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Glucocorticoids play a critical role in the
therapy of lymphoid malignancies, includ-
ing pediatric acute lymphoblastic leuke-
mia (ALL), although the mechanisms un-
derlying cellular resistance remain
unclear. We report glucocorticoid resis-
tance attributable to epigenetic silencing
of the BIM gene in pediatric ALL biopsies
and xenografts established in immune-
deficient mice from direct patient ex-
plants as well as a therapeutic approach

to reverse resistance in vivo. Glucocorti-
coid resistance in ALL xenografts was
consistently associated with failure to up-
regulate BIM expression after dexametha-
sone exposure despite confirmation of a
functional glucocorticoid receptor. Al-
though a comprehensive assessment of
BIM CpG island methylation revealed no
consistent changes, glucocorticoid resis-
tance in xenografts and patient biopsies
significantly correlated with decreased

histone H3 acetylation. Moreover, the
histone deacetylase inhibitor vorinostat
relieved BIM repression and exerted syn-
ergistic antileukemic efficacy with dexa-
methasone in vitro and in vivo. These
findings provide a novel therapeutic strat-
egy to reverse glucocorticoid resistance
and improve outcome for high-risk pediat-
ric ALL. (Blood. 2010;116(16):3013-3022)

Introduction

Neoplasia is driven by a complex series of genetic lesions that
regulate proliferation, apoptosis, response to cytokine signaling,
invasion/metastasis, and angiogenesis. Compelling evidence now
exists that epigenetic changes complement germline and somatic
genetic lesions, resulting in aberrant gene expression in malignant
cells.1 Such epigenetic alterations include methylation of DNA
CpG dinucleotides; modification of nucleosome conformation by
methylation, phosphorylation, acetylation, sumoylation, and ubiq-
uitination of histone N-termini; and gene regulation by small
noncoding RNAs termed microRNAs.2-4

The development of genome-wide analysis tools has high-
lighted the prevalence of epigenetic changes in tumor cells.1 A
common feature of neoplasia is a global decrease, but frequent
localized increase, in DNA methylation as well as altered patterns
of chromatin and nucleosome structure that regulate accessibility
of the transcriptional machinery to actively transcribed genes.5 This
aberrant epigenetic regulation of gene expression has been impli-
cated in multiple stages of cancer, from initiation through to the
acquisition of drug resistance, leading to opportunities for the
therapeutic use of epigenetic modifiers such as DNA methyltrans-
ferase inhibitors and histone deacetylase inhibitors (HDIs). For
example, the HDI vorinostat (suberoylanilide hydroxamic acid) is
currently approved in the United States for the third-line systemic

treatment of cutaneous T-cell lymphoma and is in phase 1/2/3
clinical trials for a variety of hematologic malignancies and solid
tumors.

The proapoptotic BH3-only bcl2 family member, BIM, plays a
critical role in development and homeostasis of the lymphoid
system6 and is a tumor suppressor in B lymphocytes.7 Moreover,
loss of BIM confers resistance of normal and malignant
B lymphocytes to glucocorticoids.8 Bim protein expression is regu-
lated at the transcriptional level through transcription factors such
as Foxo3a and E2F1,9,10 posttranscriptionally by microRNAs,11 and
posttranslationally via phosphorylation.12 BIM is also reported to
be the target of gene silencing in lymphoid malignancies via
promoter methylation and biallelic deletion.13

The glucocorticoids dexamethasone and prednisolone are criti-
cal components of combination chemotherapy regimens used in the
treatment of lymphoid malignancies, including pediatric acute
lymphoblastic leukemia (ALL), which is known as the most
common childhood malignancy. Several treatment protocols for
childhood ALL now include an initial week of glucocorticoid
monotherapy combined with a single intrathecal dose of methotrex-
ate, and early response to treatment is one of the strongest
predictors of outcome.14 Those children who fail to achieve a good
early response (prednisolone poor responders, PPRs) are further
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stratified into treatment protocols for high-risk patients. A greater
understanding of mechanisms associated with resistance to glucocor-
ticoids in pediatric ALL would facilitate the design of treatment
strategies to overcome resistance and improve outcome.

Several genome-wide expression analyses of glucocorticoid-
induced genes, which included leukemic blasts harvested from
pediatric ALL patients after treatment, have identified BIM as a
frequently up-regulated Bcl-2 family member.15,16 Moreover, sig-
nificantly lower BIM expression was detected in high-risk child-
hood ALL patients who exhibited slow early responses to a
standard 4-drug induction regimen compared with those patients
who responded rapidly.17

We previously showed that dexamethasone resistance in pediat-
ric ALL xenografts established in immune-deficient (nonobese
diabetic/severe combined immunodeficient [NOD/SCID]) mice
directly from patient explants was associated with failure to induce
Bim protein and mRNA expression in response to dexamethasone
treatment.18,19 Moreover, dexamethasone resistance in these xeno-
grafts could not be attributed to dysfunctional glucocorticoid
receptor (GR), in contrast to findings in which the authors used in
vitro–cultured cell lines19,20 but consistent with reports that pertur-
bations in expression and/or function of the GR are rare in primary
ALL.21

In this study, we describe epigenetic repression of BIM in
dexamethasone-resistant pediatric ALL xenografts and in leukemic
blasts from PPRs compared with those from prednisolone good
responders (PGRs). In contrast to previous reports, a rigorous
analysis of the BIM promoter region revealed that increased DNA
methylation was not the underlying mechanism of dexamethasone
resistance. Instead, the BIM locus existed in a transcriptionally
inert conformation as the result of decreased association of
acetylated histone H3, which could be reversed with vorinostat
leading to synergistic antileukemic effects in combination with
dexamethasone both in vitro and in vivo. These findings present a
paradigm for the rational use of epigenetic modifiers to improve the
treatment of glucocorticoid-resistant pediatric ALL.

Methods

ALL xenograft model and primary patient samples

The process by which continuous xenografts from childhood ALL biopsies
have been established in immunodeficient NOD/SCID mice has been
previously described in detail.22 For in vitro experiments described in this
study, xenograft cells harvested from mice at the quaternary serial passage
were retrieved from cryostorage and cultured in QBSF-60 medium
supplemented with Flt-3 ligand (20 ng/mL; kindly provided by Amgen),
penicillin (100 U/mL), streptomycin (100 �g/mL), and L-glutamine (2mM).
For drug treatments, dexamethasone (Sigma-Aldrich) was used at a final
concentration of 1�M and vorinostat (Merck) at a final concentration of
100nM-5�M.

