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Key Points Oncogenic activation of NOTCH1 signaling plays a central role in the pathogenesis of
T-cell acute lymphoblastic leukemia, with mutations on this signaling pathway affecting

e NOTCHT1 inhibits apoptosis
via HES1-mediated
repression of BBC3 in T-ALL.

¢ Perhexiline, a HES1 signature
modulator drug, has strong
antileukemic effects in vitro
and in vivo.

more than 60% of patients at diagnosis. However, the transcriptional regulatory circuitries
driving T-cell transformation downstream of NOTCH1 remain incompletely understood.
Here we identify Hairy and Enhancer of Split 1 (HES1), a transcriptional repressor con-
trolled by NOTCH1, as a critical mediator of NOTCH1-induced leukemogenesis strictly
required for tumor cell survival. Mechanistically, we demonstrate that HES1 directly
downregulates the expression of BBC3, the gene encoding the PUMA BH3-only pro-
apoptotic factor in T-cell acute lymphoblastic leukemia. Finally, we identify perhexiline,
a small-molecule inhibitor of mitochondrial carnitine palmitoyltransferase-1, as a HES1-

signature antagonist drug with robust antileukemic activity against NOTCH1-induced leukemias in vitro and in vivo. (Blood. 2015;

125(18):2806-2814)

Introduction

T-cell acute lymphoblastic leukemias (T-ALLs) are highly aggressive
hematologic tumors derived from the malignant transformation of
immature T-cell progenitors." T-ALL results from a multistep process
involving the activation of oncogenes and loss of tumor suppressor
genes, which disrupts specific mechanisms regulating proliferation, dif-
ferentiation, and survival during T-cell development.' In this setting,
the identification of activating mutations in the NOTCHI gene in more
than 60% of T-ALL:s highlights the central role of aberrant NOTCH
signaling in the pathogenesis of this disease.” Constitutive activation of
mutant NOTCHI1 in T-ALL drives a transcriptional program promoting
leukemia cell growth and proliferation via multiple direct and indirect
mechanisms including, most prominently, transcriptional activation of
the MYC oncogene and upregulation of the PI3K-AKT-mTOR signal-
ing pathway.* In this circuitry, Hairy and Enhancer of Split 1 (HES1),
a basic helix-loop-helix transcriptional regulator directly controlled by
NOTCHLI, functions as a critical factor mediating transcriptional re-
pression downstream of NOTCH signaling.*

An important role for Hes1 in T-cell development was first realized
in Hes1 knockout mice, which show a rudimentary or complete absence
of thymic development.® Consistently, conditional deletion of Hes! in
hematopoietic progenitors impaired T-cell development by compro-
mising the capacity of early lymphoid progenitors to seed and popu-
late the thymus.® In T-ALL, the NOTCHI-HES] regulatory axis is
implicated in the upregulation of PI3K’ and NFKB signaling.® Con-
sistently, Hes! is required for NOTCH1-induced transformation and
for leukemia cell survival. However, the specific roles and mech-
anisms of HES1 in NOTCHI1-induced leukemia remain incom-
pletely understood.

Materials and methods

Cell lines

HEK-293T, CUTLLI1, CCRF-CEM, JURKAT, RPMI 8402, DND41, MOLT4,
LOUCY, MOLT16, KE37, and HPB-ALL cells were cultured in standard con-
ditions in RPMI 1640 medium supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin. HEK-239T cells, CCRF-CEM, JURKAT, and RPMI
8402 were from ATCC, and DND41 and HPB-ALL were from DSMZ. The
CUTLLI cell line generated in our laboratory has been previously described.”
Mouse primary tumors were cultured in vitro with OP9 stromal cells in
OPTIMEM-Glutamax medium supplemented with mouse IL7 (10 ng/mL),
B-mercaptoethanol (55 uM), 10% fetal bovine serum, and 1% penicillin/
streptomycin for 2 weeks and then removed from the coculture system for
subsequent experiments.

Patient samples

T-ALL samples were provided by Columbia Presbyterian Hospital, the Eastern
Cooperative Oncology Group, the University of Padova, and the Hospital Cen-
tral de Asturias with informed consent and analyzed under the supervision of the
Columbia University Medical Center Institutional Review Board committee.
Research was conducted in accordance with the Declaration of Helsinki. Primary
T-ALL cells were cultured in vitro with MS5-DL1 stromal cells in MEM-a and
in the presence of GlutaMAX, insulin, human serum, interleukin 7, stem cell
factor, and Fms-related tyrosine kinase 3 ligand.'® All cells were cultured at 37°C
in a humidified atmosphere under 5% CO,.

