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LYMPHOID NEOPLASIA

Reversion of epigenetically mediated BIM silencing overcomes chemoresistance
in Burkitt lymphoma
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In Burkitt lymphoma/leukemia (BL),
achievement of complete remission with
first-line chemotherapy remains a chal-
lenging issue, as most patients who re-
spond remain disease-free, whereas those
refractory have few options of being res-
cued with salvage therapies. The mecha-
nisms underlying BL chemoresistance
and how it can be circumvented remain
undetermined. We previously reported the
frequent inactivation of the proapoptotic
BIM gene in B-cell lymphomas. Here we
show that BIM epigenetic silencing by
concurrent promoter hypermethylation

and deacetylation occurs frequently in
primary BL samples and BL-derived cell
lines. Remarkably, patients with BL with
hypermethylated BIM presented lower
complete remission rate (24% vs 79%;
P � .002) and shorter overall survival
(P � .007) than those with BIM-express-
ing lymphomas, indicating that BIM tran-
scriptional repression may mediate tu-
mor chemoresistance. Accordingly, by
combining in vitro and in vivo studies of
human BL-xenografts grown in immuno-
deficient RAG2�/��c�/� mice and of mu-
rine B220�IgM� B-cell lymphomas gener-

ated in E�-MYC and E�-MYC-BIM�/�

transgenes, we demonstrate that lym-
phoma chemoresistance is dictated by
BIM gene dosage and is reversible on BIM
reactivation by genetic manipulation or
after treatment with histone-deacetylase
inhibitors. We suggest that the combina-
tion of histone-deacetylase inhibitors and
high-dose chemotherapy may overcome
chemoresistance, achieve durable remis-
sion, and improve survival of patients
with BL. (Blood. 2010;116(14):2531-2542)

Introduction

Burkitt lymphoma/leukemia (BL) is a clinically aggressive B-cell
malignancy accounting for between 85% and 90% of childhood
and less than 5% of adult B-cell lymphomas in Europe and the
United States. Three clinical variants are recognized by the World
Health Organization classification: sporadic, endemic, or related to
Epstein-Barr virus (EBV) infection, and HIV-associated.1,2 Besides
the typical cytologic and immunophenotypic findings, the charac-
teristic hallmark of BL is the presence of chromosomal transloca-
tions deregulating MYC oncogene.3,4 Clinically, the presence of older
age, advanced tumor stage with bone marrow and leukemic disease,
increased serum lactate dehydrogenase, and immunodeficiency
have been correlated with poor outcome. However, there is not a
clinical or biologic marker able to predict responses to therapy.5-10

Current treatment for patients with BL includes multiagent,
dose-intensive chemotherapy regimens with central nervous sys-
tem prophylaxis, which can achieve complete remission (CR) in
approximately 90% to 95% of children and 60% to 70% of adults.
The most critical issue in BL remains to achieve an initial CR
because those patients who respond to first-line chemotherapy have
a high probability of remaining free of disease.5,8,11 Conversely,
patients who present primary chemoresistance or relapse usually
die early because of progressive disease or of therapeutic complica-

tions while attempting to achieve remission.5,12 Salvage chemo-
therapy has been effective in up to one-third of children with
refractory or relapsed BL, but no similar successful treatment has
been reported for adults.13

Despite this clinical issue, the molecular basis of BL chemore-
sistance and, more importantly, how it can be circumvented, have
not been elucidated.14-17 We have previously reported that the gene
encoding the proapoptotic BH3-only family member protein BIM
is frequently inactivated by genetic and epigenetic abnormalities
that vary substantially among the different B-cell lymphoma
subgroups.18 In some solid tumors and myeloid leukemias, BIM is
commonly inactivated by post-transcriptional modifications that
target it for degradation in the proteasome, leading to therapeutic
resistance.19-23 In addition, BIM is a suppressor of MYC-induced
B-cell leukemias in mice.24,25 However, whether BIM mediates
chemotherapeutic resistance in mature B-cell lymphomas has not
been addressed. Here we show that resistance to chemotherapy in
patients with BL is dictated by the epigenetic silencing of BIM and
that this resistance can be reversed by reactivating BIM expression
with histone deacetylase inhibitors (HDACis). Consequently, the
combination of HDACis and high-dose chemotherapy may be of
clinical benefit in patients with BL to prevent refractory disease.
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Methods

BL primary biopsies and cell lines

Thirty-nine samples, including lymph node biopsies (n � 12) or bone
marrow aspirates (n � 27) from HIV-negative Spanish patients diagnosed
with BL according to the World Health Organization criteria and obtained
before initiation of therapy, were included in the study. Cases with atypical
BL or with Burkitt-like lymphoma were excluded (supplemental Table 1,
available on the Blood Web site; see the Supplemental Materials link at the
top of the online article). All evaluated lymphomas presented chromosomal
translocations involving the MYC gene: t(8;14)(q24;q32) (n � 30),
t(2;8)(p11;q24) (n � 2), and t(8;22)(q24;q11) (n � 3), detected by standard
cytogenetics and/or fluorescence in situ hybridization.26 All patients
received standard dose-intense chemotherapy, including cyclophospha-
mide, anthracyclines, etoposide, vincristine, dexamethasone/prednisone,
methotrexate, and cytarabine plus intrathecal prophylaxis, without ritux-
imab therapy.27 Clinical and follow-up data were available for 36 patients.
In addition, 20 cell lines derived from patients with BL were studied,
including Seraphina, Namalwa, Jijoye, Daudi, Elijah, Nab2, Raji, and EB1
(EBV�); KHM10B, Wien133, Balm9, DG75, Ramos, BL2, BL41, CA46,
Blue1, P32, and Tanoue (EBV�); and BL5, a cell line derived from a patient
with HIV-associated BL (supplemental Table 2). The study was approved
by the University of Navarra Institutional Review Board, and the clinical
investigation was conducted according to Declaration of Helsinki principles.