Primary patient samples were obtained from children presenting at
Sydney Children’s Hospital and at the Pediatric Clinic, Ospedale San
Gerardo, with ALL at initial diagnosis or bone marrow relapse. Informed
consent was obtained from each subject involved in the study. All human
investigations were performed in accordance with the principles embodied
in the declaration of Helsinki. Children presenting with ALL were enrolled
in Australia and New Zealand Children’s Cancer Study Group Study 8 and
AIEOP-BFM ALL2000 protocol and were treated with an initial 7-day
course of prednisolone and a single age-related dose of intrathecal
methotrexate. Those patients with a day 8 peripheral blast count of � 109/L
were classified as PPRs and those � 109/L as PGRs. Three sample groups
were identified: (1) a group of PPRs; (2) a group of PGRs matched as
closely as possible to PPRs in terms of age, sex, and leukemia phenotype;

and (3) a group of samples from patients who relapsed within 2 years of
initial diagnosis.

All animal studies had previous approval from the Animal Care and
Ethics Committee of the University of NSW, whereas experiments that used
patient biopsy material were approved by the Human Research Ethics
Committees of the South East Sydney and Illawara Area Health Service, the
University of New South Wales, San Gerardo Hospital, and the University
of Milano-Bicocca.

In vitro cytotoxicity assays

In vitro drug sensitivity was assessed by use of the colorimetric methyl-
thiazolyl-tetrazolium (MTT) assay, which measures a combination of
inhibition of proliferation and cell death, and is described in detail
elsewhere.18 The cytotoxic interactions between dexamethasone and vori-
nostat were evaluated by the use of the method of Chou and Talalay,23 as
described in the supplemental Methods (available on the Blood Web site;
see the Supplemental Materials link at the top of the online article).

Immunoblotting

Whole-cell protein extracts were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and electro-transferred to PVDF mem-
branes according to the manufacturer’s instructions (Invitrogen). Mem-
branes were probed with anti-Bim and anti-Actin polyclonal antibodies
(Sigma-Aldrich) followed by horseradish peroxidase–conjugated donkey
anti–rabbit secondary antibody (GE Healthcare). Protein binding was
detected by chemiluminescence and visualized by autoradiography detec-
tion and phosphoimaging with a VersaDoc 5000 Imaging System (Bio-Rad).
Data were analyzed by the use of QuantityOne software (Version 4.00;
Bio-Rad).

Real-time RT-PCR

Real-time quantitative reverse transcription–polymerase chain reaction
(RT-PCR) was carried out as previously described.19 A brief description and
primer sequences are provided in the supplemental Methods.

ChIP and ChIP-chip arrays

Chromatin immunoprecipitation (ChIP) and ChIP-chip were carried out as
previously described.24 Full details including primer sequences are pro-
vided in the supplemental Methods.

Methylated DNA immunoprecipitation assay

Genomic DNA was extracted from xenograft cells by the use of TRIzol
reagent (Invitrogen), and 20 �g was sonicated by use of a Branson
Sonoplus HD 2070. One microgram of sonicated DNA was immunoprecipi-
tated overnight with 5-methyl-cytosine antibody (Abcam). Immunoprecipi-
tated complexes were captured by incubation with salmon sperm DNA/
protein A agarose (Upstate) for 1 hour and the immunocomplex washed to
remove nonspecific binding in a series of buffers according to the
manufacturer’s recommendations (supplemental Methods). The immunopre-
cipitated DNA was eluted from the beads with freshly prepared 1% SDS,
0.1M NaHCO3 and purified by use of the QIAquick PCR purification kit
according to the manufacturer’s instructions. A total of 5 �L of immunopre-
cipitated DNA and a corresponding amount of input DNA was assayed by
SYBR Green real-time PCR (Bio-Rad) according to the manufacturer’s
instructions (see supplemental Methods for primers).

Bisulfite sequencing

A total of 5 �L of bisulfite-treated DNA was amplified by nested PCR after
a standard protocol (see supplemental Methods for preparation of bisulfite-
treated DNA and primers). Amplicons were ligated into TOPO-TA pCR2.1
cloning vectors (Invitrogen) according to manufacturer’s instructions and
used to transform TOP10 Escherichia coli cells. One microgram of DNA
from each clone was precipitated with ammonium acetate (0.7M final
concentration) and sequenced (Eurofins MWG Operon). Ten clones from
each amplicon were analyzed.
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SEQUENOM methylation analysis

Genomic DNA extracted from xenograft cells was subjected to sodium
bisulfite conversion by the use of the MethylEasy Xceed according to
manufacturer’s instructions (Human Genetic Signatures). Quantitative
DNA methylation analysis was performed by the use of SEQUENOM
EpiTYPER chemistry according to manufacturer’s instructions
(SEQUENOM Inc). PCR amplicons were derived from bisulfite-treated
genomic DNA samples from each xenograft cell line (see supplemental
Methods for primers and PCR conditions). Amplicons were subjected to
SEQUENOM EpiTYPER chemistry consisting of shrimp alkaline phospha-
tase treatment, in vitro transcription, and RNA cleavage followed by
analysis by matrix-assisted laser desorption-ionization time of flight mass
spectrometry and SEQEUNOM EpiTYPER v1.05 software. Methylation
ratios for each amplicon from each sample were plotted by the use of
Heatmap.2 in R (http://www.r-project.org).

In vivo efficacy studies

Groups of 9 female NOD/SCID mice who were 6-8 weeks of age were
inoculated with 5 � 106 xenograft cells and engraftment monitored by
weekly enumeration of the proportion of human CD45� cells in the
peripheral blood (%huCD45�) as described previously.25 When the median
%huCD45� reached 1%, treatment was initiated after randomization:
vorinostat was administered at 200 mg/kg for the first 7 days and then
100 mg/kg for 21 days26; dexamethasone was administered at 5 mg/kg
Monday through Friday for 4 weeks; all via intraperitoneal injection.
Leukemia progression was monitored throughout and after the course of
drug treatment. An event was defined as the time taken from the initiation of
treatment for the %huCD45� to reach 25%, or when animals exhibited
signs of morbidity associated with high leukemic infiltration of bone
marrow and spleen. To allow comparisons between drug and vehicle
treatment groups, event-free survival (EFS) was calculated for each mouse
and represented by Kaplan-Meier analysis. The median EFS for the vehicle
control group also was subtracted from that of the drug-treated groups to
generate a leukemia growth delay.

