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Abstract

Treatment resistance in T-cell acute lymphoblastic leukemia (T-ALL) is associated with PTEN
deletions and resultant PI3BK-AKT pathway activation, as well as MYC overexpression, and these
pathways repress mitochondrial apoptosis in established T-lymphoblasts through poorly defined
mechanisms. Normal T-cell progenitors are hypersensitive to mitochondrial apoptosis, a
phenotype that is dependent on expression of proapoptotic BIM. In a conditional zebrafish model,
MY C downregulation induced BIM expression in T-lymphoblasts, an effect that was blunted by
expression of constitutively active AKT. In human T-ALL cell lines and treatment- resistant
patient samples, treatment with MYC or PI3K-AKT pathway inhibitors each induced BIM
upregulation and apoptosis, indicating that BIM is repressed downstream of MY C and PI3K-AKT
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in high-risk T-ALL. Restoring BIM function in human T-ALL cells using a stapled peptide
mimetic of the BIM BH3 domain had therapeutic activity, indicating that BIM repression is
required for T-ALL viability. In the zebrafish model, where MYC downregulation induces T-
ALL regression via mitochondrial apoptosis, T-ALL persisted despite MYC downregulation in
10% of bimwild-type zebrafish, 18% of bim heterozygotes, and in 33% of bim homozygous
mutants (P = 0.017). We conclude that downregulation of BIM represents a key survival signal
downstream of oncogenic MYC and PI3K-AKT signaling in treatment-resistant T-ALL.
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INTRODUCTION

Human treatment-resistant T-ALL is associated with characteristic molecular lesions,
including PTEN deletions and associated PI3K-AKT pathway activation,1~3 as well as MYC
overexpression, which typically occurs downstream of activated NOTCH1 in all molecular
subtypes of the disease.*~” Also central to T-ALL pathobiology is inactivation of key tumor
suppressors, which occurs in virtually all cases. For example, the majority of T-ALL cases
harbor biallelic inactivation of CDKN2A (encoding INK4a and ARF),8-10 and numerous
additional tumor suppressors are also commonly inactivated in this disease (reviewed in

ref. 11). Nevertheless, despite tumor suppressor inactivation, the survival of T-ALL cells
remains dependent on the persistent activity of key oncogenes, including MYC and AKT.
Indeed, we have previously shown that ongoing activity of the MY C oncogene is required to
repress mitochondrial apoptosis in established T-ALL cells, and that activated AKT can
substitute for key survival signals downstream of MY C, thus preventing T-lymphoblast
apoptosis despite MYC downregulation.2 Similarly, activated AKT can substitute for
NOTCH]1 signaling in human T-ALL,3 and T-ALL cells with AKT pathway activation (as
a result of PTEN inactivation) are dependent on ongoing PI3K-AKT pathway activity.14
However, despite the dependence of established T-ALL cells on MYC and AKT, the
mechanisms though which these repress mitochondrial apoptosis in established tumor cells
remain poorly understood.

Normal T-cell progenitors are hypersensitive to mitochondrial apoptosis, a phenotype that is
dependent on expression of BIM, a pro-apoptotic BCL-2 family member.1>-17 Normal T-cell
development involves an error-prone somatic mutagenesis process, known as V(D)J
recombination, which introduces extensive variation in the antigen-recognition domain of T-
cell receptor genes, thus allowing the generation of a diverse population of T-cells capable
of responding to a countless range of foreign antigens.18:19 However, this process also
generates a large number of T-cell progenitors that fail to express a functional T-cell
receptor, or whose T-cell receptor reacts against self-antigens. Elimination of these cells is
required for appropriate immune homeostasis and prevention of autoimmunity, and BIM-
dependent mitochondrial apoptosis plays a key role in such T-cell selection, as evidenced by
the development of fatal autoimmunity in Bim-deficient mice.1516
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In this study, we show that BIM is repressed downstream of MYC and AKT in a zebrafish
model of T-ALL, and we confirm that this effect is conserved in human T-ALL cell lines
and in primary T-ALL cells obtained from patients with treatment-resistant disease.
Therapeutic restoration of BIM activity using a stapled peptide mimetic of its BH3 domain
impairs the viability of human T-ALL cells. Finally, using a genetically engineered
zebrafish model, we show that BIM is required for T-ALL regression following MYC
oncogene downregulation. These findings demonstrate that repression of proapoptotic BIM
mediates survival signaling downstream of MY C and AKT in the molecular pathogenesis of
high-risk T-ALL.

MATERIALS AND METHODS

Transgenic and mutant zebrafish lines

The rag2: MYC-ER, rag2: EGFP and rag2: EGFP-bcl2 stable transgenic zebrafish lines have
previously been described.12:20 To generate rag2: MYC-ER; rag2: EGFP double-transgenic
zebrafish that also expressed either rag2: mCherry or rag2: myr-Akt2 transgenes, 1-cell stage
embryos expressing rag2: MYC-ER and rag2: EGFP were injected with 30 pg of a pl-Sce-
modified pBluescript vector harboring the transgene of interest, as previously described.1?

