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Abstract

A broad range of anti-cancer agents, including glucocorticoids (GCs) and tyrosine kinase inhibitors (TKIs), kill cells by
upregulating the pro-apoptotic BCL2 family member, BIM. A common germline deletion in the BIM gene was recently
shown to favor the production of non-apoptotic BIM isoforms, and to predict inferior responses in TKI-treated chronic
myeloid leukemia (CML) and EGFR-driven lung cancer patients. Given that both in vitro and in vivo GC resistance are
predictive of adverse outcomes in acute lymphoblastic leukemia (ALL), we hypothesized that this polymorphism would
mediate GC resistance, and serve as a biomarker of poor response in ALL. Accordingly, we used zinc finger nucleases to
generate ALL cell lines with the BIM deletion, and confirmed the ability of the deletion to mediate GC resistance in vitro. In
contrast to CML and lung cancer, the BIM deletion did not predict for poorer clinical outcome in a retrospective analysis of
411 pediatric ALL patients who were uniformly treated with GCs and chemotherapy. Underlying the lack of prognostic
significance, we found that the chemotherapy agents used in our cohort (vincristine, L-asparaginase, and methotrexate)
were each able to induce ALL cell death in a BIM-independent fashion, and resensitize BIM deletion-containing cells to GCs.
Together, our work demonstrates how effective therapy can overcome intrinsic resistance in ALL patients, and suggests the
potential of using combinations of drugs that work via divergent mechanisms of cell killing to surmount BIM deletion-
mediated drug resistance in other cancers.
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Introduction

Genome-wide profiling studies of acute lymphoblastic leukemia

(ALL) have revealed it to be a highly heterogeneous disease [1]. In

spite of this, the majority of ALL subtypes are treated with a

remission-induction protocol that invariably consists of a gluco-

corticoid, vincristine and at least one other chemotherapy agent

(L-asparaginase, an anthracycline, or both) [2]. Unfortunately, 15-

20% of patients continue to relapse, and outcome remains poor for

these individuals [3]. Consequently, there have been ongoing

efforts to identify genetic factors that could account for this

response heterogeneity and serve as prognostic markers for risk

stratification or novel druggable targets in order to improve

patient outcomes [4–6].

At the same time, recent reviews have underscored the notion

that response heterogeneity can arise from not only somatic

mutations but also germline polymorphisms [7,8]. A number of

examples of the latter have been described, including genetic

variants that influence the pharmacokinetic and pharmacody-

namic phenotype of the host, as well as those affecting the

underlying biology of the leukemic cell and thereby cell intrinsic

drug resistance/sensitivity [9–15]. Notably, however, studies

correlating genetic variants with clinical phenotypes have been

largely based on genetic epidemiology data and lack experimental

validation at a mechanistic level. Such mechanistic studies have

been hampered in part by the difficulty and cost of generating

isogenic cell lines that either possess or lack a mutation of interest.

More recently, a variety of methods that enable genome

engineering to faithfully recapitulate mutations of interest have

been developed and these will aid the functional validation of these

variants in vitro [16].
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Using such an approach, we recently validated the functional

consequences of a germline deletion in the BIM gene in chronic

myeloid leukemia (CML) [17]. Unlike in ALL, a single causative

lesion, the 9;22 translocation, is known to be present in .95% of

chronic myeloid leukemia (CML) cases [18]. Despite the targeted

nature of tyrosine kinase inhibitors (TKIs), response heterogeneity

is also a significant challenge in CML [19]. From a group of TKI-

resistant CML patients, we identified a 2.9 kb intronic deletion in

the BIM gene, and later verified it to be a polymorphism found in

12.3% of East Asians [17]. BIM encodes a potent pro-apoptotic

BH3-only protein that is required for specific anti-cancer therapies

to induce apoptotic cell death [20–25]. When we introduced the

deletion into a CML cell line using zinc finger nuclease-based

technology, the polymorphism was sufficient to cause intrinsic

resistance to tyrosine kinase inhibitors. Mechanistically, we showed

that the BIM deletion biases splicing toward BIM isoforms that

lack the BH3 domain encoded in exon 4, resulting in the

expression of BIM isoforms incapable of inducing apoptosis.