Statistical analyses

Quantitative variables of normally distributed data were compared by the
Student t test and nonnormally distributed data were compared by the
Mann-Whitney U test, whereas categorical data were compared by the
Fisher exact test. All statistical tests were 2-sided and the level of
significance was set to .05.

Results

Repression of BIM transcription in glucocorticoid-resistant
pediatric ALL

We have previously demonstrated that the in vivo and in vitro
dexamethasone sensitivities of a panel of pediatric ALL xenografts
closely reflected the clinical outcome of the patients from whom
the xenografts were derived,18,22,25 indicating that the xenograft
model system is likely to yield important insights into clinically
relevant mechanisms of glucocorticoid resistance. The relative in
vitro sensitivity of a subset of these xenografts is illustrated in
Figure 1A, which shows that the dexamethasone half maximal
inhibitory concentration (IC50) values of 2 resistant xenografts
representative of the disease (ALL-2 and ALL-19, � 10�M) were
� 1000-fold those of 2 sensitive xenografts (ALL-3 and ALL-11,
9.8nM and 3.7nM, respectively). The high level of dexamethasone
resistance exhibited by ALL-2 and ALL-19 was also reflected in
their failure to up-regulate Bim protein after exposure to dexameth-
asone (Figure 1B), consistent with previous reports.18,19 The in
vitro and in vivo dexamethasone sensitivities of the entire xeno-
graft panel used in this study are shown in supplemental Table 1.

Figure 1. Responses of ALL xenografts to dexameth-
asone in vitro. (A) Xenograft cells were retrieved from
cryostorage, and metabolic activity was assessed after
a 48-hour exposure to a serial dilution of dexametha-
sone (10�5-10�9) relative to vehicle-treated controls by
MTT assay. (B) Protein expression of Bim was as-
sessed by immunoblot analysis relative to Actin control
in glucocorticoid-sensitive (ALL-3 and ALL-11) and
-resistant (ALL-2 and ALL-19) xenograft cells after treat-
ment with dexamethasone (1�M, 16 hours). (C) Gene
expression of glucocorticoid responsive genes, FKBP5,
SOCS1, and BIM, was analyzed by RT2-PCR and ex-
pressed as a fold of vehicle-treated controls after treat-
ment with dexamethasone (1�M) for up to 16 hours.
(D) ChIP was carried out to identify recruitment of RNA
polymerase II to the TSS of the BIM locus, and Foxo3a to
its binding site upstream of the TSS, with each PCR
region evaluated relative to total histone H3 ChIP in the
same sample. Results were visualized by polyacrylamide
gel electrophoresis and quantified by SYBR-green PCR.
Splicing within a representative gel is indicated by divid-
ing spaces. Quantified results represent the mean � SEM
of 3 independent experiments.
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We next compared BIM mRNA induction in ALL-2, -3, and -19
with reference to 2 genes (FKBP5 and SOCS1) previously identi-
fied to be up-regulated in leukemic blasts from patients treated with
the glucocorticoid prednisolone.27 FKBP5 is a primary target of the
GR and contains well-characterized glucocorticoid response ele-
ments (GREs),28,29 whereas SOCS1 is a secondary target gene for
glucocorticoids, because protein synthesis has been shown to be
required for its transcriptional activation.15 After exposure to
dexamethasone, and regardless of their relative sensitivity to its
cytotoxic effects (Figure 1A), all xenografts exhibited robust
induction of both FKBP5 and SOCS1 (Figure 1C). In contrast, induction
of BIM mRNA was repressed in ALL-2 and ALL-19 compared with
the sensitive ALL-3, consistent with previous findings.19

To further characterize the mechanism of BIM transcriptional
repression in dexamethasone-resistant xenografts, we assessed
recruitment of RNA polymerase II and Foxo3a to a region just
upstream of the BIM transcription start site (TSS, region 3, Figure
2A) by conventional and quantitative PCR (qPCR)-ChIP assays.
After dexamethasone treatment of ALL-3, we observed a 4.9 � 0.4-
and 3.7 � 1.2-fold increase in recruitment of RNA polymerase II
and Foxo3a, respectively, to region 3 (Figure 1D; mean � SEM).
In contrast, there was a distinct lack of recruitment of both proteins
in ALL-2. Moreover, conventional ChIP of histone H3 also
indicated nucleosomal loss in this region in ALL-3 compared with
ALL-2, consistent with active transcription.30

Epigenetic regulation of the BIM genomic locus

The BIM genomic locus on chromosome 2q13 includes a large
(� 5 kb) CpG island spanning the promoter region, TSS and
5�-untranslated region (Figure 2A, supplemental Figure 3A).
Because BIM silencing has been associated with DNA methylation
in neoplastic lymphoid cell lines and primary biopsies,13 we used a
multifaceted approach (methyl-DNA immunoprecipitation, or
MeDIP,31 bisulfite sequencing,32 and SEQUENOM MassArray
Epityper analysis33) to comprehensively assess the DNA methyl-
ation status at the BIM CpG island in dexamethasone-sensitive and
-resistant ALL xenografts (see Figure 2A for regions analyzed by
each technique, and supplemental Figure 3A for exact genomic
alignments).

MeDIP analysis of 5 regions from 6 xenografts revealed
enrichment in only one highly resistant xenograft, ALL-19, at
regions 4 and 5, which span the 5� untranslated region of the gene
(Figure 2B). Two other dexamethasone-resistant xenografts, ALL-2
and ALL-10, showed only localized methylation with some
enrichment evident in regions 4 and 5, respectively. Additional
analysis by bisulfite sequencing confirmed increased region 5 DNA
methylation in 2/3 resistant xenografts (ALL-10 and ALL-19 but
not ALL-2) compared with 3 sensitive xenografts (Figure 2C;
supplemental Figure 1). The high level of methylation exhibited by
ALL-19 in the 5�-untranslated region was confirmed by bisulfite

Figure 2. DNA methylation analysis of the CpG island
identified across the BIM genomic locus. (A) The BIM
genomic locus is represented by a schematic adapted
from the UCSC genome browser (see supplemental
Figure 3A), with regions analyzed in the separate assays
(ChIP/MeDIP: regions 1-5; SEQUENOM: regions 1a-5a)
indicated above the BIM gene, as well as the TSS (bold
arrow), translation start site, and CpG island indicated.
(B) MeDIP was carried out on 3 glucocorticoid-sensitive
(ALL-3, -11, and -16) and 3 glucocorticoid-resistant
(ALL-2, -10, -19) xenografts and enrichment for 5�-
methyl-cytosine evaluated by qPCR across regions 1-5
indicated previously. (C) Bisulfite sequencing was carried
out as described in “Bisulfite sequencing” to confirm
MeDIP results for region 5. Open circles represent
unmethylated sites, whereas closed circles represent
methylated sites. At least 6 clones were sequenced for
each xenograft. (D) SEQUENOM assays were carried
out to measure methylation at individual CpG sites
across BIM regions 1a-5a. Quantified methylation at
each site is represented as a heat map ranging from
white (0% methylation) to black (100% methylation).
Xenografts are arranged vertically in decreasing order of
Bim protein induced after treatment with dexamethasone
(1�M, 16 hours).
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sequencing of region 4, indicating near-total DNA methylation
(R.G.P., unpublished data, September 2006).