Drugs

Suberoylanilide hydroxamic acid (vorinostat), methotrexate, and dexameth-
asone (Merck & Co), 5-aza-2-deoxycitidine and etoposide (Sigma-
Aldrich), doxorubicin and cytarabine (Pfizer), cyclophosphamide (Baxter),
and vincristine (Stada) were used in the study.

Quantitative real-time RT-PCR and Western blot analyses

Measurement of the expression of BIM (ABI-Hs.00197982), BAK (ABI-
Hs.00832876), and BAX (ABI-Hs.00180269) genes was performed with
quantitative reverse-transcribed polymerase chain reaction (RT-PCR) in an
ABI PRISM 7500 device (Applied Biosystems). Expression levels were
normalized with GAPDH (ABI-Hs.99999905) as an endogenous control.
Expression of BCL2 family member proteins was studied by Western blot
analysis in BL cell lines, mouse lymphoma cells, and primary biopsies. The
following antibodies were used: NOXA (Oncogene Research Products);
BIM, BAD, BID, BAK, BAX, MCL1, and BCL2 (Stressgen); and BCL-XL
(Abcam). To evaluate equal protein transfer, detection of actin protein
(Oncogene Research Products) was performed. To confirm homozygous
deletion of BIM gene locus in 2 of the BL cell lines (P32 and BL2), PCR on
genomic DNA was performed according to reported methods.18

Methylation analysis of BIM promoter sequences

Detection of hypermethylation of human BIM gene promoter by standard
methylation-specific PCR (MSP) analysis was performed as previously
reported.18 In addition, BIM methylation levels were measured using
quantitative real-time methylation-specific PCR (quantitative RT-MSP) in a
rapid fluorescent thermal cycler with 3-color fluorescence monitoring
capability (LightCycler, Roche Diagnostics), using 1 �L of bisulfite-
modified DNA and 1 �L of 10� LightCycler FastStar DNA Master SYBR
Green I, as previously reported.28 For pyrosequencing analysis of methyl-
ated areas, BIM promoter was amplified by nested PCR after bisulfite
modification. Amplification products obtained in the second PCR reaction
were subcloned into pCR 4-TOPO plasmid using the TOPO TA Cloning Kit
for Sequencing (Invitrogen) and transformed into Escherichia coli accord-
ing to the manufacturer’s recommendations. To evaluate demethylation, BL
cell lines grown at a density of 3 � 105 cells/mL in 25-cm2 flasks with
10 mL of culture medium were treated with 2�M of the demethylating
agent 5-aza-2-deoxycitidine (5-Aza) or with 2�M of the HDACi vorinostat;

after incubation of 96 hours, cells were harvested for MSP, quantitative
RT-PCR, and Western blot analyses.

Quantitative ChIP

BL cells were treated with 2�M of vorinostat for 48 hours and subjected to
chromatin immunoprecipitation (ChIP). Quantitative PCR analysis of the
ChIP fractions (10 ng) from antibody-bound and input chromatin was
performed to assess the acetylated histone 3 (AcH3) modification in
canonical CpG island sequences of the BIM promoter (AcH3; Upstate
Biotechnology). SYBR Green detection was performed in the LightCycler
platform (Roche Diagnostics). The amplification of the ChIP fraction and of
the input DNA were used as a target and reference sequences, respectively,
being amplified in the same run using BIM-ChipD (5�-AGACCTTCCCCA-
GACTTGCT-3�) and BIM-ChipR (5�-TCTTTGCCCAGGACAGACTT-3�)
primers. The same program conditions that for quantitative RT-MSP were
applied to perform quantitative PCR-ChIP, and calculations were also
performed automatically by the LightCycler software Version 2.0.28 The
level of AcH3 was determined relative to input chromatin for each sample.

MYC and P53 gene sequencing analysis

Direct sequencing of the MYC gene at box I and of P53 (exons 4-8) was
performed in the ABI PRISM 3730 sequencer (Applied Biosystems), using
the following primers: for MYC box I, forward, 5�-ACCTCGACTAC-
GACTCGGTG-3�; reverse, 5�-AGAAGCCGCTCCACATACAG-3�. For
P53, forward 5�- CTGCCGTCTTCCAGTTGC-3�; reverse 5�-TAAGCAG-
CAGGAGAAAGCCC-3� for exons 4 and 5; forward 5�-CGACAGAGC-
GAGATTCCATC-3�; reverse 5�-TCCCAAAGCCAGAGAAAAGA-3� for
exon 6; forward 5�-GGTTGGGAGTAGATGGAGCC-3�; reverse 5�-
CAAATGCCCCAATTGCAG-3� for exons 7 and 8.

Ectopic transfection of BIM by retroviral transduction

Full-length BIM (BCL2L11) cDNA was cloned into the p-MIRG vector
upstream from the internal ribosomal entry site of the murine stem-cell
virus–internal ribosomal entry site–enhanced green fluorescent protein.
p-MIRG-BIM and p-MIRG (empty vector) were transfected into Propack-
A.52 cells (CRL-12479) obtained from ATCC using lipofectamine (Invitro-
gen). Then, retroviral supernatant was collected and filtered through a
0.45-�m filter. Titer of the p-MIRG-BIM and p-MIRG vectors was
determined by infecting 3T3 cells (DSMZ) in the presence of 8 �g of
polybrene (Sigma-Aldrich). For transduction of the BL cells, a 24-well
plate was coated with 2 �g/mL of retronectin (Takara) at 4°C overnight.
After removal of the retronectin solution, the plate was blocked for
30 minutes at room temperature with sterile phosphate-buffered saline
(PBS) containing 2% bovine serum albumin. To preload the retrovirus into
the plate, blocking solution was removed and 500 �L of the retroviral
supernatant was added and incubated at room temperature for 1 hour. After
3 additional preload steps, 1 � 105 cells were added to each well in
RPMI/10% fetal bovine serum containing 4 �g/mL of polybrene, and plates
were then incubated at 37°C under 5% CO2. Green fluorescent protein-
positive cells were finally isolated using a FACSAria cell sorter (BD
Biosciences). Measurement of BIM expression levels was performed using
quantitative RT-PCR and Western blot analyses. Finally, single-cell clones
were isolated from the BIM-expressing cell pools, and 2 of them presenting
moderate and high expression levels of BIM (Seraphina clones 1 and 2,
respectively) were selected for this study.