Consistent with the in vitro data, both CML and EGFR-driven

lung cancer patients carrying the polymorphism experienced

inferior responses to treatment with tyrosine kinase inhibitors.

Since BIM is required for GC-induced apoptosis in lymphoid

lineage cells, including ALL cells [26–32], and both in vitro and in
vivo GC response has been shown to predict favorable treatment

outcome in ALL [33–37], we wondered if the polymorphism could

contribute to response heterogeneity in ALL patients. If this were

the case, we expect that pharmacological restoration of BIM

function using drugs such as BH3 mimetics would enable us to

improve response in patients with the polymorphism [17,25].

Furthermore, because multi-agent chemotherapy is essential to the

long-term control of pediatric ALL, the clinical model of ALL

could allow us to determine the interaction between a single

germline variant and combination therapy.

Accordingly, we used zinc finger nucleases to generate de novo
ALL cell lines with the BIM deletion polymorphism in both

heterozygous and homozygous configurations. Using these lines,

we found that the BIM deletion polymorphism was sufficient to

confer GC resistance in vitro. However, analysis of a pediatric

ALL cohort uniformly treated with GCs and chemotherapy [38]

revealed that patients with the BIM deletion did not experience

inferior response rates nor poorer clinical outcomes. Mechanisti-

cally, we determined that GC resistance conferred by the BIM
polymorphism could be overcome with the addition of chemo-

therapeutic agents used in standard ALL protocols, and which

likely act via a BIM-independent mechanism to cause cell death.

Together, our data demonstrate that, whilst the BIM deletion is

sufficient to confer resistance to GCs, the negative impact of

polymorphic variants on single agent therapy can be overcome

with multi-agent chemotherapy that kill cancer cells via divergent

mechanisms. These results highlight the challenge of identifying

genetic markers predictive of clinical outcome in populations

treated with multi-agent therapy, the utility of genome editing

technologies in the study of polymorphic variants, as well as the

importance of using drug combinations that kill cancer cells via

non-overlapping mechanisms.

Methods

Cell lines and culture conditions
CCRF-CEM was purchased from the American Type Culture

Collection (Manassas, VA, USA). Cells were maintained in RPMI-

1640 media (Nacalai Tesque, Japan) supplemented with 20% FBS,

penicillin/streptomycin and L-glutamine (all from Thermo Scien-

tific, Rockford, IL, USA). Dexamethasone (Rotexmedica, Ger-

many), methotrexate (ABIC Ltd, Israel), vincristine (Korea United

Pharm Inc, Korea) and L-asparaginase (Kyowa Hakko Kirin,

Japan) were used at the dosages and times indicated in the figure

legends. All experiments using cell lines were performed at least 3

times.

Creation of genome-edited lines
The zinc finger nucleases (ZFNs) targeting the BIM gene were

custom-made (Sigma-Aldrich, St Louis, MO, USA) and the repair

template was generated as described in a previous paper [17].

Plasmids encoding the repair template and ZFNs were transfected

into CCRF-CEM cells using the Neon system (Invitrogen,

Carlsbad, CA, USA). Clones were isolated by dilution cloning

and screened for presence of the deletion using the following

primers: Forward (59-GGCCTTCAACCACTATCTCAGTG-

CAATGG-39) and Reverse (59- GGTTTCAGAGACA-

GAGCTGGGACTCC-39). qPCR to determine exon 3 to exon

4 ratio was performed as previously described [17].

MTS assays
Cells were seeded at a density of 46104 per well in a 96-well

plate and incubated with the indicated drugs. In each experiment,

every treatment condition was repeated in triplicate wells. After

48 h, CellTiter AQueous One Solution Cell Proliferation reagent

(Promega, Fitchburg, WI, USA) was added to each well and

incubated for 2 h before an absorbance reading at 490 nm was

taken.