The BIM mutant zebrafish line was generated by retroviral insertional mutagenesis as
previously described,2! and identified from a sperm library maintained by Znomics
(Portland, OR USA). Genotyping for the bim wild-type and mutant alleles was performed by
genomic PCR using the following primers: bim wild-type forward, 5'-
GAGCAAACGCTGGCCAATGGCCCGG, and reverse, 5’
GTCCGTCTTGCGCTTCGGAAATATT; and bim mutant forward, 5’-
CGACAGCGATTCTGTGCCAGGTTC, and reverse, 5'-
GACGCAGGCGCATAAAATCAGTC.

Small molecules

4-hydroxytamoxifen, doxycycline hyclate and dimethyl sulfoxide (DMSO) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). BEZ235 was obtained from Haoyuan
Chemexpress (Shanghai, China). JQ1 was synthesized as previously described.??

4-hydroxytamoxifen treatment and T-ALL monitoring of transgenic zebrafish

4-hydroxytamoxifen treatment of zebrafish, monitoring for T-ALL onset, and zebrafish
image capture and analysis was performed as described.12 All images shown represent
merged fluorescence (shown in green) and brightfield (shown in grayscale) images; image
merging was performed using Photoshop version 7.0 (Adobe, San Jose, CA, USA).
Following development of disseminated T-ALL, zebrafish with T-ALL were removed from
4-hydroxytamoxifen and placed into individual tanks, and tumors were imaged weekly for a
total of 8 weeks. Tumor phenotypes after 4-hydroxytamoxifen removal were classified as
tumor regression (defined as a >50% reduction in the diameter of the largest contiguous
tumor mass by the end of the 8-week monitoring period), or tumor persistence (all tumors
failing to meet the definition of regression). Fish that became moribund with leukemia less
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than 8 weeks after tamoxifen were euthanized and classified into the tumor persistence
category.

T-ALL cell lines and patient samples

T-ALL cell lines were obtained from ATCC (Manassas, VA, USA), DSMZ (Braunschweig,
Germany) or the A. Thomas Look laboratory (Boston, MA, USA) and cultured in RPMI
1640 (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (Sigma-Aldrich) and 1%
penicillin/streptomycin (Invitrogen). The murine T-ALL cell line 4188, which is induced by
a doxycycline-repressible MYC transgene, was obtained from Dean Felsher,23 and grown in
RPMI 1640 (Invitrogen) with 10% fetal bovine serum (Sigma-Aldrich), 1% penicillin/
streptomycin (Invitrogen), and 50 M 2-mercaptoethanol (Invitrogen). Doxycycline (20
ng/ml) was added to the media to downregulate MY C transgene expression in 4188 cells.

Primary human T-ALL samples were obtained from children with T-ALL enrolled on
clinical studies of the Dana-Farber Cancer Institute, with informed consent and DFCI
Institutional Review Board approval. Induction failure samples were collected at the time of
leukemia diagnosis from patients in whom initial induction chemotherapy failed to achieve a
clinical remission. Relapse samples were obtained at the time of disease recurrence
following the failure of front-line T-ALL therapy. Leukemic blasts were isolated from
peripheral blood or bone marrow samples by Ficoll-Hypaque centrifugation and
cryopreserved in fetal bovine serum (FBS) containing 10% DMSO and stored in liquid
nitrogen. Fresh or frozen leukemic blasts were expanded in NOD scid IL2ry™~ (NSG) by
transplanting 0.5-5 million cells via intravenous injection. Mice were sacrificed following
development of signs of leukemia, and leukemic blasts were isolated from the spleen and
bone marrow. Percent human engraftment and immunophenotype was determined by flow
cytometry staining for human CD45 (APC), CD4 (PE), CD8 (FITC) and CD34 (PE-CY7)
and acquired on a LSRII (BD Bioscience, San Jose, CA, USA), and was greater than 80% in
all samples. Primary human T-ALL samples were cultured in reconstituted alpha-minimum
essential media supplemented with 109% fetal bovine serum, 10% human AB serum
(Invitrogen), 1% L-glutamine, 1% penicillin/streptomycin in the presence of recombinant
human cytokines stem cell factor (50 ng/mL), FIt3-L (20 ng/mL) and IL-7 (10 ng/mL)
(R&D Systems, Minneapolis, MN, USA) at 37° under 5% CO,. Primary T-ALL samples
were cultured at a density of 1-3 x 108 per mL in a 12 well plate for the indicated time in
the presence of DMSO (Sigma-Aldrich), 500 nM BEZ235, or 1 pM JQ1.