siRNA knockdown of BIM gene

BIM silencing was performed in 2 cell lines expressing BIM (KHM10B and
Ramos) by transfection of 3 siRNAs (s195011, s195012, and s19474) and
the Silencer Negative Control-1 siRNA (Ambion) using the Cell Line
Nucleofector Solution V in a nucleofector device (Amaxa GmbH). After
siRNA transfection, BIM protein expression was evaluated by Western
blotting at 48 hours.

2532 RICHTER-LARREA et al BLOOD, 7 OCTOBER 2010 � VOLUME 116, NUMBER 14

 only.
For personal use at UNA/BIBLIOTECA HUMANIDADES on February 18, 2014. bloodjournal.hematologylibrary.orgFrom 

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


Citotoxicity and apoptosis assays

BL cells grown at a cell density of 3 � 105 cells/mL were treated with
doxorubicin, vincristine, methotrexate, cytarabine, etoposide, and dexameth-
asone at 1, 5, 10, and 50 ng/mL, alone or in combination with 2�M
vorinostat during 24 hours or with 2�M 5-Aza during 72 hours. Cell
viability was assessed by trypan-blue dye exclusion. To determine apopto-
sis, caspase 3 and 9 activation with antibodies from BD Biosciences
PharMingen and Stressgen, respectively, was used. In addition, poly(ADP-
ribose) polymerase (PARP) protein expression was detected with an
antibody from Promega determined using Western blot analysis. Apoptosis
was also assessed by phosphatidylserine externalization using annexin
V/fluorescein isothiocyanate in the presence of propidium iodide, and cell
fluorescence was detected on a FACSCalibur (Becton Dickinson) using
CellQuest Pro software Version 6.0, as reported.29

Establishment of BL xenografts in immunodeficient mice and
in vivo therapy

All mouse experiments were performed in the Animal Core Facilities of
Center for Applied Medical Research (University of Navarra) after approval
by the local Animal Ethics Committee. To evaluate whether BL cells with
different BIM expression levels presented variable chemotherapy resistance
in vivo, 2.5 � 106 Seraphina cells transfected with p-MIRG (empty vector)
or with p-MIRG-BIM (clones 1 and 2), and wild-type cells were intrave-
nously injected into immunodeficient RAG2�/��c�/� mice, which lack B,
T, and NK cells.30 Doxorubicin treatment was administered intraperitone-
ally on day 14 (10 mg/kg body weight) and day 21 (5 mg/kg body weight)
after inoculation, whereas control mice received the corresponding vehicle
(PBS). To test whether reexpression of BIM with vorinostat therapy in BL
cells was associated with modification of sensitivity to chemotherapy in
vivo, 2.5 � 106 cells from wild-type Seraphina were intravenously inocu-
lated into RAG2�/�IL-�c�/� recipients. Vorinostat treatment was initiated
14 days after BL-cell inoculation and was administered intraperitoneally for
14 days (75 mg/kg body weight). Doxorubicin was administered intraperi-
toneally on days 14 and 21 after inoculation, 10 and 5 mg/kg body weight,
respectively. In addition, cyclophosphamide was administered intraperitone-
ally on days 14 and 21 after inoculation (80 and 40 mg/kg body weight,
respectively). Both doxorubicin and cyclophosphamide were administered
alone or in combination with vorinostat. Control mice received the
corresponding vehicle (dimethyl sulfoxide [DMSO]). Mouse cohorts
consisted of 10 to 15 mice each, which were clinically monitored and killed
when signs of tumor development were observed. To evaluate therapeutic
efficacy at certain time points, mice were killed and enlarged lymph nodes
and/or spleens were dissected and cell viability and apoptosis were
evaluated as described above.

PET imaging of tumors in mice

To monitor tumor responses to chemotherapy in vivo, positron emission
tomography (PET) imaging was performed at certain time points in a
dedicated small-animal Philips Mosaic tomograph, with 2-mm resolution,
11.9-cm axial field of view, and 12.8-cm transaxial field of view. Mice were
anesthetized with 2% isoflurane in 100% O2 gas for the intravenous
injection of 18F-FDG (10 MBq � 2.38 in 80-100 �L). Fifty minutes after
radiotracer administration, animals were placed prone on the PET scanner
bed to perform a static acquisition (sinogram) of 15 minutes under
continuous anesthesia. Images were reconstructed using the three-
dimensional Ramla algorithm with 2 iterations and a relaxation parameter
of 0.024 into a 128 � 128 matrix with a 1-mm voxel size applying dead
time, decay, and random and scattering corrections. For quantitative
analysis of tumor 18 F-FDG uptake, regions of interest were drawn on
coronal 1-mm-thick small-animal PET images. Regions of interest were
drawn on several slices and finally, maximum standardized uptake value
(SUVmax) was calculated for each tumor using the formula: SUV � tissue
activity concentration/injected dose � body weight. SUVmax uptake ex-
presses the glycolytic metabolism of tumor cells.