Immunoblotting
Cells were washed once in PBS and lysed in RIPA lysis buffer

(Millipore, Billerica, MA, USA) containing proteinase inhibitor

(Roche, Indianapolis, IN, USA). Protein concentrations were

assayed using the Quick Start Bradford protein assay kit (Bio-Rad)

and bovine serum albumin as a standard. The following antibodies

were used at these concentrations: phospho-glucocorticoid recep-

tor (S211) (Cell Signaling Technology, Danvers, MA, USA

#4161, 1:1 000), glucocorticoid receptor (BD Transduction

Laboratories, San Jose, CA, USA, 1:2 000), b-actin (Sigma-

Aldrich, 1:10 000), PARP (Cell Signaling Technology #9542, 1:2

000), caspase 3 (Cell Signaling Technology #9663, 1:500) and

BIM (Cell Signaling Technology #2819, 1:1 000). HRP-conju-

gated secondary antibodies against mouse or rabbit IgG (Santa

Cruz Biotechnology, Santa Cruz, CA, USA) were used at 1:10

000. Western Lightning ECL reagent (PerkinElmer, Waltham,

MA, USA) was used to visualize the protein bands. Any

adjustments to contrast and intensity were applied uniformly to

the images.

Patient recruitment
411 patients with newly-diagnosed ALL from the Malaysia-

Singapore (Ma-Spore) acute lymphoblastic leukemia (ALL) 2003

study [38] were included on the basis of DNA availability. Written

informed consent was obtained from the parents or the legal

guardians of the patients. The study was approved by the National

Healthcare Group Domain Specific Review Board (NHG DSRB).

Since the BIM deletion is germline in nature, and will be present

in both normal and leukemic samples, we were able to employ

both remission (n = 362) and diagnostic (n = 49) samples for

genotyping for this study. Patient risk stratification, details of the

treatment protocol, minimal residual disease monitoring and

molecular subgrouping were described previously [38].
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Figure 1. Generation of isogenic CCRF-CEM cell lines with the BIM deletion polymorphism. (A) Structure of the BIM gene and major splice
isoforms. The BIM deletion polymorphism lies within intron 2 and upstream of exon 3, as indicated by the dashed line. Exon 4 contains the crucial BH3
domain required for apoptosis. Exon 3 (E3) and 4 (E4) are spliced in a mutually exclusive fashion, leading to the generation of either E4-containing
isoforms with the BH3 domain (BIM EL, BIM L and BIM S) or E3-containing isoforms without the BH3 domain (BIM c). When present, the deletion
biases splicing towards E3-containing non-apoptotic isoforms. (B) Agarose gel of the products from a PCR reaction to detect the polymorphism in
zinc finger nuclease (ZFN)-treated CCRF-CEM subclones, with the lower band indicating the presence of the deletion. Parental CCRF-CEM and KCL-22
cells (a CML cell line known to be heterozygous for the BIM deletion polymorphism) were included as controls. (C) The ratio of exon 3 to exon 4-

BIM Polymorphism and Glucocorticoid Resistance

PLOS ONE | www.plosone.org 3 August 2014 | Volume 9 | Issue 8 | e103435



Statistical analyses
Statistical analysis was performed using SPSS software (version

16.0 for Windows; IBM Corporation, Armonk, NY, USA).

Comparisons between groups were examined by Fisher’s exact

test for categorical variables. A statistically significant difference

was defined as a P value of ,0.05. Survival curves were evaluated

using Kaplan–Meier analysis. Event-free survival (EFS) was

defined as the time from diagnosis to first recurrence of the

disease, including induction failure, or death. Induction failure was

defined as failure to achieve complete remission and considered as

an event at one day after date of diagnosis. Overall survival (OS)

was defined as the time from diagnosis to death. Patients who were

alive and had no progression of disease or relapse were censored at

the time of their last follow-up.