RNA extraction and quantitative RT-PCR analysis

For quantitative reverse-transcriptase polymerase chain reaction (Q-RT-PCR) analysis of
mMRNA transcript levels, total RNA was extracted using Trizol (Invitrogen) for zebrafish T-
ALL cells, or the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) for human T-ALL cells,
according to the manufacturer’s instructions. cDNA was synthesized using the SuperScript
I11 First-Strand Synthesis system according to the manufacturer’s instructions (Invitrogen).
Q-RT-PCR analysis was performed with the SYBR Green PCR Core Reagents kit (Applied
Biosystems, Life Technologies, Grand Island, NY, USA) and a 7500 Real Time PCR
System instrument (Applied Biosystems) according to the manufacturer’s instructions. All
Q-RT-PCR reactions were performed in triplicate using primers listed in Supplementary
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Table 1. Cycle threshold (Ct) for each condition, in triplicate, was compared to f-actin
control according to the 22CT comparative method.

For Q-RT-PCR analysis of microRNA expression, RNA was extracted from human T- ALL
cells using the RNeasy Mini Kit (Qiagen), and cDNA synthesis was performed using the
miScript Reverse Transcription Kit (Qiagen), according to the manufacturer’s instructions.
Q- RT-PCR analysis for miR-19a and miR-19b was performed using the hsa-mir-19a and
hsa-mir- 19b primers (Qiagen). The small nucleolar RNA SNORDG61 was used as control,
whose expression was assessed using the Hs_ SNORD61_11 miScript Primer Assay
(Qiagen). Cycle threshold (C) for each condition was calculated according to the 2ACT
comparative method.

Microarray-based gene expression analysis, data extraction and normalization of our
previously published cohort of primary T-ALL patient samples was previously described.24

Western Blotting

T-ALL cells were lysed in RIPA buffer (EMD Millipore Corporation, Billerica, MA, USA)
supplemented with cOmplete protease inhibitor (1 tablet/10 mL; Roche, Indianapolis, IN,
USA) and PhosSTOP phosphatase inhibitor (1 tablet/10 mL; Roche). 10 ug protein lysate
was mixed with Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) and -
mercaptoethanol (Sigma-Aldrich) in appropriate proportions before being run on a 4-12%
Novex bis-tris polyacrylamide gel (Invitrogen) at 200V for 45 minutes. Blots were
transferred to a nitrocellulose membrane (Invitrogen) at 30V for 1 hour, blocked with 5%
milk in phosphate-buffered saline with 0.1% tween (Boston Bioproducts, Ashland, MA,
USA) and probed with the following antibodies: anti-BIM (1:1000; Cell Signaling
Technology #2933, Danvers, MA, USA), anti-p-tubulin (1:1000; Cell Signaling #2128),
anti-cleaved-PARP (1:1000; Cell Signaling #5625), anti-MCL1 (1:1000; Cell Signaling
#5453), or anti-GAPDH (1:2000; Abcam, Cambridge, MA, USA). Secondary detection was
performed with HRP-linked antibodies (Cell Signaling), HRP substrate was SuperSignal
West Pico (Thermo Fisher Scientific, Rockford, IL, USA), and films were developed using a
KODAK X-OMAT 2000A Processor.

Analysis of NOTCH1, PTEN, PI3K and AKT status in human T-ALL samples

The NOTCHZ1, PTEN and AKT status of all human T-ALL cell lines and primary patient
samples is indicated in Supplementary Table 2. In the cell lines, NOTCH1 status was
analyzed by Sanger sequencing as previously described,2® and Western blot analysis for
PTEN and phospho-AKT (Ser473) was used to analyze PTEN-AKT status. In the primary
T-ALL patient samples, NOTCH1, PTEN, PI3K and AKT status was analyzed using Sanger
sequencing of these genes, as previously described.t

BIM SAHB treatment

Stabilized alpha-helix of BCL-2 domain (SAHB) modeled after amino acids 146-166 of the
BIM BH3 helix (BIM SAHB,), as well as an analogous negative control peptide harboring
an R153D reverse polarity substitution, were synthesized, purified and characterized by
circular dichroism, as previously described.28 The effect of these SAHB stapled peptides on

Leukemia. Author manuscript; available in PMC 2015 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reynolds et al.

Page 6

T-ALL cell viability was assessed as previously described.28 Briefly, T-ALL cells (10,000
cells in 50 pL) were placed in 96-well opaque plates and treated with serial dilutions of
vehicle (0.8% DMSO, BIM SAHBA (amino acids 146-166), or BIM SAHB (R153D) in
serum-free RPMI media for 2 hours, followed by serum replacement with 20% FBS-
containing RPMI media (50 pL) for a final volume of 100 uL containing 10% FBS. Cell
viability was assayed at 24 hours by addition of CellTiter-Glo chemiluminescence reagent
(Promega, Fitchburg, WI, USA), and luminescence measured by a DTX 880 Multimode
Detector plate reader (Beckman Coulter, Brea, CA, USA).