Drugs

Both 4-hydroxytamoxifen (CAS 68047-06-3) and perhexiline (CAS 6724-53-4)
were purchased from Sigma-Aldrich.
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Chromatic immunoprecipitation

‘We performed chromatin immunoprecipitations (ChIPs) using the Agilent Mam-
malian ChIP-on-chip ChIP protocol, as described elsewhere.'" A detailed
description of ChIP procedures is included in the supplemental Materials and
methods available on the Blood Web site.

Mice and animal procedures

All animals were maintained in specific pathogen-free facilities at the Irving
Cancer Research Center on the Columbia University Medical Campus. Animal
procedures were approved by the Columbia University Institutional Animal Care
and Use Committee. To generate conditional inducible HesI knockout mice, we
bred Hes! conditional knockout mice (Hes”)'? with ROSA26""FR7/+ mice,
which express a tamoxifen-inducible form of the Cre recombinase from the
ubiquitous Rosa26 locus."> To generate NOTCHI-induced T-ALL tumors in
mice, we performed retroviral transduction of bone marrow cells enriched
in lineage-negative cells, using magnetic beads (lineage cell depletion kit by
Miltenyi, kit 130-090-858, following manufacturer’s guidelines) with an acti-
vated form of the NOTCHI1 oncogene (AE-NOTCHI1), and transplanted them
via intravenous injection into lethally irradiated NOD.Cg-Ragl tmI1Mom
112rg tm1Wjl/SzJ immunodeficient mice (the Jackson Laboratory), as pre-
viously described.'*'> We treated secondary recipients with vehicle only or
with tamoxifen (5 mg/mouse) by intraperitoneal injection to induce deletion
of the HesI locus.

We infected NOTCHI (NOTCHI L1601P APEST)-induced T-ALL cells
with lentiviral particles expressing the mMCHERRY fluorescent protein and lucif-
erase (Migr-mCHERRY-LUC) and injected them intravenously into C57BL/6
mice. After verification of tumor engraftment (5% green fluorescent protein-
positive T-ALL lymphoblasts in peripheral blood), we treated groups of 6
animals with vehicle (dimethylsulfoxide) or Perhexiline (53.68 mgkg™'). We
evaluated disease progression and therapy response by in vivo bioimaging with
the In Vivo Imaging System (Xenogen).

Microarray and RNAseq expression analysis

CUTLL1 cells infected with shLuciferase (shLUC) and shHES1 were
collected 72 hours after puromycin selection. RNA was isolated, labeled, and
hybridized to the HumanT-12v4 Expression BeadChip (Illumina), using
standard procedures. Cells from AE-NOTCHI Rosa26 Cre-ERT2 Hes /1o
T-ALL were cultured in vitro and treated for 36 hours with ethanol or 4-hydroxy-
tamoxifen. RNA was isolated, labeled, and hybridized to the MouseWG-6
v2.0 Expression BeadChip (Illumina), using standard procedures. Raw
gene expression data were log2 transformed and quantile-normalized, using
MATLAB. Differentially expressed transcripts were analyzed by ¢-test and
fold change. Cross comparison of gene signatures induced by HES1 shRNA
knock-down, HesI knockout, NOTCHI1 inactivation by <y-secretase inhibitor
treatment,'® and perhexiline treatment were evaluated using gene set enrichment
analysis (GSEA)"” performed in MATLAB, using the r-test metric and 1000
permutation of the gene lists. Similarly, GSEA was used to test for enrichment of
gene sets from the c2 Molecular Signature Database against the ranked list of
genes sorted by r-score comparing HES1 shRNA knock-down vs control.

For Connectivity Map analysis'® a gene set consisting of the top 250 reg-
ulated genes by fold change (P < .05) on Hes I knockout in T-ALL lymphoblasts
was used as input for using the Broad Institute connectivity map interface (www.
broad.mit.edu/cmap).

Gene expression profiling of triplicate CUTLL1 cell cultures treated with per-
hexiline (10 wM [50% inhibitory concentration]) or vehicle only for 48 hours was
performed using RNAseq analysis via [llumina Hiseq sequencing following
standard procedures, as detailed in the supplemental Materials and methods.

Microarray and RNAseq data are available in the Gene Expression Omnibus
(accession numbers GSE65872, GSE66014, and GSE65863).

Quantitative real-time PCR

We performed reverse transcription reactions with the ThermoScript reverse
transcription-polymerase chain reaction (RT-PCR) system (Invitrogen) and
analyzed the resulting complementary DNA products by quantitative real-time
PCR (FastStart Universal SYBR Green Master Mix; Roche), using a 7300 Real-
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Time PCR System (Applied Biosystems). Relative expression levels were nor-
malized, using Gapdh as a reference control.