Results

De novo generation of ALL cell lines bearing the BIM
deletion polymorphism

To determine if the BIM deletion polymorphism is sufficient to

confer GC resistance to ALL cells, we used zinc finger nucleases to

derive de novo ALL cell lines bearing the deletion. Because human

cell lines vary in their amenability to transfection and genome

editing by zinc fingers (personal communication, TK Ko and

unpublished observations), we tested the ability of our approach to

edit 3 different GC-sensitive ALL cell lines (CCRF-CEM, RS4;11,

and PALL-2) [39–41] that did not have the polymorphism. Of

these lines, we were only able to successfully generate clones

containing the deletion in CCRF-CEM cells. The structure of the

BIM gene and the location of the deletion in intron 2 are

illustrated in Figure 1A. Using PCR primers that flank the deleted

region, we identified subclones that either did not have the

deletion (denoted BIMi2+/+) or were heterozygous (denoted

BIMi2+/2) or homozygous (denoted BIMi22/2) for the deletion

polymorphism (Figure 1B). The deleted region contains splicing

elements that either promote the production of functional, exon 4-

containing isoforms or suppress the production of non-apoptotic,

exon 3-containing isoforms [42]. Consequently, when deleted, an

increase in exon 3 to exon 4-containing transcripts is expected. To

confirm that the deletion produced the expected changes in the

splicing of BIM, we measured the ratio of exon 3- to exon 4-

containing transcripts in clones of each genotype by exon-specific

RT-PCR, and found that it was increased in a polymorphism-

dosage-dependent manner (Figure 1C).

The BIM deletion polymorphism is sufficient to confer GC
resistance in ALL cells

To determine if the deletion conferred resistance to GCs, we

compared the effect of treating clones of each genotype with a

range of dexamethasone concentrations. First, we quantified cell

viability using the MTS assay and found that across the range

tested, the deletion-containing clones exhibited increased cell

viability in a polymorphism dosage-dependent manner (Fig-

ure 2A). Following this, we assessed the extent of apoptosis using

the induction of cleaved poly ADP-ribose polymerase (PARP), as

well as the level of cleaved caspase 3, using immunoblots

performed on lysates of cells treated as in Figure 2A. We also

probed for BIM using an antibody that only detects the pro-

apoptotic E4-containing isoforms (BIM EL, L, and S). As a marker

of glucocorticoid receptor (GR) activation, we probed for

phospho-GR (S211). As predicted, when compared to wildtype

clones, upregulation of E4-containing BIM isoforms was impaired

in a polymorphism dosage-dependent manner. Furthermore,

apoptosis was attenuated in clones with the deletion, as evidenced

by an increase in cleaved PARP, as well as cleaved caspase 3

(Figure 2B). Importantly, this occurred in spite of equivalent GR

phosphorylation and auto-induction upon GC treatment across

the genotypes (Figure 2C). These results indicate that GC

resistance in the deletion-containing clones takes place down-

stream of the GR, and is consistent with our hypothesis that GC

resistance results from impaired expression of BH3-containing

BIM isoforms. Taken together, our data demonstrate that the

presence of the BIM deletion polymorphism is sufficient to confer

GC resistance in ALL cells.

Because prior work has shown that in vitro GC responses per se
is an important prognostic factor in childhood ALL [33,34], we

predicted that patients with the BIM deletion polymorphism

would have inferior outcomes compared to those without.

The BIM deletion polymorphism does not predict inferior
responses in pediatric ALL

To test our prediction that the BIM deletion polymorphism

confers a poorer clinical outcome in pediatric ALL, we conducted

a retrospective analysis correlating treatment outcome with the

presence of the polymorphism in a group of uniformly-treated

pediatric patients from the Malaysia-Singapore (Ma-Spore) ALL

2003 multicenter study. The Ma-Spore ALL 2003 protocol was

based on a modified Berlin-Frankfurt-Münster regimen, where all

patients received intrathecal methotrexate together with seven

days of oral prednisolone at the point of diagnosis. Patients

subsequently completed the rest of their induction regimen based

on a common backbone of vincristine, L-asparaginase, and

methotrexate, followed by risk-adapted consolidation and main-

tenance therapy as directed by their MRD status at day 33.

Importantly, the design of this study allowed us to determine if the

BIM deletion predicts for inferior clinical outcomes at three

distinct assessment points: initial GC response (defined as absolute

blast count $1000/ml at day 8), day 33 MRD following multi-

agent induction chemotherapy, as well as overall survival (OS) and

event-free survival (EFS) after consolidation and maintenance

therapy.

Sufficient DNA from 411 individuals (out of a total of 556) from

the Ma-Spore study was available for analysis for the BIM deletion

polymorphism. Importantly, there was no difference in treatment

outcome between this subgroup of 411 patients compared to the

556 patients in the full study (5-year EFS 82.0% vs 80.6%). Using

this sample set, we determined the incidence of the BIM deletion

to be 12.2%, which is consistent with the ethnic make up of the

Ma-Spore cohort, as well as the incidence of the polymorphism in

the normal population (Table 1, [17]). We also found that the

BIM deletion polymorphism did not segregate according to any

patient demographic except for Chinese ethnicity, which is as

expected, or adverse prognostic indicators such as genetic subtype

(Table 1).