Annexin V and 7AAD analysis for apoptosis induction

Primary human T-ALL samples were engrafted in immunodeficient NSG mice, harvested,
cultured and treated with DMSO, JQ1, or BEZ235 as indicated. Cells were washed and
resuspended in Annexin binding buffer and stained with Annexin V and 7AAD (7-amino-
actinomycin D) following the manufacturer’s protocol (BD Biosciences). Samples were
acquired on a LSRII (BD Biosciences) and analyzed using Flowjo software (Treestar,
Ashland, OR, USA). Early apoptotic cells were defined as annexin V-positive, 7AAD-
negative cells. Late apoptosis was defined as annexin V-positive, 7AAD-positive cells.

Retrovirus production and infection of cell lines

Retroviruses were generated by co-transfection of 293T cells (ATCC) with either MSCV-
puro or MSCV-19a-20-19b (encoding miR-19a, miR-20 and miR-19b, generated by Lin He
and obtained from Addgene; http://www.addgene.org/24827/), together with the packaging
plasmids pMD (1 pg), and pPCMV-VSV-G (1 pg), using Fugene6 (Promega). Retroviral
transduction of CCRF-CEM cells was performed by incubating cells for 24 hours in virus-
containing media at 37°C in the presence of 8 ug/mL polybrene (EMD Millipore). Infected
cells were allowed to expand in normal growth media for 48 hours before selection in 2
ug/mL puromycin (Invitrogen) for at least 7 days before treatment with JQ1.

Transfections and Flow Cytometry

For siRNA experiments, CCRF-CEM cells were transfected with Lipofectamine RNAIMAX
Reagent (Invitrogen) according to manufacturer’s instructions, using 10 nM SignalSilence
control or Akt siRNA (Cell Signaling). 72 hours after transfection, cells were harvested,
fixed in 16% paraformaldehyde (Alfa Aesar, Ward Hill, MA, USA) for 10 minutes at 37°C,
and permeabilized in 90% methanol (Fisher Chemical, USA) for 30 minutes at 4°C prior to
staining. Cells were blocked in 0.5% bovine serum albumin (Fisher Chemical, USA) in
phosphate buffered saline and stained with the following primary antibodies: anti-AKT
(1:100; Cell Signaling #9272), detected with AlexaFluor 488 anti-rabbit (1:400; Cell
Signaling) and anti-BIM (1:200; Cell Signaling #2933), detected with Cy5 anti-rabbit
(1:200; Invitrogen). Cells were analyzed on a LSRFortessa (BD Biosciences), and gating
and data analysis were performed using FlowJo software (TreeStar, Ashland).

Transfection with dominant-negative FOXO was performed using Lipofectamine LTX with
Plus Reagent (Invitrogen) according to the manufacturer’s instructions. PF382 cells were
transfected using a FOX0O-D256A expression construct developed by Domenico Accili?’
and obtained from Addgene (http://www.addgene.org/12145), or pCS2 which was used as
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the vector control. Twenty-four hours post-transfection, cells were treated with 500 nM
BEZ235 for an additional 24 hours, before RNA harvesting and Q-RT-PCR analysis for
BIM mRNA expression, as described above.

RESULTS
BIM is downregulated by AKT and MYC in high-risk T-ALL

We have previously shown that activated AKT and MY C each repress mitochondrial
apoptosis in established T-ALL cells.12 To confirm our previous findings and define the
mechanisms involved, we generated rag2:MYC-ER; rag2: EGFP double-transgenic
zebrafish that also expressed either rag2: mCherry or rag2: myr-Akt2 (encoding
myristoylated, constitutively active Akt). Zebrafish were grown in the presence of 4-
hydroxytamoxifen until T-ALL development, at which point 4-hydroxytamoxifen was
removed, and T-ALL regression was monitored by weekly fluorescence imaging. We found
that T-ALL persisted after MY C oncogene downregulation in 72% (n = 13 of 18) of
zebrafish expressing a constitutively active myr-Akt2 transgene, whereas T-ALL persisted
in only 22% (n = 2 of 9) of zebrafish expressing mCherry control (P = 0.036; Figure 1a—e).
We have previously shown that T-ALL regression in this model is entirely dependent on
mitochondrial apoptosis,12 thus these data indicate that AKT and MYC each repress
mitochondrial apoptosis in established zebrafish T-ALL cells.