Because neither MeDIP nor bisulfite sequencing revealed a
definite relationship between DNA methylation at the BIM locus
and transcriptional silencing, we subjected all 12 xenografts to
SEQUENOM MassArray EpiTYPER analysis. Figure 2D shows
the level of DNA methylation at regions 1a-5a of the BIM locus
(see Figure 2A, supplemental Figure 3A for schematic) in
12 xenografts arranged according to the extent of Bim induction
after exposure to dexamethasone. These results confirmed no clear
association between DNA methylation and BIM silencing across
the panel of xenografts.

Because DNA methylation alone could not explain the lack of
BIM induction, we investigated histone modification marks associ-
ated with actively transcribed (H3K9Ac, H3K4Me3) or inactive
(H3K27Me3) genes at the BIM locus in ALL-2 (resistant) and

ALL-3 (sensitive) by ChIP-chip analysis (Figure 3A). Although the
majority of H3K9Ac and H3K4Me3 enrichment in ALL-3 was
detected at the highly conserved 5� region of the BIM gene,
enrichment of both of these histone modification marks was
dramatically decreased in ALL-2, consistent with a less transcrip-
tionally accessible BIM promoter. In addition, despite some
enrichment of H3K27Me3 at the BIM 5� region, there was no
noticeable difference between ALL-2 and ALL-3. These results
were confirmed by qPCR-ChIP analysis of BIM region 3 (supple-
mental Figure 2).

The ChIP-chip results prompted a more extensive analysis of
H3K9Ac enrichment at region 3 in dexamethasone-sensitive and
-resistant xenografts by conventional and qPCR-ChIP. Conven-
tional ChIP analysis revealed a marked decrease in BIM region 3
H3K9Ac enrichment in 3/3 dexamethasone-resistant xenografts
(ALL-2, ALL-10, and ALL-19) compared with 2 sensitive

Figure 3. Histone H3 modifications at the BIM locus.
(A) ChIP was carried out for the activating marks H3AcK9
and H3K4Me3 and the inactive mark H3K27Me3 on a
representative sensitive (ALL-3) and resistant (ALL-2)
xenograft. ChIP material was applied to customized tiling
arrays to provide a comprehensive view of the BIM locus
as described in “ChIP and ChIP-chip arrays.” (B) ChIP
was carried out for H3K9Ac in 2 representative sensitive
(ALL-3 and -11) and 3 representative resistant (ALL-2,
-10, and -19) xenografts and visualized at the BIM,
NOXA, PUMA and GAPDH genomic loci by PCR followed
by polyacrylamide gel electrophoresis and SYBR stain-
ing. Splicing of samples within a single representative gel
is indicated by dividing spaces. (C) ChIP was carried out
for H3K9Ac at the BIM locus and quantified relative to the
GAPDH locus. Relative BIM acetylation was plotted
against the amount of Bim protein induced in each
xenograft after treatment with dexamethasone (1�M,
16 hours) as previously published.18 The color-code along-
side the y-axis designates the in vivo LGD in days for
each xenograft (see supplemental Table 1); LGD indi-
cates leukemia growth delay; nd, not determined.
(D) H3K9 acetylation of BIM was evaluated by ChIP
analysis of primary ALL samples in 2 independent patient
cohorts (green, Australian; blue, Italian). Data from the
Australian cohort were normalized to LMO2, whereas
those from the Italian cohort to GAPDH. Individual results
represent the mean of 4 experiments; red bar, mean of
each subgroup. (E) Basal BIM mRNA expression was
determined by RT2-PCR and grouped as for Figure 3D.
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xenografts (ALL-3 and ALL-11), both of which exhibited robust
enrichment (Figure 3B). In contrast, no differences in H3K9Ac
associated with the promoter regions of 2 other proapoptotic
BH3-only genes, PUMA and NOXA, were detected indicating
specific histone deacetylation of the BIM locus (Figure 3B, see
supplemental Figure 3B-C for schematics of genomic loci).
Importantly, qPCR-ChIP analysis of all 12 xenografts revealed a
strong correlation between BIM region 3 H3K9Ac and the extent of
Bim protein induction after dexamethasone treatment (Figure 3C,
R 	 0.902, P � .001), indicating a significant role of the local
chromatin environment at the BIM locus. Moreover, because early
response to glucocorticoid monotherapy is used as a clinical
surrogate for overall treatment response to multiagent chemo-
therapy, a critical finding was that the in vivo sensitivity of this
panel of xenografts (supplemental Table 1) also significantly
correlated with the extent of BIM region 3 H3K9Ac (R 	 0.64,
P 	 .03).

To verify that decreased H3K9Ac at the BIM promoter in
glucocorticoid-resistant pediatric ALL was not an artifact of
xenografting cells in immune-deficient mice we evaluated biopsy
material from chemotherapy-naive patients before one week of
prednisolone monotherapy (Table 1, supplemental Tables 2-3), as
well as tissue harvested from patients when they experienced early
relapse (supplemental Tables 2-3), in 2 independent cohorts of
childhood ALL patients treated in either Australia or Italy. The
Australian PPR and PGR patients were well matched in terms of
sex, age at diagnosis, and ALL subtype, although the PPRs
exhibited greater white cell counts, shorter length of CR1, and were
stratified as being at greater risk than the PGRs (Table 1).
Importantly, BIM region 3 H3K9Ac was significantly lower in the
PPR group compared with PGRs in both independent cohorts
(P 	 .013 and P � .0001 for the Australian and Italian cohorts,
respectively; Figure 3D, Table 1, and supplemental Figure 4A,C).
Moreover, the decrease in BIM H3K9Ac in patients at early relapse
compared with PGRs was significant in the Italian cohort
(P 	 .0004) and approached significance in the Australian cohort
(P 	 .096; Figure 3D). Basal levels of BIM mRNA were deter-
mined in all patient samples (Figure 3E and supplemental Figure
4B,D) and failed to show a significant association with any
particular subgroup. Similarly, evaluation of H3K9Ac of other
BH3-only genes NOXA and PUMA revealed both genes to be in a
mostly transcriptionally active conformation (� 3-fold relative to

control gene), with no significant differences between patient
subgroups (supplemental Figure 5). Therefore, the collective data
from xenografts and patient biopsy material indicate that glucocor-
ticoid resistance in pediatric ALL is associated with a significant
and specific decrease in H3K9Ac at the BIM promoter, implying a
transcriptionally inaccessible conformation.