Lymphoma characterization, B-cell isolation, and therapy of
E�-MYC and BIM-deficient transgenes

E�-Myc transgenic mice (C57BL/6J-Tg-IghMyc-22Bri/J) and BIM�/�

knockout mice (C57BL/6J-Bcl2l11tm1.1Ast/Bcl2l11tm1.1Ast) were purchased
from The Jackson Laboratory. E�-MYC mice were intercrossed with
BIM�/� mice, and genotyping was performed to identify E�-MYC-BIM�/�

mice, as reported.24 Transgenic mice were clinically monitored and killed
on overt signs of disease. Then, lymphoma cells were harvested and cell
suspensions were analyzed by flow cytometry using B220 and IgM
antibodies (both from BD Biosciences) to distinguish mature B-cell
lymphomas (B220�IgM�) from pre-B-cell leukemias/lymphomas
(B220�IgM�). To test response to chemotherapy in vitro, primary
B220�IgM� tumor lymphocytes were incubated in Iscove modified
Dulbecco medium with inactivated fetal bovine serum, 55�M 	-
mercaptoethanol, and 10�g/mL anti-IgM for BCR activation. After 12 hours,
cells at a concentration of 2 � 49 48 54 cells/mL were treated for 12 hours
with doxorubicin at 0.1 �g/mL. Cell viability and apoptosis were evaluated
as described in “Methods.” To determine sensitivity of transgenic lympho-
mas to doxorubicin, 2.5 � 106 B220�IgM� tumor lymphocytes obtained
from E�-MYC or E�-Myc-BIM�/� mice were intravenously injected into
RAG2�/��c�/� mice (10 mice for each subgroup). One week after
inoculation, doxorubicin (10 mg/kg body weight) or vehicle (PBS) was
administered intraperitoneally, and tumor development was monitored in
the transgenic subgroups.

Statistical analysis

To determine the statistical differences between cell viabilities, P values
were calculated using 1-way analysis of variance test followed by Levene
test to assess the homogeneity of variances (HOV). The different post hoc
multiple comparison tests used were: Tukey in the case of HOV or Tamhane
in the absence of HOV (for comparisons with control group), and Dunnett
(for multiple comparisons). Kaplan-Meier plots were depicted to evaluate
overall survival (OS) of BL patients, xenografted mouse recipients, and
transgenic mice; 95% confidence interval was computed using Kalbfleish-
Prentice method. Associations between individual clinical and biologic
features and OS were determined using the log-rank (Mantle-Cox) test. The
analyses were carried out using the SPSS 15.0 statistical software (SPSS
Inc) for Windows. For comparison between median values, Fischer exact
test was used.

Results

Epigenetic silencing of proapoptotic BIM correlates with
chemoresistance in patients with BL

Our previous integrative genomic and gene expression profiling
study identified frequent homozygous deletion of BIM gene in
mantle cell lymphoma. In addition, BIM promoter hypermethyl-
ation was detected in germinal center-derived B-cell lymphomas,
including follicular lymphoma, diffuse large B-cell lymphoma, and
BL.18 To expand this initial observation, we applied standard and
quantitative MSP and pyrosequencing analyses of CpG islands of
BIM gene promoter to BL samples, detecting BIM hypermethyl-
ation in 17 of 39 (46%) patient biopsies and in 15 of 18 (83%) cell
lines (Figure 1A-B). Two additional BL cell lines, P32 and BL2,
exhibited BIM gene inactivation by biallelic deletion (Figure 1C).
Quantitative PCR analysis of ChIP fractions showed a decrease of
AcH3 levels in canonical CpG island sequences of BIM promoter
in hypermethylated cell lines, but not in nonmethylated tumors
(Figure 1D). Concurrent BIM methylation and deacetylation were
correlated with very low or absent RNA (Figure 1E) and protein
expression levels (Figure 1F). Accordingly, treatment of methyl-
ated cells with 5-Aza or with vorinostat resulted in 1.5- to 4-fold
BIM reexpression, whereas vorinostat significantly increased AcH3
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Figure 1. Epigenetic silencing of proapoptotic BIM gene in Burkitt lymphoma. (A) Standard MSP analysis of the BIM gene in BL-derived cell lines and patient samples (P1
and P2, unmethylated BIM; P3 and P4, methylated BIM; top). Quantitative analysis of methylation using quantitative MSP (bottom), including cell lines with complete
methylation according to standard MSP analysis (light gray), cell lines with partial methylation (dark gray), and unmethylated tumors (DG75, Tanoue, and BALM9). PB indicates
peripheral blood. (B) Pyrosequencing analysis of the BIM promoter area after bisulfite modification showing quantitative methylation profiles of GpG islands (expressed in
percentage), which correlate with the data obtained in quantitative MSP. (C) Homozygous deletion of the BIM gene in the EBV- P32 and BL2 cell lines, as revealed by
comparative genomic hybridization to BAC microarrays and PCR on tumor genomic DNA, resulting in null expression of BIM as shown by quantitative RT-PCR and Western
blot analyses. (D) Quantitative ChIP assay of AcH3 binding to canonical CpG island sequences of BIM promoter in vorinostat-treated and untreated cells. An increase of AcH3
levels after treatment with vorinostat was detected in the hypermethylated Jijoye and Seraphina cell lines, but not in the unmethylated BALM9 cell line. (E) BIM epigenetic
silencing was correlated with absent or low expression at RNA levels measured by quantitative RT-PCR, which correlate with BIM epigenetic status. (F) Accordingly, Western
blot analysis shows protein down-regulation in BL-derived cell lines and patient samples with hypermethylation of BIM (P1 and P2, unmethylated BIM; P3, P4, and P5,
methylated BIM). (G) Treatment with 5-Aza and with vorinostat restored BIM expression in methylated tumors at the RNA and protein levels.
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levels (Figure 1D,G). These data indicate that epigenetic silencing
of the BIM gene by both hypermethylation and deacetylation
occurs frequently in BL and can be pharmacologically reversed. To
investigate whether BIM hypermethylation was correlated with
clinical features, we analyzed a series of 39 Spanish patients with
BL who received similar intensive chemotherapeutic regimens plus
central nervous system prophylaxis.27 Patients’ clinical and labora-
tory data are shown in Table 1 and supplemental Table 1. All but
4 were adults, with a median age of 39 years (range, 4-76 years).
The majority presented extranodal involvement (82%), including
bone marrow and leukemic disease. Twenty-one of 36 patients
(58%) with available clinical data achieved CR, resulting in a
median OS of 15 months (95% confidence interval, 0.4-29.5;
Figure 2A). BIM promoter hypermethylation was detected in 17 of
36 (47%) patient samples, whereas 19 cases presented the nonmethy-
lated BIM gene. At diagnosis, patients with the methylated and
unmethylated BIM were not distinguishable by the clinical and
laboratory features typically associated with poor prognosis in BL
(Table 1; supplemental Figure 1A). However, patients with methyl-
ated BIM presented lower CR rate, as only 4 of 17 cases achieved
CR versus 15 of 19 patients in the unmethylated subgroup (24% vs
79%; P � .002). Accordingly, BIM hypermethylation was associ-
ated with shorter OS (median OS, 2 months vs not reached;
P � .007; Figure 2B; supplemental Figure 1B). Similar survival
data were observed for patients younger than 50 years (supplemen-
tal Figure 1C). These data indicate that BIM epigenetic silencing is
correlated with chemotherapeutic resistance, leading to lower CR
and shorter survival duration of patients with BL.