We next determined if the BIM deletion predicted for inferior

outcomes at each of the three response assessment points described

above. Here, and to our surprise, we found that there was no

significant difference between patients with or without the deletion

for GC response at day 8 (P = 0.804), MRD response at day 33

containing transcripts (E3:E4) in CCRF-CEM BIMi2+/+, BIMi2+/2 and BIMi22/2 clones as measured by qPCR. Error bars indicate mean 6 SEM (n = 3). A
student’s t-test was performed for pairwise comparisons of E3:E4 ratio between genotypes. * indicates a significant difference with P,0.05.
doi:10.1371/journal.pone.0103435.g001
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(P = 0.970), nor EFS (P = 0.427) or overall OS (P = 0.646)

(Table 1, Figures 3A and 3B). Additionally, subgroup analysis by

genetic subtype, race and risk category at diagnosis did not

uncover any associations between the BIM deletion polymorphism

and treatment outcome (data not shown). Together, these results

demonstrate that the BIM deletion polymorphism does not predict

for inferior outcomes following the administration of a modern

GC-containing three-drug remission-induction regimen. Our

clinical observations led us to propose that at least one or more

of the chemotherapy agents employed during induction is able to

overcome GC resistance conferred by the BIM deletion polymor-

phism.

Chemotherapy overcomes GC resistance conferred by
the BIM deletion polymorphism

To determine if any of the chemotherapy agents used in the

induction regimen was able to overcome BIM deletion-mediated

GC resistance, we treated the BIM deletion-containing clones with

methotrexate, vincristine, and L-asparaginase individually, and in

combination with dexamethasone. Cells were then assessed for

activation of apoptotic cell death, BIM protein induction, and cell

viability.

First, using immunoblot, we found that each of the three

chemotherapy agents was individually able to induce equivalent

levels of apoptotic cell death (as measured by the production of

cleaved PARP and caspase 3) in the absence and presence of the

BIM deletion (Figures 4A–C, compare lanes 3, 7 and 11).

Importantly, we also observed that chemotherapy-induced apop-

tosis occurred without significant induction of any of the three

BIM isoforms (BIM EL, L, and S) reported to be important for

GC-induced apoptosis [31]. These results demonstrate that

methotrexate, vincristine, and L-asparaginase are each able to

induce ALL cell death in a BIM-independent manner, and that

this occurred regardless of the BIM deletion status of the cell line.

Next, we found that when dexamethasone was combined with

methotrexate, vincristine or L-asparaginase, there was a consistent

increase in the level of activated PARP and caspase 3 compared to

GC alone (Figures 4A–C, lanes 4, 8 and 12). Similarly, when cell

viability was assayed, the addition of methotrexate (Figure 5A),

vincristine (Figure 5B), or L-asparaginase (Figure 5C) to dexa-

methasone augmented cell death in deletion-containing clones.

Taken together, our in vitro data suggest that the ability of the

BIM deletion polymorphism to confer GC resistance can be

overcome by the co-administration of several of the cytotoxic

components of the Ma-Spore regimen, including methotrexate,

vincristine, and L-asparaginase.

Discussion

In the current work, we used a genome-editing approach to

demonstrate that a common germline variant in the BIM gene is

sufficient to confer GC resistance in ALL cell lines. Mechanisti-

cally, we confirm that cells harboring the deletion favor the

splicing and expression of non-apoptotic isoforms of BIM,

impairing the apoptotic response to GC exposure, and thereby

promoting ALL cell survival. However, using a cohort of 411

uniformly-treated ALL patients, we also find that the deletion does

not predict inferior responses to GC-containing multi-agent

chemotherapy, and that this is associated with the ability of

chemotherapy to induce BIM-independent cell death.

By generating CCRF-CEM subclones that were either wildtype,

heterozygous or homozygous for the BIM polymorphism, we were

able to demonstrate that the BIM deletion polymorphism is able to

confer GC resistance in a T-ALL cell line. In these clones, the

expected changes in splicing to favor the E3-containing, non-

apoptotic splice variants were recapitulated in a polymorphism

dose-dependent manner. We then showed that both upregulation

of the E4-containing BIM isoforms and apoptosis upon GC

treatment were impaired in the deletion-containing clones.