Reversal of BIM deacetylation and dexamethasone resistance
with vorinostat

Vorinostat has been shown to reactivate expression of aberrantly
silenced tumor-suppressor genes through its actions as a pan-
inhibitor of class I and class II HDAC proteins.34 Therefore, we
tested the ability of vorinostat to reverse BIM deacetylation and
reactivate its expression in dexamethasone-resistant ALL xenograft
cells. qPCR-ChIP of BIM region 3 H3K9Ac confirmed the
differences in basal levels between sensitive (ALL-3 and ALL-11)
and resistant (ALL-2 and ALL-19) xenografts (Figure 4A), and
vorinostat exposure resulted in increased BIM H3K9Ac in all
4 xenografts tested. Notably, BIM H3K9Ac levels in the 2 resistant
xenografts were increased by vorinostat treatment to levels at least
comparable with basal acetylation in the 2 sensitive xenografts.
Moreover, exposure to vorinostat resulted in reexpression of BIM
mRNA and protein in ALL-2 (Figure 4B-C), although the addition
of dexamethasone did not enhance this effect. Not unexpectedly,
dexamethasone alone induced BIM expression in ALL-3 with no
enhanced effects of vorinostat observed (Figure 4B), whereas
vorinostat was relatively ineffective against ALL-19 (Figure 4B-C),
consistent with the high level of CpG methylation detected in the
promoter of this xenograft (Figure 2B-C, supplemental Figure 1).

We next tested the in vitro and in vivo antileukemic effects of
the vorinostat/dexamethasone combination. Fixed-ratio in vitro
cytotoxicity assays showed that the vorinostat/dexamethasone
combination was strongly synergistic against ALL-2 across the
entire range of vorinostat concentrations (Figure 5A and Table 2).
In contrast, vorinostat only enhanced the cytotoxic effects of
dexamethasone against ALL-19 at the 2 greatest concentrations
(2 and 4�M; Figure 5B and Table 2), which are greater than those
that are clinically achievable.35

The combination of both drugs was then evaluated in vivo
against ALL-2. Dexamethasone alone significantly delayed ALL-2
progression by 9.1 days compared with vehicle-treated control
mice (P 	 .012, Figure 5C-F, and Table 3), whereas vorinostat was
ineffective (P 	 .18, Figure 5D-F, and Table 3) despite increasing
histone H4 acetylation in leukemic blasts in vivo (C.D. and R.B.L.,
unpublished data, April 2008). Importantly, the combination of
dexamethasone and vorinostat delayed the progression of ALL-2
by 24.5 days (P 	 .0006; Figure 5E-F and Table 3), which was
14.3 days greater than additive compared with each drug alone
(P 	 .005 relative to dexamethasone alone, P 	 .001 relative to
vorinostat alone).

Discussion

This report has shown that glucocorticoid resistance in pediatric
ALL xenografts and primary biopsy specimens involves epigenetic
transcriptional repression of BIM, reflected in a reduction of
acetylated histone H3 associated with the BIM promoter region
leading to a transcriptionally inert chromatin conformation. BIM
repression was specific compared with the histone acetylation
status of the promoter regions of 2 other BH3-only genes, PUMA

Table 1. Summary of clinical details of Australian patient samples
included in this study

PPR PGR P

Sex, n (%) NS

M 10 (91) 10 (91)

F 1 (9) 1 (9%)

Median age at Dx, mo, (range) 89 (19-178) 86 (19-189) NS

Median WCC at Dx, �109/L, (range) 121.50 (15-886) 28.60 (12-273) .028

Lineage NS

B 5 (45%) 6 (55%)

T 6 (55%) 5 (45%)

Risk category (BFM)

High 11 (100%) 0 (0%) � .001

Medium 0 (0%) 8 (73%)

Standard 0 (0%) 3 (27%)

Median length of CR1, mo, (range) 23 (2-72) 43 (24-77) .014

Mean Bim H3K9Ac, (SD) 1.60 (0.81) 3.11 (1.63) .013

BFM indicates Berlin-Frankfurt-Munster protocol; CR1, complete remission 1;
Dx, diagnosis; F, female; M, male; NS, not significant; PGR, prednisolone good
responder; PPR, prednisolone poor responder; and WCC, white cell count.

3018 BACHMANN et al BLOOD, 21 OCTOBER 2010 � VOLUME 116, NUMBER 16

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/16/3013/1331449/zh804210003013.pdf by guest on 05 June 2024



and NOXA. Furthermore, notwithstanding the possible effects on
the expression of other genes, pharmacologic “reacetylation” of the
BIM locus with vorinostat was associated with synergistic antileu-

kemic efficacy with dexamethasone both in vitro and in vivo. These
results support the clinical testing of epigenetic modifiers in
glucocorticoid-resistant pediatric ALL.

Figure 4. Modulation of BIM acetylation and reexpression with
vorinostat in vitro. (A) Two representative sensitive (ALL-3 and-11) and
resistant (ALL-2 and -19) xenografts were treated with vorinostat (5�M,
6 hours) in vitro and subjected to H3AcK9 ChIP analysis. (B) BIM mRNA
expression was determined by RT2-PCR after treatment with vorinostat
(5�M, 6 hours), dexamethasone (1�M, 4 hours), or both in combination
and expressed as a fold of untreated controls relative to EF-1� internal
control. (C) Protein expression of Bim after treatment with vorinostat (5�M,
6 hours), dexamethasone (1�M, 4 hours), or both in combination was
evaluated by immunoblot analysis and expressed relative to Actin in
2 dexamethasone-resistant xenografts (ALL-2 and ALL-19). Splicing
within a representative gel is indicated by dividing spaces.