Mitochondrial apoptosis is regulated by the relative activity of pro-apoptotic and anti-
apoptotic BCL2 family members,28 thus suggesting that AKT and MYC might repress
apoptosis by altering the expression of BCL2 family members. To test this possibility, we
induced leukemia in rag2: MYC-ER; rag2: EGFP-bcl2 double-transgenic zebrafish that also
expressed either rag2: myr-Akt2 or rag2: mCherry transgenes, by raising these animals in 4-
hydroxytamoxifen to activate the MY C-ER oncoprotein. Following T-ALL development,
zebrafish were either kept in 4-hydroxytamoxifen, or removed from tamoxifen to
downregulate MYC activity. Leukemic cells were EGFP-sorted four days later, and we used
Q-RT-PCR to analyze the expression of the zebrafish BCL2-family apoptotic regulators that
are known to be functionally conserved with their human counterparts.2® This analysis
revealed bimas the only BCL2 family member whose expression was significantly altered in
the presence of activated MY C and/or AKT transgenes in our zebrafish model (Figure 1f; P
= 0.026). Although we were unable to accurately assess expression of endogenous bcl2 due
to the overexpressed EGFP-bcl2 transgene (which we included to avoid comparing live
versus dying cells), we found no significant change in expression of any other zebrafish
BCL2 family members in the setting of activated MYC and/or AKT transgenes
(Supplementary Figure 1).

To test the relevance of these findings to human T-ALL, we treated human T-ALL cell lines
with BEZ235, a small molecule inhibitor of PI3K and mTOR,30 or with JQ1, a
bromodomain inhibitor that effectively downregulates MYC activity.22:31 Treatment of the
human T-ALL cell lines PF382, CCRF-CEM, ALL-SIL and MOLT4 with the PI3BK-AKT
inhibitor BEZ235 led to significant BIM mRNA upregulation in three of these four cell lines,
whereas treatment with the MY C inhibitor JQ1 led to BIM upregulation at the mRNA level
in all cell lines tested (Figure 2a and b). Further, Western blot analysis of these T-ALL cell
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lines following treatment with JQ1, BEZ235 or both drugs in combination revealed
cooperative upregulation of BIM protein expression coupled to induction of apoptosis, as
assessed by PARP cleavage (Figure 2, c—f).

We then wanted to confirm that the effect of BEZ235 and JQ1 in mammalian T-ALL cells is
mediated by inhibition of AKT and MYC pathways, respectively. To test whether direct
AKT inhibition induces BIM upregulation, we transfected the human T-ALL cell line
CCRF-CEM with control or anti-AKT siRNA. AKT siRNA transfection effectively
downregulated AKT protein levels in a subset of cells, and the subpopulation in which
effective AKT knock-down was achieved demonstrated BIM protein upregulation, as
assessed by FACS analysis (P = 0.048; Supplementary Figure 2, a and b). To confirm that
direct MYC inhibition leads to BIM upregulation in mammalian T-ALL cells, we took
advantage of the murine MY C-induced T-ALL cell line 4188, which is induced by a human
MY C transgene that can be specifically inactivated by doxycycline treatment.23 Inhibition of
MY C transgene expression by doxycycline treatment for 48 hours induced BIM protein
upregulation (Supplementary Figure 2c), indicating that the MY C-induced repression of
BIM is conserved in mammalian T-ALL.

Inhibition of AKT signaling can decrease protein expression of the anti-apoptotic BCL2
family member MCL1, via both GSK3-dependent and mTOR-dependent pathways,32:33
leading us to investigate whether MCL1 protein downregulation might mediate apoptosis
induction following treatment with MY C and AKT pathway inhibitors. We thus treated four
human T-ALL cell lines using BEZ235 or JQ1, and assessed MCL1 protein levels and
PARP cleavage (a marker of apoptosis induction) using Western blot analysis. Treatment
with BEZ235 monotherapy led to MCL1 protein downregulation in all cell lines treated, but
this was associated with little to no evidence of apoptosis induction, as assessed by PARP
cleavage (Supplementary Figure 3). By contrast, monotherapy with JQ1 increased MCL1
protein levels, and combination treatment with both BEZ235 and JQ1 effectively induced
apoptosis (as assessed by PARP cleavage) in all cell lines treated, despite MCLL1 protein
levels comparable to those in untreated cells (Supplementary Figure 3). Thus, although
downregulation of MCL1 likely contributes to modest apoptosis induction by BEZ235, our
data suggest that MCL1 downregulation is not the primary mechanism of apoptosis
induction following treatment with the combination of BEZ235 and JQ1 in human T-ALL,
and so we focused our attention on BIM.

To test whether regulation of BIM by these oncogenic pathways is conserved in primary T-
ALL patient samples, we first analyzed the correlation between expression of BIM and
MYC in our previously published cohort of 40 primary pediatric T-ALL patient samples
analyzed by microarray gene expression analysis.24 This revealed that, although BIM
expression appears to be relatively low in all T-ALL cases, its expression is inversely
correlated with that of MYC (P = 0.019; Figure 3a). To test whether MYC and AKT repress
BIM in primary treatment-resistant T-ALL, we took advantage of the panel of primary T-
ALL samples that we have collected from children with relapsed or refractory T-ALL
(samples collected at diagnosis from patients in whom initial induction chemotherapy failed
to achieve a remission, or samples collected at the time of relapse) that have been engrafted
and expanded in immunodeficient mice, without exposure to in vitro selection. Treatment of
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these T-ALL samples in short-term culture assays with BEZ235 induced BIM expression in
all samples tested (Figure 3b), whereas treatment with JQ1 led to BIM upregulation in 3 of
the 4 samples tested (Figure 3c).