Western blotting and immunoprecipitation

Western blot and immunoprecipitation were performed using standard pro-
cedures. The antibody against HES1 was from Aviva Systems Biology
Corp (ARP32372_T100). Puma (SC-28226) and GAPDH (SC-20357) an-
tibodies were from Santa Cruz Biotechnologies, and the antibody against
mouse Gapdh was from Cell Signaling Technology (5174S).

Flow cytometry analysis of hematopoietic populations

To study the effects of perhexiline in the hematopoietic compartment and in
T-cell progenitors, 6-week-old C57B6 mice were treated for 5 consecutive days
with perhexiline (53.68 mg-kg™"). Flow cytometry analyses were performed in
aFACSCanto flow cytometer, using FACSDiva (BD Biosciences), as detailed in
the supplemental Materials and methods.

Statistical analysis

We performed statistical analysis by Student # test. Survival in mouse exper-
iments was represented with Kaplan-Meier curves, and significance was es-
timated with the log-rank test (Prism GraphPad).

Results
HESH1 is required for the survival of NOTCH1-driven T-ALL

To assess the role of HES] in the maintenance of human NOTCHI-
induced T-ALL, we analyzed the effects of HESI knockdown in
CUTLL1 cells, a NOTCH1-driven human T-ALL cell line expressing
atruncated and constitutively active form of NOTCH]1, as a result of the
t(7;9)(q34;q34) chromosomal translocationlf’; and in DND41 and
MOLTH4 cells, 2 well-characterized T-ALL lines harboring activating
mutations in NOTCH 1.2 In these experiments, and consistent with
previous reports,6 lentiviral sShRNA knockdown of HES1 (Figure 1A;
supplemental Figures 1 and 2, available on the Blood Web site) resulted
in a marked decrease in cell growth compared with shLUC controls
(Figure 1B; supplemental Figures 1 and 2). Flow cytometry analysis
of cell cycle progression showed mild defects in the proliferation
of HES1-depleted cells with a modest accumulation of G1 and G2-M
cells (Figure 1C). In addition, annexin V staining revealed a marked
increase in programmed cell death on HES1 inactivation (Figure 1D;
supplemental Figures 1 and 2). These results demonstrate a key role
for HES1 in the maintenance of NOTCH1-induced T-ALL and func-
tionally implicate HES1 in leukemia cell survival.

To assess the mechanisms by which HES1 depletion induces ap-
optosis of T-ALL cells, we analyzed the transcriptional programs as-
sociated with HES1 knockdown. Microarray gene expression profiling
of shHES1 CUTLLI1 cells and shLUC CUTLLI1 controls identified
32 upregulated and 18 downregulated transcripts (fold change, >1.57;
P < .01) on HESI inactivation (Figure 1E). Moreover, genes upreg-
ulated on HESI1 inactivation were significantly enriched in DNA
damage response genes and TP53 targets (Figure 1F). In addition, and
in agreement with an established role of HES1 as a transcriptional re-
pressor downstream of NOTCH1, GSEA showed that the genes up-
regulated on HES1 shRNA inactivation were significantly enriched
in the gene expression signature upregulated on ~y-secretase inhibitor
treatment-induced NOTCHI inhibition in CUTLL1 cells (Figure 1G).
Overall, these results support a major role for HES1 downstream of
NOTCHI in T-ALL as a negative regulator of tumor suppressor
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Figure 1. Cellular and transcriptional effects of HES1
knockdown in human T-ALL cells. (A) Western blot
analysis of HES1 expression in CUTLL1 T-ALL cells trans-
duced with shRNAs targeting the Renilla luciferase gene
(shLUC) or HES1 (shHESH1). (B) Quantification of cell
growth in CUTLL1 cells expressing shLUC or shHES1.
(C) Cell cycle analysis of CUTLL1 cells expressing
shLUC or shHES1. (D) Representative flow cytometry
plots after annexin V-allophycocyanin (annexin V-APC)
and 4’,6-diamidino-2-phenylindole (DAPI) staining and
quantification of apoptosis in CUTLL1 cells expressing
p<0.01 ™ shLUC shLUC or shHES1. Percentage populations are indicated
P<0.005 m shHES1 #1 in each quadrant. (E) Heat map representation of the top
B shHEST #2 50 differentially expressed genes (P < .01) between
shLUC and shHES1 CUTLL1 cells. The scale bar shows
N color-coded differential expression, with red indicating
2 higher levels and blue indicating lower levels of expres-
sion. (F) Representative examples of gene set enrich-
ment plots corresponding to GSEA analysis of MSigDB
C2 data sets enriched in the expression signature asso-
ciated with shHES1 CUTLL1 cells compared with shLUC
controls. (G) GSEA analysis plot of genes upregulated
5 on HES1 shRNA knockdown in the expression signature
associated with GSl-induced NOTCH1 inhibition in
CUTLLT1 cells. Bar graphs indicate mean values of trip-
|5 licate measurements, and error bars represent standard
deviation.
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pathways and link the transcriptional programs repressed by HES1
with leukemia cell survival.

