
than 10.00 mg (Fig. 4B).

We also analyzed the ratios of B and T cells in the spleens and
lymph nodes of these mice. Similar to the results we observed in
the TgE mice treated with dasatinib (Fig. 2B, C), we observed a con-
siderable but not statistically significant (p > 0.05) decrease in the
percentage of B220-positive cells (Fig. 4C) and an increase in the
percentage of CD3-positive cells (Fig. 4D) in the spleens and lymph
nodes of dasatinib treated groups. The decrease in the B220-posi-
tive cells and increase in the CD3-positive cells were also observed
in WT and A-MYC groups, albeit less pronounced. The decrease in
the B220-positive cells (Fig. 4C) and the increase in the CD3-posi-
tive cells (Fig. 4C) in the Tg6/A-MYC mice after dasatinib treatment
were pronounced in some individual mice. However, these changes
were not statistically significant. These data indicate that dasatinib
is targeting B cells more than T cells.

3.6. Dasatinib reverses splenomegaly in Rag1KO mice engrafted with
tumor cells from LMP2A/MYC double transgenic mice

Since dasatinib was able to significantly inhibit splenomegaly
and tumor development in the Tg6/A-MYC mice, we tested whether
dasatinib could inhibit tumor cell growth in a syngeneic tumor
transfer model developed in our laboratory (Cen and Longnecker,
2011). In this tumor graft model, primary tumor cells from Tg6/
A-MYC or A-MYC mice are subcutaneously implanted into Ragl-
deficient mice (Rag1KO) and mice are monitored until local tumor
development is observed, typically within 2 to 3 weeks. The in-
jected tumor cells also metastasize to the spleen and bone marrow
of recipient mice, resulting in splenomegaly and peripheral
lymphadenopathy. Once the tumors were palpable, the mice were
treated intraperitoneally with either dasatinib or vehicle. Results
from three independent experiments demonstrate that treatment
of tumor recipient mice with dasatinib results in significantly de-
creased spleen mass, compared to the recipient mice treated with
vehicle alone (Fig. 5A). Results from one illustrative experiment
show mean spleen masses of 309.50 and 710.74 mg (p < 0.0001)
in mice that had received Tg6/A-MYC tumors treated with dasatinib
or vehicle alone, respectively (Fig. 5A). Dasatinib treatment also de-
creased the size of spleens in mice that had received the A-MYC tu-
mor cells, albeit less significantly (p = 0.0169). The mean spleen
mass of mice receiving A-MYC tumor cells was 210.57 mg in the
dasatinib treated group and 504.62 mg in the vehicle treated group
(p =0.0169) (Fig. 5A).

3.7. Dasatinib inhibits tumor growth in Rag1KO mice engrafted with
tumor cells from LMP2A/MYC double transgenic mice

Similar to the inhibition of splenomegaly, tumor development
was also inhibited by dasatinib in the Ragl1KO recipient mice.
The local tumor mass in mice that had received Tg6/A-MYC tumors
cell and treated with dasatinib was significantly decreased, com-
pared to the control mice treated with vehicle alone (Fig. 5B). Re-
sults from one illustrative experiment show mean tumor mass of
1009 mg and 3063 mg (p =0.0011) in mice with Tg6/A-MYC tu-
mors treated with dasatinib or vehicle alone, respectively
(Fig. 5B). Results from the same experiment show mean tumor
mass of 875 mg in mice with A-MYC tumors treated with dasatinib
compared to 1847 mg in those treated with vehicle alone (Fig. 5B).
Although there was a considerable decrease in the tumor mass of
the mice that had received A-MYC tumors cells with dasatinib
treatment, the difference from that of control group did not reach
statistical significance (p = 0.132). These results support the above
findings that signaling through Lyn and/or c-Abl is necessary for
LMP2A-associated B lymphocyte survival and proliferation, and
that inhibition of this signaling is a viable therapeutic target. Fur-
thermore, this signaling pathway is more specific for LMP2A sig-
naling in B lymphoma cells.

3.8. Dasatinib therapy inhibits Lyn phosphorylation in B lymphocyte
tumors expressing LMP2A

In order to determine if dasatinib therapy interferes with
LMP2A signaling through Lyn, two samples from each of Tg6/
A-MYC and A-MYC tumor grafts from recipient mice that were trea-
ted with either dasatinib or vehicle alone were analyzed with
Western Blotting to detect the levels of total Lyn, phosphorylated
Lyn, LMP2A, and GAPDH (Fig. 5C). We observed that tumors from
Rag1KO mice with Tg6/A-MYC tumors and treated with vehicle
alone showed high levels of phosphorylated Lyn, while the tumors
from the Tg6/A-MYC group that had been treated with dasatinib
demonstrated little to no detectable phosphorylated Lyn (Fig. 5C,
right panel). In the same experiment, dasatinib treatment did not
show a significant effect on the level of Lyn phosphorylation in
the tumors from Rag1KO mice with A-MYC tumors. This may be
because the phosphorylation levels of Lyn were already minimal
in A-MYC tumors (Fig. 5C, left panel). These data suggest that
LMP2A preferentially signals through Lyn and that dasatinib ther-
apy interferes with LMP2A-induced Lyn signaling.