Figure 5. Synergistic antileukemia effects of vorinostat and
dexamethasone in vitro and in vivo. (A) ALL-2 and (B) ALL-19
xenograft cells were treated with vorinostat (green), dexametha-
sone (blue), or both (red) in vitro at a fixed ratio of concentra-
tions as described in “In vitro cytotoxicity assays” and mitochon-
drial activity was assessed by MTT assay. Data represent the
mean � SEM of 3 independent experiments. (C-F) The in vivo
antileukemia effects of dexamethasone (C, blue; 5 mg/kg Mon-
day through Friday for 4 weeks; n 	 9) and vorinostat (D, green;
200 mg/kg for 7 days then 100 mg/kg for 21 days; n 	 9)
individually and in combination (E, red; n 	 9) were evaluated
against ALL-2 inoculated in NOD/SCID mice in vivo. Colored
lines indicate the %huCD45� in each mouse within the drug-
treated groups, while black lines show the progression in
vehicle-treated controls (n 	 9). (F) Kaplan-Meier graphs indi-
cate the EFS of each cohort in the weeks post treatment
initiation. Solid bars in panels C-F represent treatment periods.
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A surprising finding of our study was that high level dexameth-
asone resistance was not associated with dysfunctional GR,
because known glucocorticoid-induced genes (FKBP5 and SOCS1)
were highly up-regulated in all xenografts tested, and we have
previously shown intact GR signaling in all xenografts.19 The
general lack of dysfunctional GR in glucocorticoid-resistant ALL
xenografts or primary biopsy specimens19,21,36 indicates that phar-
macologic restoration of sensitivity is more likely than in instances
where the GR is dysfunctional, which is the finding in the majority
of studies in which the authors used leukemia cell lines.19,20

Silencing of BIM has been reported to occur via mechanisms,
including promoter methylation in Burkitt lymphoma and diffuse
large B-cell lymphomas,13 and biallelic deletion in mantle cell
lymphomas.37 Nevertheless, cytogenetic abnormalities at the BIM
locus (on chromosome 2q13) were not detected in a large cohort of
pediatric ALL cases analyzed by genome-wide single nucleotide
polymorphism arrays,38 nor in any of the xenografts tested in this
panel,39 suggesting that if BIM repression were to occur in ALL it
would be via mechanisms other than gene deletion, such as DNA
methylation. However, in contrast to a previous report in lym-
phoma,13 but in agreement with a recent study in multiple
myeloma,40 a comprehensive analysis of the BIM promoter region
using 3 complementary techniques revealed no overall association
between methylation of the CpG island and BIM repression in
pediatric ALL. The reasons for this apparent discrepancy are not
immediately clear, but may relate to differences in methodology or
disease subtype.

On the basis of these findings, BIM CpG methylation as a
silencing mechanism was not studied in the patient samples,
although its implications cannot be discounted. Increased BIM CpG
methylation was identified in only one highly resistant xenograft
(ALL-19). Interestingly, this xenograft was intractable to reversal
of dexamethasone resistance by vorinostat, in contrast to ALL-2 in
which BIM CpG methylation was not observed. These findings
further support a significant role for BIM repression in glucocorti-
coid resistance of pediatric ALL, but also indicate that selection of
patients with the appropriate “epigenotype” is likely to be a critical
factor when attempting to reverse glucocorticoid resistance with
HDIs in the clinic.

Glucocorticoids are known to regulate more than 200 genes,41

although the mechanisms by which they induce BIM expression are
poorly defined because there are no conserved GREs in the BIM

promoter region. Foxo3a represents a candidate transcription factor
likely to be centrally involved in BIM induction,42 and, indeed, our
data demonstrate differential recruitment of Foxo3a to the BIM
promoter after dexamethasone treatment of sensitive and resistant
xenografts. Nevertheless, the underlying mechanism for reduced
transcriptionally accessible BIM in dexamethasone-resistant ALL
remains to be defined, both in the presence or absence of
concomitant DNA methylation. HDACs are recruited to DNA
indirectly via interaction with multiprotein transcriptional repres-
sor complexes, and their dysregulated expression occurs in many
malignancies.43 Further studies in which the authors seek to
identify repressor complexes bound to the aberrantly silenced BIM
locus may shed light on the mechanism of BIM silencing and afford
the opportunity for more selective epigenetic therapy with com-
pounds targeting a particular HDAC. Alternative mechanisms
resulting in chromatin remodeling include changes in nucleosomal
structure mediated by ATP-hydrolyzing enzymes, of which the
SWI/SNF type have been demonstrated to be involved in the steps
leading to the formation of transcriptionally inactive heterochroma-
tin.44 Intriguing findings determined on the basis of genome-wide
studies of primary samples have implicated differential expression
of catalytic components of the SWI/SNF complex in glucocorticoid
resistance in pediatric ALL cells. The implication of these findings,
though, is that such differences will affect the global transcriptional
activity of the GR rather than having specific effects on singular
genes.45

The mechanism of BIM repression does not appear to involve
global repression of other BH3-only genes because neither PUMA,
a gene required for optimal glucocorticoid-induced apoptosis of
T-lymphocytes,8 nor NOXA loci were in a transcriptionally inacces-
sible chromatin conformation in glucocorticoid-resistant ALL
xenografts or biopsy specimens compared with their sensitive
counterparts. Because BIM-induced apoptosis is critical for devel-
opment and homeostasis of the lymphoid system,46 and BIM is a
tumor suppressor gene in lymphoid malignancy,7 one component of
ALL etiology might be to specifically silence BIM, which in turn
would lead to a glucocorticoid-resistant phenotype even in cells
naive of prior exposure to pharmacologic concentrations of glucocor-
ticoids. Alternatively, BIM silencing may represent only one
component of a broader mechanism leading to poor treatment
outcome, indicating that a common pattern of gene repression
might be revealed by genome-wide analysis, for example by
ChIP-chip or ChIP-Seq.