Taken together, these findings indicate that transcriptional repression of BIM is a key
survival signal downstream of MYC and AKT in high-risk T-ALL, and we wanted to
investigate the mechanisms through which these pathways repress BIM. We first tested the
hypothesis that BIM upregulation following AKT pathway inhibition is mediated by FOXO
transcription factors in T-ALL. FOXO transcription factors are directly phosphorylated and
inactivated by AKT (reviewed in 34), and have been shown to mediate BIM upregulation
following AKT pathway inactivation in normal T-cells.3> Thus, we transfected the human T-
ALL cell line PF382 using either vector control or FOXO-D2564, encoding a dominant-
negative FOXO mutant that lacks its C-terminal transactivation domain,?’ cells were treated
with DMSO or BEZ235, and RNA was harvested after 24 hours. Quantitative RT-PCR
analysis revealed that BIM upregulation following BEZ235 treatment was blunted by
expression of dominant-negative FOXO (P = 0.001; Supplementary Figure 4), implicating a
role for FOXO proteins as mediators of BIM upregulation following AKT inactivation. We
then turned our attention to the link between MYC and transcriptional repression of BIM,
which we hypothesized might be mediated by miR-19a and mir-19b. These closely related
microRNASs are both components the polycistronic miR-17-92 cluster that is directly
upregulated by MYC,36 and miR-19a and miR-19b have been shown to directly
downregulate BIM transcripts in murine T-ALL.37 We first used quantitative RT-PCR
analysis of miR-19a and miR-19b expression to confirm that these are regulated by the
MY C inhibitor JQ1 in human T-ALL cells (Supplementary Figure 5a). However, retroviral-
mediated overexpression of the mir-19a, mir-19b and mir-20 components of the
polycistronic miR-17-92 cluster in the human T-ALL cell line CCRF-CEM did not
detectably rescue BIM mRNA upregulation following treatment with JQ1 (Supplementary
Figure 5, b and c). These data thus suggest that BIM mRNA levels are also repressed by
additional pathways downstream of MYC, whose elucidation will require additional
investigation.

Restoration of BIM function is sufficient to impair T-ALL viability

To determine whether repression of BIM plays a role in survival signaling downstream of
PI3K-AKT and MYC in T-ALL cells, we took advantage of a stabilized alpha-helix of
BCL-2 domain (SAHB) modeled after amino acids 146-166 of the BIM BH3 helix to restore
BIM function in human T-ALL cells. The stapled peptide designated BIM SAHB 4 contains
non-natural amino acids inserted at positions 154 and 158, which are then cross-linked by
ruthenium-catalyzed olefin metathesis to yield the bioactive peptide helix. Such stapling
allows these relatively small peptides to maintain the alpha-helical conformation required
for the BIM BH3 domain to engage its native targets while also enabling cellular uptake,
resulting in dose-dependent and sequence-specific apoptosis induction.26:38 As a negative
control, we used an analogous stapled peptide harboring a single R153D reverse polarity
substitution that prevents target binding and apoptosis induction.38 Treatment of a panel of
human T-ALL cell lines with BIM SAHB  impaired viability in all cell lines tested, whereas
the R135D negative control had no effect (Figure 4). We then tested whether targeting BIM
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repression using small molecule inhibitors of MYC and PI3BK-AKT pathways can induce
therapeutic apoptosis in primary treatment-resistant T-ALL patient samples. BEZ235
variably induced apoptosis whereas JQ1 significantly induced apoptosis in all samples
tested, and both drugs in combination had additive effects in 3 of the 4 samples treated
(Figure 5).

BIM is necessary for T-ALL apoptosis induction in vivo

To test whether BIM is required for T-ALL apoptosis in vivo, we took advantage of the
conservation of bim function between zebrafish and mammals,2° leveraging a bim-mutant
zebrafish line that was generated by retroviral insertional mutagenesis, as previously
described.2! This line harbors a retroviral insertion into the coding sequence of bimexon 2,
which is present in all known human and zebrafish BIM transcriptional variants and lies
upstream of the BH3 domain required for apoptosis induction.3%-42 This bim mutation was
crossed into our conditional zebrafish model of MY C-induced T-ALL, in which MYC
downregulation leads to regression of established leukemia, a phenotype that is completely
dependent on mitochondrial apoptosis induction.}2 We thus generated rag2:MYC-ER;
rag2: EGFP double-transgenic siblings that were either bim wild-type, heterozygous, or
homozygous mutant, animals were raised in 50 pg/L (129 nM) 4-hydroxytamoxifen to
activate the MYC oncogene beginning at 5 days post-fertilization, and TALL onset was
monitored by weekly fluorescence microscopy. After development of disseminated T-ALL,
zebrafish were removed from 4-hydroxytamoxifen to downregulate activity of the MYC
oncogene, and T-ALL phenotypes were assessed based on the change in tumor size by the
end of the 8-week monitoring period (Figure 6a).