4. Discussion

There is a considerable clinical need for the development of
novel therapeutics that can be used to treat herpesvirus-related
diseases in humans. Most members of the herpesvirus family have
the ability to cause severe and life-threatening diseases in both
immunocompromised and immunocompetent hosts, as a result
of either lytic replication or latent infection. Currently available
antiviral therapies target lytic replication, but there are few, if
any, therapies that are effective against latent herpes virus infec-
tions. LMP2A is one of the few EBV transcripts routinely expressed
in peripheral B lymphocytes during latent EBV infection (Babcock
et al., 1999, 1998, 2000; Green et al., 1998; Qu et al., 2000; Tierney
et al., 1994). LMP2A is also expressed in all EBV-associated malig-
nancies including nasopharyngeal carcinoma, Burkitt lymphoma,
and lymphoproliferative diseases (Bell et al., 2006; Ong et al.,
2009; Qu et al., 2000; Rickinson and Kieff, 2007; Tao et al., 1998;
Xue et al., 2002). Therefore, therapeutic agents that target
LMP2A-modulated cell signaling have the potential to be used for
both prevention and treatment of latent EBV infections and EBV-
associated malignancies.
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In this study, we investigated the therapeutic efficacy of the
protein tyrosine kinase inhibitor dasatinib in a murine model of
lymphoma expressing Myc and EBV-LMP2A. Our data demonstrate
that treatment with dasatinib results in decreased proliferation of
LMP2A-expressing B lymphocytes in vitro (Fig. 1) and reverses tu-
mor growth and splenomegaly in Tg6/A-MYC double transgenic
mice in vivo (Fig. 4). Dasatinib also inhibits splenomegaly and tu-
mor development by Tg6/A-MYC tumor cells in a syngeneic tumor
transfer model (Fig. 5). This effect of dasatinib appears to be med-
iated through inhibition of LMP2A-induced Lyn signaling (Figs. 3
and 5C). Interestingly, dasatinib treatment also resulted in de-
creased splenomegaly in mice with A-MYC tumor grafts, but this
decrease was less pronounced compared to LMP2A/ A-MYC tumor
grafts (Fig. 5). It is possible that some A-MYC tumors have stochas-
tically expressed high levels of active Lyn (Fig. 3A) due to the het-
erogeneity in tumor development in the A-MYC mice as described
previously (Bieging et al., 2009).

Dasatinib decreased proliferation of LMP2A-expressing but not
wild type bone marrow B-lymphocytes in vitro (Fig. 1). It is com-
pelling that at higher concentration of dasatinib, even though not
statistically significant, there is a tendency towards increased pro-
liferation of WT bone marrow B cells which we consistently ob-
served (Fig. 1B). Even though we do not have a clear explanation
for this, it may be due to a compensation mechanism, which may
have been compromised by the presence of LMP2A. Although this
seems like acquisition of an anchorage-independent growth, this is
less likely given the fact that the lymphocytes are not dependent
on adherence for growth at least in the cell culture.

It is likely that the effect we have observed is through combined
inhibition of other dasatinib targets, such as c-Abl and c-Kit. Our
data does not exclude the possibility that LMP2A may also modu-
late c-Abl, a ubiquitously expressed non-receptor protein tyrosine
kinase that is also important in B cell signaling, and whose dereg-
ulation is associated with the development of leukemias and lym-
phomas (Engels et al., 2001; Ikeda and Longnecker, 2009; Shishido
et al,, 2001). Even though the LMP2A has not been reported to di-
rectly modulate the Abl activity, it is possible that the activity of
Abl is modulated by LMP2A indirectly through consecutive actions
of Lyn, Cbl, and Crk (Matskova et al., 2001; Rovedo and Longnecker,
2008). Further studies are required to clarify if LMP2A modulates
the Abl signaling. The role of dasatinib to abrogate LMP2A-modu-
lated phosphorylation of Lyn (and possibly of Abl) may provide
useful information for designing therapeutic strategies for EBV-
associated diseases such as PTLD and BL.

Dasatinib treatment targeted B cell populations of all geno-
types, but the effects were pronounced in non-malignant B cells
from TgE mice (Fig. 2B and C) as well as malignant tumor cells from
Tg6/A-MYC mice (Fig. 4C, and D). Even though these effects did not
reach to a statistical significance, it is notable that the decrease in
the B cell population corresponds to an increase in the T cell pop-
ulation. It is not surprising that dasatinib can produce a larger ef-
fect on B cells than on T cells because its target Lyn is absent or
at very low level in T cells.

In conclusion, we show that dasatinib effectively and specifically
inhibits proliferation of bone marrow B lymphocytes that express
the latent EBV protein LMP2A. Our data also show that dasatinib
impairs the growth of LMP2A-expressing B cell tumors, likely
through inhibition of Src protein tyrosine kinase Lyn. Our data sup-
port the previous studies showing that LMP2A modulates Lyn and
that Lyn is a viable therapeutic target in EBV-associated abnormal-
ities (Kantarjian et al., 2006; Lindauer and Hochhaus, 2010). Dasat-
inib is currently clinically available and is being used to treat a
number of pediatric and adult malignancies (Jabbour et al., 2011;
Lee et al., 2011). Dasatinib is generally well-tolerated with fewer
associated toxicities than other cytotoxic chemotherapeutic agents
traditionally used to treat post-transplant lymphoproliferative

disorders and Burkitt lymphoma. With confirmation of our findings
in further preclinical studies, the use of dasatinib to treat EBV-asso-
ciated diseases has the potential to result in greater treatment effi-
cacy, improved survival, and decreased therapy-associated
toxicities
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