Biologic features of BL cases with BIM hypermethylation

We explored whether BIM transcriptional silencing was associated
with EBV-infection status in BL cells. By quantitative MSP, higher
hypermethylation levels of BIM gene were detected in EBV�

lymphomas compared with EBV� tumors (mean value, 91 � 13 vs
35 � 22; P 
 .01; Figure 2C). In previous reports, box I MYC
mutations targeting Pro-57 and Thr-58 enhanced MYC transforma-
tion and promoted B-cell lymphoma development in mice by
evading apoptosis as a result of a failure to induce BIM.25,31 DNA

sequencing studies revealed that box I MYC mutations spanning
amino acid positions 57 to 60 were more frequent in BL cells BIM
hypermethylation than in nonmethylated tumors (12 of 24 cases,
50% vs 6 of 16 cases, 37.5%; P � .19; Figure 2D; supplemental
Figure 2A). Although no statistically significant values were
achieved and thus no major conclusions can be drawn, these data
may suggest that MYC mutations played a role in the epigenetic
silencing of BIM. Next, the expression of the BCL2-family
member proteins, which are critical regulators of apoptosis in
B-cell malignancies, was measured by Western blot analysis in BL
samples. Tumors with unmethylated BIM presented a higher
number of alterations in the BCL2-family proteins compared with
the hypermethylated cell lines (Figure 2E). BAK and BAX
proteins, 2 final effectors of the apoptotic cascades, presented null
or very low expression in the unmethylated cell lines while
showing normal expression at the RNA level, pointing to a
post-transcriptional mechanism as the putative cause of BAK/BAX
down-regulation (supplemental Figure 2B). Additional studies
revealed that only 2 of 9 primary hypermethylated BL biopsies
showed P53 mutation, whereas these were detected in 6 of
15 nonmethylated BL samples (22% vs 40%; P � .24; Figure 2F).
Together, these results suggest that BIM functions as a critical
regulator of apoptosis in BL cells, as its transcriptional repression is
associated with a reduced number of lesions in other apoptotic
regulatory proteins or in P53, indicating that BIM inactivation may
be sufficient to evade apoptosis in BL.24,25

BL resistance to doxorubicin correlates with BIM expression
levels

Patients with BL are currently treated with dose-intensive chemo-
therapy regimens, including cyclophosphamide, doxorubicin, vin-
cristine, methotrexate, etoposide, dexamethasone, and cytara-
bine.5,6 To test whether BIM expression was correlated with
differences in cytotoxicity profiles, the Seraphina cell line, which
exhibits complete BIM epigenetic silencing, was retrovirally trans-
fected with a p-MIRG-BIM expressing vector. Two Seraphina
single-cell clones with elevated BIM expression (clone 1 with a
2-fold increase, and clone 2 with a 2.5-fold increase with respect to
parental cells) were selected (Figure 3A-B). Comparison of the
spontaneous cell growth and apoptotic rates between the Seraphina
cell clones, Seraphina cells carrying the empty vector, and wild-
type cells did not show statistically significant differences (supple-
mental Figure 3A). Then, the lymphoma cells were incubated with
the chemotherapeutic agents. A statistically significant decrease in
cell viability was observed with doxorubicin, which increased
cytotoxicity rates 20% to 30% in BIM-expressing cells compared
with control cells (Figure 3A). However, these differences were not
displayed with etoposide, methotrexate, cytarabine, dexametha-
sone, and vincristine treatment (supplemental Figure 4). We could
not test cyclophosphamide in vitro, as this drug is inactive until it
undergoes hepatic metabolism.32 Treatment with doxorubicin did
not increase BIM expression (supplemental Figure 3B) but induced
cell death through the mitochondrial apoptotic pathway, as shown
by activation of caspase 9 and increase of PARP (Figure 3C).
Next, BIM was silenced using siRNA in the BIM-expressing BL
cell lines Ramos and KHM10B, which were then incubated with
the chemotherapeutic agents. After doxorubicin treatment, cell
viability was increased along with a decrease in apoptotic rates
(� 30%–40%) in BIM-silenced cells compared with control cells
(Figure 3D). These data indicate that selective resistance of BL
cells to doxorubicin is conditioned, at least in part, by BIM
expression levels. To test whether similar results could be observed