The question remains why differential BIM expression has not been
consistently identified in genome-wide screens of glucocorticoid-
resistant ALL,47,48 despite being up-regulated in leukemic blasts
from children treated with prednisolone.15,49 In fact, the only study
that we are aware of in which basal levels of BIM expression
significantly correlated with treatment response stratified patients
according to rapid or slow early response to a standard 4-drug
regimen, which included a glucocorticoid.17 Despite the strong
association between BIM promoter acetylation status and up-
regulation of Bim protein in ALL xenografts (Figure 3C) basal BIM
mRNA and protein expression levels exhibited no such correlation
(P.S.B., Rosemary C. O’Brien, and R.B.L., unpublished data, June
2008). Moreover, the significant difference in BIM H3K9Ac
between leukemic blasts from PPRs and PGRs (Figure 3D) was
also not reflected in a similar difference in basal BIM expression
(Figure 3E). Although in current studies, authors focus on delineat-
ing the intricate “Bcl-2 rheostat” of gene and protein expression in
determining tumor response to chemotherapy, in this study we
indicate that the epigenomic status may play an important, and

Table 2. Combination Index values of dexamethasone and
vorinostat against glucocorticoid-resistant ALL xenografts in vitro

ED50 ED75 ED90 ED95

ALL-2 0.22 0.26 0.31 0.35

ALL-19 0.95 0.74 0.58 0.49

CI � 0.9, synergism; CI 0.9-1.1, additive effects; CI � 1.1, antagonism.
ALL indicates acute lymphoblastic leukemia; CI, confidence interval; and ED,

effective dose for each compound to cause cytotoxicity to the indicated proportion of
cells.

Table 3. In vivo efficacy of vorinostat and dexamethasone against
ALL-2

Median EFS
with range, d LGD, d

Log rank value
vs control

Control 22.4 (17.8-23.0)

Vorinostat 23.5 (20.2-35.0) 1.1 0.18

Dexamethasone 31.5 (20.7-30.4) 9.1 0.012

Vorinostat � dexamethasone 46.9 (30.0-50.9) 24.5 0.0006

ALL indicates acute lymphoblastic leukemia.
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currently ill-defined, role that encompasses not only expression
levels of pro- and antiapoptotic proteins, but their ability to be
activated by apoptotic stimuli, ultimately determining cellular
response to chemotherapy. In this study, the inherent ability of ALL
cells to up-regulate BIM after dexamethasone exposure proved to
be an important, but not sole, determinant of treatment response.
Future studies may provide further insight into the role of
individual members of the Bcl-2 family of proteins acting in
concert with BIM to commit dexamethasone-sensitive cells to
apoptosis.

Another surprising finding of this study was the extremely high
levels of dexamethasone resistance exhibited by the xenografts
(� 1000-fold), despite them expressing a functional GR and
up-regulating known GR-responsive genes after exposure to dexa-
methasone.18,19 Nevertheless, the mechanisms associated with
glucocorticoid resistance are likely to be clinically relevant,
because both in vitro and in vivo dexamethasone sensitivity
correlates with treatment outcome of the patients from whom the
xenografts were derived.25 Moreover, the candidate resistance
mechanism identified in the xenografts, that of epigenetic BIM
repression, was confirmed in leukemic blasts from independent
cohorts of ALL patients. Despite this strong evidence, it is unlikely
that epigenetic BIM repression is the sole mechanism of glucocorti-
coid resistance in pediatric ALL. For example, increased expres-
sion of the antiapoptotic MCL1 gene has been strongly impli-
cated.48 Therefore, BIM repression is likely to be only one
component of a multifactorial drug resistance mechanism.

The use of epigenetic modifiers, such as DNA demethylating
agents or HDIs, is a burgeoning area of cancer treatment.43

Nevertheless, for a disease such as pediatric ALL where cure rates
now approach 80% it is essential to prove therapeutic concepts
using in vivo preclinical models before advancement into clinical
trials. Despite vorinostat demonstrating unimpressive in vivo
single-agent activity against many of the xenografts used in this
study,50 our findings support the strategic use of HDIs to promote
improved response to glucocorticoid therapy in patients whose
lymphoid malignancies exhibit BIM repression associated with
decreased H3K9Ac but not increased CpG methylation.
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14. Dördelmann M, Reiter A, Borkhardt A, et al. Pred-
nisone response is the strongest predictor of
treatment outcome in infant acute lymphoblastic
leukemia. Blood. 1999;94(4):1209-1217.

15. Schmidt S, Rainer J, Riml S, et al. Identification of
glucocorticoid-response genes in children with

acute lymphoblastic leukemia. Blood. 2006;
107(5):2061-2069.

16. Wang Z, Malone MH, He H, McColl KS,
Distelhorst CW. Microarray analysis uncovers the
induction of the proapoptotic BH3-only protein
Bim in multiple models of glucocorticoid-induced
apoptosis. J Biol Chem. 2003;278(26):23861-
23867.

17. Bhojwani D, Kang H, Menezes RX, et al. Gene
expression signatures predictive of early re-
sponse and outcome in high-risk childhood acute
lymphoblastic leukemia: a Children’s Oncology
Group Study [corrected]. J Clin Oncol. 2008;
26(27):4376-4384.

18. Bachmann PS, Gorman R, Mackenzie KL,
Lutze-Mann L, Lock RB. Dexamethasone resis-
tance in B-cell precursor childhood acute lym-
phoblastic leukemia occurs downstream of
ligand-induced nuclear translocation of the glu-
cocorticoid receptor. Blood. 2005;105(6):2519-
2526.

19. Bachmann PS, Gorman R, Papa RA, et al. Diver-
gent mechanisms of glucocorticoid resistance in
experimental models of pediatric acute lympho-
blastic leukemia. Cancer Res. 2007;67(9):4482-
4490.

20. Hillmann AG, Ramdas J, Multanen K, Norman

EPIGENETIC SILENCING OF BIM IN CHILDHOOD LEUKEMIA 3021BLOOD, 21 OCTOBER 2010 � VOLUME 116, NUMBER 16

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/16/3013/1331449/zh804210003013.pdf by guest on 05 June 2024



MR, Harmon JM. Glucocorticoid receptor gene
mutations in leukemic cells acquired in vitro and
in vivo. Cancer Res. 2000;60(7):2056-2062.

21. Tissing WJ, Meijerink JP, Brinkhof B, et al. Glu-
cocorticoid-induced glucocorticoid-receptor ex-
pression and promoter usage is not linked to glu-
cocorticoid resistance in childhood ALL. Blood.
2006;108(3):1045-1049.

22. Lock RB, Liem N, Farnsworth ML, et al. The
nonobese diabetic/severe combined immunodefi-
cient (NOD/SCID) mouse model of childhood
acute lymphoblastic leukemia reveals intrinsic
differences in biologic characteristics at diagnosis
and relapse. Blood. 2002;99(11):4100-4108.

23. Chou TC, Talalay P. Quantitative analysis of
dose-effect relationships: the combined effects of
multiple drugs or enzyme inhibitors. Adv Enzyme
Regul. 1984;22:27-55.