Deficiency of bimdid not measurably accelerate the onset of MYC-induced T-ALL in the
zebrafish model system (Figure 6b). By contrast, following development of established

MY C-induced T-ALL, downregulation of MYC oncogene activity (by 4-hydroxytamoxifen
withdrawal) was followed by T-ALL persistence in 10% of bim wild-type zebrafish, 18% of
bim heterozygotes, and in 33% of bim homozygous mutants (Figure 7; P = 0.017), reflecting
an inverse relationship between bim gene dosage and tumor maintenance following MYC
oncogene inactivation.

DISCUSSION

Normal T-cell progenitors are characterized by a hypersensitivity to mitochondrial apoptosis
in response to diverse stimuli, and this apoptotic phenotype is dependent on expression of
BIM, a proapoptotic BCL2 family member.15-17 We have shown that BIM repression
downstream of MY C and AKT is a key survival signal in the molecular pathogenesis of
high-risk T-cell acute lymphoblastic leukemia. We demonstrate that MYC and AKT repress
BIM mRNA expression in vivo in the zebrafish model system, as well as in human T-ALL
cells, including those from patients with treatment-resistant disease. We further show that
restoring BIM function using a stapled peptide mimetic of its BH3 domain is sufficient to
impair the viability of human T-ALL cells, and targeting BIM repression using small
molecule inhibitors of MYC and PI3K-AKT pathways can effectively induce apoptosis in
primary treatment-resistant T-ALL. These small molecule inhibitors had activity in a
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broader range of treatment-resistant patient samples than predicted by mutational analysis of
the PTEN-PI3K-AKT axis and of NOTCH1 (the most common mechanism of MYC
activation in T-ALL)*®.743 (Supplemental Table 2), suggesting the need for improved
biomarkers to identify all patients who might benefit from these agents. Finally, we
demonstrate that BIM is necessary for robust in vivo apoptosis induction upon MYC
oncogene downregulation in a conditional zebrafish model of the disease. Taken together,
these findings thus provide a key survival mechanism that explains the dependence of
established T-ALL cells on ongoing signaling activity of the MYC and PI3K-AKT pathways
(Figure 7f).

We show here that bim mutations do not accelerate the onset of MYC-induced T-ALL in the
zebrafish model. Although these findings are discordant with studies in mice with an intact
ARF-p53 pathway,** our data are fully consistent with studies in mice harboring ARF-p53
pathway inactivation (as a result of p53 deletion), in which BIM-targeting mutations fail to
accelerate the onset of MY C-induced lymphomagenesis.** ARF is a mammalian tumor
suppressor that links MY C-induced oncogenic stress to p53-dependent tumor suppression,
and we have now shown that zebrafish lack a functional ortholog of ARF (manuscript under
review). Biallelic inactivation of ARF (encoded by the CDKNZ2A locus) is the most common
lesion in human T-ALL.8-10 Thus, we conclude that the role of BIM in the pathobiology of
established human T-ALL is best defined in ARF-deficient models, such as the zebrafish.

Blockade of mitochondrial apoptosis is being increasingly recognized as a mechanism for
chemotherapy resistance in diverse human cancers,*6-48 and BIM repression has been
shown to drive chemotherapy resistance in hematologic malignancies.%-5! Thus,
cooperative repression of BIM by PI3K-AKT and MYC provides a molecular mechanism
for the association between activation of both of these oncogenic pathways and treatment
resistance in human T-ALL. Our findings thus highlight the potential therapeutic utility of
targeting this survival pathway, using either combined inhibition of AKT and MYC or
restoration of BIM activity using a stapled peptide such as BIM SAHB, to reverse
chemotherapy resistance in human T-ALL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
BIM is downregulated downstream of AKT and MY C in a conditional zebrafish model of

MY C-induced T-ALL. (a and c) One representative rag2: MYC-ER; rag2: EGFP;
rag2:mCherry triple-transgenic zebrafish shown at the time of T-ALL onset (a) and 4 weeks
after removal from 4-hydroxytamoxifen (4HT). (b and d) Representative rag2:MYC-ER;
rag2:EGFP; rag2: myr-Akt2 zebrafish, shown at the time of T-ALL onset and 4 weeks after
4-hydroxytamoxifen removal (-4HT). () Quantitation of T-ALL phenotypes after MYC-ER
downregulation (by removal from 4-hydroxytamoxifen), comparing animals expressing a
rag2: myr-Akt2 transgene (encoding constitutively active Akt) to rag2:mCherry controls. P
value calculated using Fisher’s exact test. (f) Q-RT-PCR analysis of bim mRNA expression,
performed using RNA from T-ALL cells isolated from rag2: MYC-ER; rag2-EGFP-bcl2
zebrafish that also expressed either rag2: myr-Akt2 or rag2: mCherry control. T-ALL cells
were sorted from animals in 4-hydroxytamoxifen (“MYC On”), or 4 days after tamoxifen
removal (“MYC Off”). Bcl2-transgenic T-ALL cells were used in all conditions to avoid
comparing live versus dying cells. bactin2 was the control for Q-RT-PCR analysis. Error
bars represent mean +/— standard error of the mean for experiments performed in triplicate.
Significance was assessed using the Kruskal-Wallis test, a statistical method designed to
assess whether at least one of the conditions is significantly different from the others.
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Figure2.