Table 1. Clinical and laboratory characteristics of 36 patients with
BL

Whole
series

BIM
methylated

BIM
unmethylated P

No. (%) of patients 36 17 (47) 19 (53)

Age, y

Median 39 43 36

Range (4-76) (6-76) (4-68)

Younger than 14 4 (11%) 1 (6%) 3 (16%) .6

Sex, no. (%)

Male 24 (67) 12 (71) 12 (63)

Female 12 (33) 5 (29) 7 (37) .73

Diagnosis, no. (%)

Burkitt lymphoma 9 (25) 5 (29) 4 (21) .71

Burkitt lymphoma-leukemia 27 (75) 13 (76) 14 (74)

Stage III/IV, no. (%) 34 (94) 17 (100) 17 (89) .48

Bulky disease,* no. (%) 11 (32) 4 (27) 7 (37) .71

Extranodal involvement,* no. (%) 28 (82) 12 (80) 16 (84) 1

LDH level � 1000 IU,† no. (%) 21 (66) 9 (69) 12 (63) 1

Complete remission, no. (%) 19 (53) 4 (24) 15 (79) .002

BL indicates Burkitt lymphoma/leukemia.
*Data are available on 34 patients.
†Data are available on 32 patients.
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in vivo, Seraphina clones 1 and 2 were intravenously inoculated
into RAG2�/��c�/� mice, which received doxorubicin or vehicle

treatments. Mice carrying wild-type cells or cells transfected with
the empty vector did not show differences in OS between treated

Figure 2. Correlation of BIM epigenetic silencing with clinical outcome and with biologic features in BL. Kaplan-Meier curves for OS for (A) 36 patients with BL included
in the study and (B) BL patients with methylated and unmethylated BIM, where BIM promoter hypermethylation was correlated with inferior CR rate (P � .002) and shorter
survival duration (P � .007). (C) By MSP analysis, BIM hypermethylation was observed in 8 EBV� BL cell lines and in 6 of 9 (66%) EBV-BL cell lines. By quantitative MSP
analysis, measurement of BIM promoter hypermethylation according to EBV infection revealed higher hypermethylation levels in EBV� lymphomas compared with EBV�

tumors (P 
 .01). (D) Correlation of box I MYC mutations in BL primary samples and cell lines with and without hypermethylation of BIM: mutations at box I from amino acid
positions 57 to 60 (including Pro-57 and Thr-58 sites) were more frequent in BL cell lines and primary samples with BIM hypermethylation than in nonmethylated tumors (12 of
24 cases, 50% vs 6 of 16 cases, 37.5%; P � .19). (E) Western blot analysis of BCL2 family proteins in BL cell lines, classified in methylated and unmethylated BIM subgroups.
	-Actin served as loading control. (F) Sequencing of P53 gene identified a lower number of mutations in patient samples with hypermethylated BIM with respect to
unmethylated samples. Because almost all BL cell lines carried the P53 mutations, this analysis was restricted to primary tumors.
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Figure 3. Correlation of BIM expression levels with chemotherapy-induced apoptosis. (A) Seraphina cells were retrovirally transfected with p-MIRG-BIM and p-MIRG (empty
vector). Single-cell clones were isolated from the BIM-expressing cell pools. Using quantitative RT-PCR and Western blot analyses, clones 1 and 2 showed intermediate and high BIM
expression, respectively, with respect to the parental cell line. Seraphina clones 1 and 2 were incubated with individual chemotherapeutic agents, showing increased sensitivity to
doxorubicin with respect to control cells, but not to other compounds tested (supplemental Figure 4). (B) Relative BIM expression of Seraphina clones 1 and 2 and other BL cell lines.
(C) Chemotherapy treatment of clones 1 and 2 cells activated the intrinsic apoptotic pathway, through cleavage of caspase 9 and expression of PARP proteins, as determined by Western
blot analysis. (D) Silencing of BIM by RNAinterference in Ramos and KHM10B cell lines was correlated with an increase in the resistance profile to doxorubicin with respect to parental cell
line and control (cells transfected with a scramble vector). (E) Kaplan-Meier survival curves of RAG2�/��c�/� mice transplanted with wild-type and genetically manipulated Seraphina cells,
which received chemotherapy or vehicle after tumor inoculation. Mice injected with Seraphina-transfected clones 1 and 2 cells but not Seraphina wild-type or cells transfected with the
empty vector presented a statistically significant prolonged OS after treatment with doxorubicin compared with vehicle-treated recipients. (F) Follow-up studies of tumor metabolic activity
by micro-PET performed 2 weeks after initiation of therapy revealed a better response after treatment in Seraphina clone 1 recipients than in clone 2 transplanted mice, whereas no
response was observed in control mice carrying BL cells transfected with empty p-MIRG or parental wild-type cells.
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and vehicle-treated subgroups. Conversely, mice injected with
clones 1 and 2 receiving doxorubicin presented longer OS com-
pared with vehicle-treated recipients, these differences being more
pronounced for mice carrying clone 2-derived lymphomas (median
OS, 32 vs 22 days; P 
 .001) than for those with clone 1 (29 vs 25
days, P � .01; Figure 3E). Accordingly, reduction of lymphoma
volumes and decreased glycolytic tumor activities were observed
in mouse recipients transplanted with clones 1 and 2 cells
compared with control mice, as determined by PET imaging
studies (Figure 3F). These data indicate that sensitivity to doxorubicin
is correlated with BIM expression in BL xenografts in vivo,
therefore expanding our previous observations in vitro.