24. Pimanda JE, Chan WY, Wilson NK, et al. Endog-
lin expression in blood and endothelium is differ-
entially regulated by modular assembly of the
Ets/Gata hemangioblast code. Blood. 2008;
112(12):4512-4522.

25. Liem NL, Papa RA, Milross CG, et al. Character-
ization of childhood acute lymphoblastic leukemia
xenograft models for the preclinical evaluation of
new therapies. Blood. 2004;103(10):3905-3914.

26. Lindemann RK, Newbold A, Whitecross KF, et al.
Analysis of the apoptotic and therapeutic activi-
ties of histone deacetylase inhibitors by using a
mouse model of B-cell lymphoma. Proc Natl Acad
Sci U S A. 2007;104(19):8071-8076.

27. Tissing WJ, den Boer ML, Meijerink JP, et al.
Genomewide identification of prednisolone-re-
sponsive genes in acute lymphoblastic leukemia
cells. Blood. 2007;109(9):3929-3935.

28. Hubler TR, Scammell JG. Intronic hormone re-
sponse elements mediate regulation of FKBP5 by
progestins and glucocorticoids. Cell Stress Chap-
erones. 2004;9(3):243-252.

29. U M, Shen L, Oshida T, Miyauchi J, Yamada M,
Miyashita T. Identification of novel direct tran-
scriptional targets of glucocorticoid receptor. Leu-
kemia. 2004;18(11):1850-1856.

30. Barski A, Cuddapah S, Cui K, et al. High-resolution

profiling of histone methylations in the human ge-
nome. Cell. 2007;129(4):823-837.

31. Jacinto FV, Ballestar E, Esteller M. Methyl-DNA
immunoprecipitation (MeDIP): hunting down the
DNA methylome. Biotechniques. 2008;44(1):35-
43.

32. Fraga MF, Esteller M. DNA methylation: a profile
of methods and applications. Biotechniques.
2002;33(3):632-649.

33. Thompson RF, Suzuki M, Lau KW, Greally JM. A
pipeline for the quantitative analysis of CG
dinucleotide methylation using mass spectrom-
etry. Bioinformatics. 2009;25(17):2164-2170.

34. Duvic M, Talpur R, Ni X, et al. Phase 2 trial of oral
vorinostat (suberoylanilide hydroxamic acid,
SAHA) for refractory cutaneous T-cell lymphoma
(CTCL). Blood. 2007;109(1):31-39.

35. Mann BS, Johnson JR, He K, et al. Vorinostat for
treatment of cutaneous manifestations of ad-
vanced primary cutaneous T-cell lymphoma. Clin
Cancer Res. 2007;13(8):2318-2322.

36. Haarman EG, Kaspers GJ, Pieters R, Rottier MM,
Veerman AJ. Glucocorticoid receptor alpha, beta
and gamma expression vs in vitro glucocorticod
resistance in childhood leukemia. Leukemia.
2004;18(3):530-537.

37. Tagawa H, Karnan S, Suzuki R, et al. Genome-
wide array-based CGH for mantle cell lymphoma:
identification of homozygous deletions of the pro-
apoptotic gene BIM. Oncogene. 2005;24(8):
1348-1358.

38. Mullighan CG, Goorha S, Radtke I, et al.
Genome-wide analysis of genetic alterations in
acute lymphoblastic leukaemia. Nature. 2007;
446(7137):758-764.

39. Nowak D, Akagi T, Papa R, et al. High density
SNP array allelokaryotyping of human acute lym-
phoblastic leukemia (ALL) xenografts in immuno-
deficient mice reveals genomic changes upon in
vivo induction of chemoresistance [abstract]. In:
Proceedings of the 100th Annual Meeting of the
American Association for Cancer Research, April
18-22, 2009, Denver, CO. 2009;434. Abstract
5198.

40. De Bruyne E, Bos TJ, Schuit F, et al. IGF-1 sup-

presses Bim expression in multiple myeloma via
epigenetic and posttranslational mechanisms.
Blood. 2010;115(12):2430-2440.

41. Webb MS, Miller AL, Johnson BH, et al. Gene
networks in glucocorticoid-evoked apoptosis of
leukemic cells. J Steroid Biochem Mol Biol. 2003;
85(2-5):183-193.

42. Barreyro FJ, Kobayashi S, Bronk SF, Werneburg
NW, Malhi H, Gores GJ. Transcriptional regula-
tion of Bim by FoxO3A mediates hepatocyte lipo-
apoptosis. J Biol Chem. 2007;282(37):27141-
27154.

43. Ellis L, Atadja PW, Johnstone RW. Epigenetics in
cancer: targeting chromatin modifications. Mol
Cancer Ther. 2009;8(6):1409-1420.

44. Gibbons RJ. Histone modifying and chromatin
remodelling enzymes in cancer and dysplastic
syndromes. Hum Mol Genet. 2005;14(Spec No
1):R85-92.

45. Pottier N, Yang W, Assem M, et al. The SWI/SNF
chromatin-remodeling complex and glucocorti-
coid resistance in acute lymphoblastic leukemia.
J Natl Cancer Inst. 2008;100(24):1792-1803.

46. Enders A, Bouillet P, Puthalakath H, Xu Y,
Tarlinton DM, Strasser A. Loss of the pro-
apoptotic BH3-only Bcl-2 family member Bim in-
hibits BCR stimulation-induced apoptosis and
deletion of autoreactive B cells. J Exp Med. 2003;
198(7):1119-1126.

47. Flotho C, Coustan-Smith E, Pei D, et al. A set of
genes that regulate cell proliferation predicts
treatment outcome in childhood acute lympho-
blastic leukemia. Blood. 2007;110(4):1271-1277.

48. Wei G, Twomey D, Lamb J, et al. Gene expres-
sion-based chemical genomics identifies rapamy-
cin as a modulator of MCL1 and glucocorticoid
resistance. Cancer Cell. 2006;10(4):331-342.

49. Ploner C, Rainer J, Niederegger H, et al. The
BCL2 rheostat in glucocorticoid-induced apopto-
sis of acute lymphoblastic leukemia. Leukemia.
2008;22(2):370-377.

50. Keshelava N, Houghton PJ, Morton CL, et al. Ini-
tial testing (stage 1) of vorinostat (SAHA) by the
pediatric preclinical testing program. Pediatr
Blood Cancer. 2009;53(3):505-508.

3022 BACHMANN et al BLOOD, 21 OCTOBER 2010 � VOLUME 116, NUMBER 16

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/16/3013/1331449/zh804210003013.pdf by guest on 05 June 2024