BIM is repressed downstream of AKT and MYC in human T-ALL cell lines. (aand b) Q-
RT-PCR analysis of BIM mRNA expression in four human T-ALL cell lines treated with
500 nM BEZ235, a dual ATP-competitive PI3K and mTOR inhibitor versus DMSO for 24
hours (&), or 1 uM JQ1 (a bromodomain inhibitor that downregulates MY C activity) versus
DMSO for 24 hours (b). P values calculated using the Welch t test. (c to f) Western blot
analysis of human T-ALL cell lines treated for 24 hours using DMSO (vehicle control), 1
UM JQ1, 500 nM BEZ235, or both drugs in combination, using the indicated antibodies.
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Figure 3.
BIM is repressed by MY C and AKT in human treatment-resistant T-ALL. (a) Correlation of

BIM and MYC expression levels, as assessed using microarray gene expression profiling of
primary childhood T-ALL patient samples. Data are from the following probe sets: BIM,
1561844 at. MYC, 202431 _s_at. Line shows results of a linear regression analysis, and P
value was calculated by Pearson correlation analysis. (b and ¢) Q-RT-PCR analysis of BIM
MRNA expression in four treatment-refractory primary pediatric T-ALL samples, expanded
in immunocompromised mice and treated in short-term culture assays (24 hrs) with 500 nM
BEZ235 (c) or 1 uM JQ1 (d), versus DMSO vehicle control. Error bars represent mean +/—
standard error of the mean for experiments performed in triplicate. P values calculated using
a Welch t test.
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Figure 4.
Restoration of BIM function has therapeutic activity in human T-ALL. Human T-ALL cell

lines (a) ALL-SIL, (b) CCRF-CEM, (c) MOLT4 or (d) PF382 were treated with a stapled
peptide mimetic of the BIM BH3 domain, BIM SAHB (amino acids 146-166), or with the
analogous peptide harboring an inactivating R153D reverse polarity mutation, for 24 hours
at the indicated doses. Cell viability was assessed by CellTiter Glo, and is shown relative to
DMSO control. Error bars represent mean +/— standard error of the mean for experiments
performed in triplicate.
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Therapeutic apoptosis induction by inhibition of MYC and PI3K-AKT pathways in
treatment-resistant human T-ALL. (a to d) Effect of BEZ235 (500 nM), JQ1 (1 uM), or both
drugs in combination on apoptosis induction in primary human treatment-resistant T-ALL
samples treated in short-term culture assays (48 hrs), as assessed using FACS analysis for

Annexin V and 7AAD staining. Data for early apoptotic (annexin V-positive, 7AAD-

negative) and late apoptotic (annexin V-positive, 7AAD-positive) cells are shown
separately, and error bars indicate mean +/- standard error of the mean for each apoptotic

subset. P values were calculated using 2-way ANOVA analysis on the combined data for all
apoptotic cells (early + late). In all four patient samples, the effects of the drugs were at best
additive; no interaction terms were statistically significant at the 0.10 level.
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Figure®6.
Mutation of bim does not accelerate onset of MYC-induced T-ALL in the zebrafish. (a)

Experimental design to test the effect of bim mutation on onset of MYC-induced T-ALL,
and on tumor regression after MY C-ER downregulation following removal from 4-
hydroxytamoxifen (4HT). (b) Analysis of T-ALL onset in zebrafish from the experiment
described in a. Tumor-free survival was calculated using the method of Kaplan-Meier. and P
value was calculated using the log rank test.
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Figure7.

BIM mediates T-ALL regression following MYC inactivation in vivo. (a and c) One
representative rag2: MYC-ER; rag2: EGFP double-transgenic, bim wild-type zebrafish,
shown at the time of T-ALL onset (a) and 8 weeks after removal from 4HT (c). (b and d)
One rag2: MYC-ER; rag2: EGFP double-transgenic zebrafish that harbored homozygous
mutations of bim, shown at time of T-ALL onset (b) and 8 weeks after removal from 4-
hydroxytamoxifen (d). (€) Quantitation of T-ALL persistence after downregulation of MYC
by removal from 4-hydroxytamoxifen. P value was calculated using a Kruskal-Wallis test.
(f) Proposed model to explain our findings.
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