BIM regulates chemoresistance in lymphomas developed in
E�-MYC and BIM-deficient mice

A previous study demonstrated that BIM-mutant E�-MYC trans-
genic mice developed B-cell leukemias and lymphomas more
efficiently than E�-MYC transgenes.24 We used this validated
model to test whether BIM could condition sensitivity to chemo-
therapy in mouse B220�IgM� B-cell lymphomas (Figure 4A;
supplemental Figure 5). Western blot analysis revealed a reduction
in BIM expression levels in E�-MYC-BIM�/� lymphomas com-
pared with E�-MYC lymphomas (Figure 4B). Then, mature
B220�IgM� tumor lymphocytes were isolated from E�-MYC or in
E�-MYC-BIM�/� transgenes and treated with doxorubicin ex vivo.
E�-MYC lymphoma cells showed decreased survival and higher
apoptotic levels than E�-MYC-BIM�/� lymphomas after doxorubi-
cin treatment (Figure 4C). To test this observation in vivo,
2.5 � 106 mature B220�IgM� tumor lymphocytes isolated from
6 different lymphomas developed in E�-MYC or in E�-MYC-
BIM�/� transgenes were injected intravenously into RAG2�/��c�/�

recipients (supplemental Table 3). One week after inoculation,
doxorubicin versus vehicle (PBS) was administered (Figure 4D).
After treatment and compared with vehicle-treated mice, mice
carrying E�-MYC lymphomas presented an extended survival time
of 30 days (median OS, 20 vs 50 days; P � .001), whereas those
with E�-MYC-BIM�/� lymphomas only extended survival in 3
days (median OS, 43 vs 46 days; P � .03; Figure 4E). Thus,
E�-MYC-BIM�/� lymphomas were more resistant to chemo-
therapy than E�-MYC lymphomas in vivo. Accordingly, at day 100
after injection, 4 E�-MYC mouse recipients remained disease-free
versus only 2 in the E�-MYC-BIM�/� subgroup. In agreement with
these data, PET studies showed a marked reduction in the
glycolytic tumor activity in E�-MYC lymphoma recipients com-
pared with mice with E�-MYC-BIM�/� lymphomas after doxorubi-
cin treatment (Figure 4F). These data confirm our previous results
in a different mouse model, reinforcing the concept that BIM
expression levels modulate chemosensitivity in MYC-driven
lymphomas.

BL chemoresistance can be overcome by pharmacologic
reexpression of BIM

Last, to begin to translate these findings to the clinic, we tested
whether resistance to chemotherapy was reversible on pharmaco-
logic induction of BIM expression in BL-resistant lymphomas.
Treatment of BIM epigenetically silenced cell lines with 5-Aza
induced a 1.5- to 2.5-fold up-regulation of BIM expression,
whereas treatment with vorinostat resulted in a 3.5- to 4-fold BIM
reexpression (Figure 1G). Induction of BIM in BL cells was
associated with a partial reversion of the resistance to doxorubicin
in vitro, along with an increase in the apoptotic rates, which were

more pronounced for vorinostat than for 5-Aza (Figure 5A).
However, no differences in cell viability or apoptotic rates were
observed after vorinostat and doxorubicin therapy in the BIM
unmethylated cell lines (Figure 5B). We therefore selected vorinos-
tat to explore whether similar results could be observed in vivo.
Thus, 2.5 � 106 cells from the wild-type Seraphina cell line (with
complete BIM hypermethylation) were intravenously inoculated
into 5 RAG2�/��c�/� mouse cohorts (including 10-15 mice on
each), which received treatment with vorinostat, doxorubicin,
vorinostat plus doxorubicin, vorinostat plus doxorubicin plus
cyclophosphamide, or vehicle (DMSO). Vorinostat was adminis-
tered at low doses, enough to induce BIM expression without
killing the lymphoma cells in vitro (Figure 5A-B; and data not
shown). Mice treated with DMSO presented similar survival
duration as the vorinostat-treated and doxorubicin-treated sub-
groups (median OS, 35 vs 36 vs 33 days, respectively; P � .9).
Mice treated with vorinostat plus doxorubicin presented longer OS
compared with control mice (median OS, 45 vs 33 days; P � .005).
These results confirm our previous observations and further
indicate that BIM reexpression may reverse chemoresistance to
doxorubicin in vivo. Next we tested cyclophosphamide, a drug that
is not active in vitro as it requires hepatic activation in vivo.32

Notably, a longer OS was observed in mice treated with vorinostat,
doxorubicin, and cyclophosphamide compared with doxorubicin-
and vorinostat-treated mice (median OS, not reached vs 45 days;
P 
 .001). Indeed, 5 of 10 mice treated with the triple combination
remained alive and free of disease at day 150 after injection (Figure
5C; supplemental Figure 6). Treatment of tumors with vorinostat
plus chemotherapy was associated with higher apoptotic rates,
decreased cell growth, and activation of the intrinsic apoptotic
pathway (Figure 5D-E). In addition, monitoring of tumor responses
using PET imaging showed a marked reduction in tumor volume
and glycolytic activity in mice treated with vorinostat and chemo-
therapy compared with control mice (Figure 5F). These data
indicate that the combination of vorinostat at low doses (which
allows reexpression of BIM, thus sensitizing cells to chemo-
therapy) followed by doxorubicin and cyclophosphamide was the
optimal therapeutic in the xenograft model, as it reversed chemo-
therapeutic resistance and significantly increased survival of mice.