Overall, our results are consistent with prior work demonstrating

a critical role for BIM induction in GC-induced ALL cell death,

particularly the EL, L, and S isoforms which harbor the E4- and

BH3-containing isoforms capable of activating apoptosis [27,31].

One limitation of our in vitro studies is the use of a single cell line,

CCRF-CEM, which is a T-ALL line. Although we were unable to

generate deletion-containing lines of other lineages, we expect that

introduction of the deletion, which phenocopies a BIM knock-

down of BIM, will likely confer glucocorticoid resistance in other

ALL cell lines [27,31,32].

The inability of the BIM deletion to segregate poor versus good

risk patients was somewhat surprising given previous reports

describing the ability of in vitro as well as clinical GC responses to

predict long-term outcomes in pediatric ALL [33–37]. Important-

ly, because we were able to generate isogenic cell lines with and

without the BIM deletion, we could explore the mechanisms

underlying our clinical observations. Here, we found that three

other agents employed in the Ma-Spore ALL 2003 regimen,

methotrexate, vincristine, and L-asparaginase, are each individu-

ally able to overcome BIM deletion-associated GC resistance. Our

in vitro results also indicate that each of these drugs activate

apoptotic cell death in a largely BIM-independent manner, and

that this is likely to underlie their clinical efficacy in overcoming

BIM deletion-mediated GC resistance. While the precise mech-

anisms by which methotrexate and L-asparaginase induce

apoptosis remain ill-defined [43], it is interesting to note that the

mechanism of vincristine-induced apoptosis has recently been

described [44]. Here [44], and consistent with our observations,

vincristine-induced apoptosis was shown to occur via the depletion

of the pro-survival protein MCL1, a factor that has itself been

shown to mediate GC resistance in ALL [45].

It is also important to highlight that in vitro resistance to GC,

which has been shown to correlate with clinical responses [33,34],

may not necessarily readout for GC resistance per se. This is

because such assays will also read out for more general

mechanisms of resistance that would be expected to mediate

cross-resistance among different drug classes, a conclusion that

other studies have suggested [46,47]. More recent work has also

implicated other germline BIM variants in mediating drug

resistance [48,49]. Importantly, and reminiscent of our data, we

note that it was the combination of a functional SNP in BIM with

a SNP in the MCL1 promoter (associated with increased MCL1
expression) that best predicted OS in pediatric ALL [49,50].

Figure 2. The BIM deletion confers dexamethasone resistance in CCRF-CEM cells. (A) Cell viability following exposure of CCRF-CEM
subclones to increasing concentrations of dexamethasone. Viability was measured by MTS assay at 48 h. Error bars indicate mean 6 SEM (n = 3) of 3
independent replicates. (B) Western blot of cell lysates from CCRF-CEM BIMi2+/+, BIMi2+/2 and BIMi22/2 clones following treatment with increasing
doses of dexamethasone for 48 h. The induction of cleaved PARP and cleaved caspase 3 were used as readouts for apoptosis. An antibody that
recognizes pro-apoptotic exon-4 containing BIM isoforms (BIM EL, L and S) was used to show the extent of BIM upregulation following GC exposure.
b-actin was used as a loading control. (C) Western blot showing phosphorylation of the glucocorticoid receptor (Phospho-GR S211) in CCRF-CEM
BIMi2+/+, BIMi2+/2 and BIMi22/2 clones upon treatment with dexamethasone.
doi:10.1371/journal.pone.0103435.g002
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Table 1. Biological and clinical features of patients from the Ma-Spore ALL 2003 trial genotyped for the BIM polymorphism.