Discussion

Our study demonstrates the power of coupling clinical investiga-
tion with experimental research to deal with a medical problem. We
have used different in vitro assays and in vivo studies in human BL
xenografts and in transgenic mice to show that the epigenetic
silencing of BIM is a critical mechanism of chemotherapy resis-
tance in MYC-driven lymphomas. Accordingly, therapies that
reactivate BIM expression, such as vorinostat, can reverse chemore-
sistance and enhance the efficacy of doxorubicin and cyclophospha-
mide therapy in BL. Other studies aiming to evaluate the apoptosis
and therapeutic activities of HDACis have been conducted in
similar mouse models of lymphoma.33,34 These and our report
underline the importance of using appropriate experimental animal
models for the preclinical evaluation of novel therapeutic agents,
aiming to select optimal drug combinations to treat human disease.

BIM plays a central role in the therapeutic resistance of some
solid tumors and myeloid leukemias, whereby BIM inactivation is
caused by selective phosphorylation that targets it for degradation
in the proteasome.19-23 This post-transcriptional BIM inactivation
mediated therapeutic resistance to tyrosine-kinase inhibitors in
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Figure 4. Lymphoma characterization, B-cell isolation, and therapy of double E�-Myc- and BIM-deficient transgenic mice. (A) Kaplan-Meier survival curves for
E�-MYC and E�-Myc-BIM�/� mice. (B) Determination of BIM protein expression levels in B220�IgM� mature E�-MYC and E�-Myc-BIM�/� lymphomas by Western blot
analysis. (C) Mature B220�IgM� tumor lymphocytes isolated from E�-MYC and E�-Myc-BIM�/� mice were BCR-activated with anti-IgM and treated with doxorubicin. E�-Myc
B220�IgM� lymphoma cells showed decreased survival and higher apoptotic levels than E�-Myc-BIM�/� B220�IgM� lymphoma cells, according to annexin V/fluorescein
isothiocyanate staining. (D) Representative diagram of the experimental therapeutic design to test whether E�-MYC lymphoma cells were more sensitive than
E�-MYC-BIM�/� lymphoma cells to doxorubicin treatment in vivo. (E) Kaplan-Meier survival curves for mice transplanted with mature B-cell E�-Myc and E�-Myc-BIM�/�

lymphoma cells treated with doxorubicin versus vehicle. Compared with DMSO-treated mouse recipients, mice carrying E�-Myc lymphomas presented longer survival after
therapy than those with E�-Myc-BIM�/� lymphomas. (F) Micro-PET studies showed a significant reduction in the glycolytic tumor activity in E�-Myc lymphoma recipients
compared with mice with E�-Myc-BIM�/� lymphomas. PET studies were performed at day 7 (just before initiation of therapy) and at day 14 (1 week after therapy).
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Figure 5.
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lung cancer,35 MEK inhibitors in melanomas,36 paclitaxel in
epithelial tumors,19 imatimib in chronic myeloid leukemia,20 and
sorafenib (a RAF kinase inhibitor) in acute myeloid leukemia.37

Restoration of BIM expression with the proteasome inhibitor
bortezomib or by mimicking its function with the BH3-mimetic
ABT-737 reversed tumor chemoresistance.19,20,35-37 Herein, we
confirm the critical role of BIM in regulating chemoresistance but,
different from these reports, BIM inactivation in BL cells occurred
at the transcriptional level and not post-transcriptionally. This
observation may be of clinical relevance, as the reactivation of
BIM function aiming to bypass chemoresistance can be achieved
with different treatment modalities. Thus, in BL cells with BIM
epigenetic silencing, therapies such as demethylating agents or
HDACis can restore BIM expression and reverse chemoresistance.
Conversely, in most other leukemias and solid tumors, BIM
post-transcriptional modifications can be repaired with bortezomib
or with ABT-737, thus sensitizing cells to chemotherapy. Together,
our data indicate that the combination of HDACis and high-dose
chemotherapy may overcome chemoresistance, achieve durable
remission and improve survival of patients with BL.

Vorinostat as a single agent was approved by the Food and Drug
Administration in October 2006 for the treatment of progressive,
persistent, or recurrent cutaneous T-cell lymphoma (CTCL) after
2 prior systemic therapies, achieving clinical effective responses
with an acceptable safety profile.38 More recently, the HDACi
romidepsin (FK-228) has been also approved by the Food and Drug
Administration for the treatment of CTCL patients who have
received at least 1 prior systemic therapy.39 In addition, other
HDACis, such as panobinostat (LBH589), belinostat (PXD101),
and miocetinostat (MGCD0103), have demonstrated therapeutic
potential as monotherapy or in combination with other antitumor
drugs in CTCLs and in other hematologic malignancies.40 Indeed,
at least 80 clinical trials with more than 10 different HDACis are
underway, testing these compounds in leukemias, lymphomas,
myeloma, and solid tumors.41 Besides vorinostat, we have recently
evaluated the therapeutic efficacy of other different HDCAis in
combination with doxorubicin in our BL cellular models in vitro,
obtaining rather similar results in terms of BIM reactivation and of
reversion of chemoresistance (data not shown). Our current goal is
to identify the HDACi that, in combination with doxorubicin and
cyclophosphamide, shows the best therapeutic activity with minor
toxicity in our preclinical BL mouse models. Once the optimal
combination therapy has been defined, we expect to design a
clinical trial to evaluate the maximum tolerated dose and the
therapeutic efficacy of the combination of the selected HDACi with

rituximab and HyperCVAD in adult patients with refractory or
early relapsed BL.

Acknowledgments

The authors thank Drs Martin Dyer (University of Leicester,
Leicester, United Kingdom), William Harrington (University of
Miami, Miami, FL), and James Stone (University of Alberta,
Edmonton, AB) for providing cell lines, Drs Maria Collantes and
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