Characteristics P value

Wildtype (n = 361) BIM polymorphism present (n = 50)

No. % No. %

Age at diagnosis 1.000

,1 or .10 71 19.7 10 20

1–10 290 80.3 40 80

Sex 0.094

Male 213 59 23 46

Female 148 41 27 54

Molecular subtype‘ 0.127

ETV6-RUNX1 68 19 7 14.3

TCF-PBX1 17 4.7 7 14.3

BCR-ABL1 16 4.5 1 2

MLL rearrangements 9 2.5 3 6.1

Hyperdiploidy 65 18.2 12 24.5

Hypodiploidy 4 1.1 0 0

T-ALL 30 8.4 3 6.1

Others 149 41.6 16 32.7

NCI Risk 0.642

High 138 38.2 17 34

Low 223 61.8 33 66

Day 8 Prednisolone Response‘ 0.804

Good 320 88.9 44 91.7

Poor 40 11.1 4 8.3

Day 33 PCR MRD‘ 0.970

,0.01% 146 43.6 19 46.3

0.01–1% 155 46.4 18 43.9

$1% 34 10 4 9.8

PCR MRD Risk‘ 0.966

Standard 134 38.4 17 37

Intermediate 194 55.6 27 58.7

High 21 6 2 4.3

Ma-Spore Risk‘ 0.463

Standard 109 30.2 14 28

Intermediate 177 49 29 58

High 75 20.8 7 14

Ma-Spore Outcome 0.608

CCR 295 81.7 42 84

Induction Failure 16 4.4 1 2

Relapse 21 5.8 1 2

Death 17 4.7 3 6

Abandonment 12 3.3 3 6

Race ,0.001

Chinese 156 43.2 35 70

Malay 147 40.7 14 28

Indian & Others 58 16.1 1 2

Incidence of the BIM polymorphism is 50 out of 411 patients, or 12.2%. Abbreviations: Ma-Spore, Malaysia- Singapore; MRD, minimal residual disease; NCI, National
Cancer Institute; PCR, polymerase chain reaction; CCR, continuous complete remission.
‘indicates that data was unavailable for some patients.
doi:10.1371/journal.pone.0103435.t001
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Together, our observations are consistent with a ‘‘BCL-2 rheostat’’

model where the cellular apoptotic threshold is set by the balance

of pro-apoptotic BCL-2 family members such as BIM and anti-

apoptotic members like MCL1 [27]. This model would predict

Figure 3. Retrospective analysis of the Ma-Spore ALL 2003 cohort according to the presence or absence of the BIM deletion
polymorphism. Kaplan-Meier curves comparing event-free survival (A) or overall survival (B) in patients with or without the BIM deletion
polymorphism are shown.
doi:10.1371/journal.pone.0103435.g003
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Figure 4. Methotrexate, vincristine, and L-asparaginase activate apoptosis in a BIM-independent manner, and overcome BIM
deletion-mediated GC resistance. CCRF-CEM clones were treated with dexamethasone (DEX) (0.1 mM) with or without (A) methotrexate (MTX)
(1 mM), (B) vincristine (VCR) (2 ng/ml), or (C) L-asparaginase (ASP) (0.5 IU/ml) for 48 h. Following incubation, cell lysates were obtained and analyzed
for cleaved PARP and caspase 3, as well as BIM induction. b-actin was used as a loading control.
doi:10.1371/journal.pone.0103435.g004
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that genetic variants affecting BCL2 family members may only be

clinically important when two or more act in concert to alter the

apoptotic threshold.

While there is increasing evidence that germline polymorphisms

contribute to clinical heterogeneity in ALL [13–15], it is likely that

only those variants capable of conferring alterations in biological

behavior and/or multi-drug resistance will be associated with

clinically meaningful endpoints. Thus, as we have demonstrated

with the BIM deletion, polymorphisms that confer single-drug

resistance in the setting of modern multi-agent ALL therapy are

less likely to be of clinical importance. Indeed, variants that have

been shown to predict poor response are enriched for genes

expected to confer a multi-drug resistance phenotype, and include

those that influence systemic drug clearance and intracellular drug

concentrations [9,12].

Finally, our observations also highlight the ability of at least

three cytotoxic agents to induce apoptosis independently of BIM,

and suggest that the success of modern day ALL regimens is due to

the ability of individual agents to kill leukemia cells via targeting

different components of the ‘‘BCL-2 rheostat’’. Indeed, this

general lesson may be applied to cancers where we have found

that the BIM deletion does play a part in clinical drug resistance

[17], and supports the use of judiciously chosen combination

therapies to overcome BIM deletion-mediated drug resistance in

these patients.
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