To test the in vivo requirement for Hes! in the proliferation and
survival of primary T-ALL cells, we evaluated the effects of conditional
HesI gene inactivation on NOTCH1-induced leukemogenesis in mice.
To this end, we infected hematopoietic progenitors from tamoxifen-
inducible Rosa26 Cre-ERT2 Hes! heterozygous (HesI"*) and ho-
mozygous (Hesl flox/floxy | nockout mice'? with retroviruses driving the
expression of a mutant oncogenic form of NOTCH1 (AE-NOTCH1)."
Consistent with previous reports,'” transplantation of activated
NOTCH]1-expressing cells resulted in rapid development of NOTCH1-
driven leukemias with a characteristic T-cell phenotype (supplemental
Figure 3). Next, we transplanted tamoxifen-inducible Hes/ knock-
out (AE-NOTCH1 Rosa26 Cre-ERT2 Hes1"1%) T_ALL into suble-
thally irradiated recipients, which, on T-ALL development (40%-70%
blasts in peripheral blood), were treated with tamoxifen to induce Cre-
mediated deletion of the Hes! gene or with vehicle only as control.
Tamoxifen-induced activation of Cre recombinase rapidly and effec-
tively abrogated Hes/ expression (Figure 2A). Remarkably, genetic
ablation of Hes! in mouse NOTCH1-induced leukemias resulted in
marked antileukemic effects in vivo, a result consistent with previous
reports on the essential role of Hes/ in mouse NOTCH1-induced

leukemias.® Thus, analysis of leukemia tumor burden 24 hours after
Hes! deletion revealed a marked decrease in spleen size in tamoxifen-
treated animals compared with in controls (Figure 2B-C). Moreover,
histologic analysis of spleen and liver tissues revealed a profound de-
crease in leukemia infiltration and starry sky morphology indicative
of extensive apoptosis (Figure 2D). These observations were validated
with an independent AE-NOTCH]1 tamoxifen-inducible Hes1 knock-
out T-ALL (supplemental Figure 4). In contrast, recipient mice bearing
heterozygous conditional tamoxifen-inducible Hes/ knockout T-ALL
tumors (AE-NOTCH1 Rosa26 Cre-ERT2 HesI"*) showed no anti-
leukemic response to tamoxifen (supplemental Figure 5).

To analyze the effects of Hes/ inactivation in leukemia progression
and survival, we transplanted Hes! conditional knockout T-ALL cells
into sublethally irradiated isogenic recipients and treated them with
vehicle only (control group) or tamoxifen (Hes-deleted group). In this
experiment, tamoxifen-induced Hes/ deletion significantly decreased
circulating leukemia lymphoblasts 2 weeks after transplant (Figure 2E)
and markedly prolonged survival (P < .005) (Figure 2F). Moreover, in
vitro Hes! inactivation in mouse NOTCHI1-induced leukemia cells in-
creased apoptosis, particularly under low serum culture conditions,
with no significant effects on cell cycle progression (Figure 2G-I).
These results demonstrate that the impaired cell survival induced by
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Figure 2. Antileukemic effects of Hes1 inactivation in

T-ALL. (A) Quantitative RT-PCR analysis of Hes? ex- 1.5 1 P<0.001
pression across tumor cells isolated from Hes1 condi- )
tional knockout T-ALL (AE-NOTCH1 Rosa26 Cre-ERT2 2 S 1
Hes1"/1°%)_pearing mice after 24 hours of treatment with © g
vehicle only (n = 3) or tamoxifen (n = 3) in vivo. (B) Rep- o o
resentative image of mouse spleens and (C) quantifi- ‘;’ % 0.5
cation of spleen weight of Hes? conditional knockout (NG
leukemia-bearing mice treated with vehicle only or ta- T 0

- Q
moxifen for 24 hours. Scale bar represents 1 cm. (D) \(} @'\‘
Hematoxylin and eosin-stained tissue micrographs of Aé’(\ o\

liver and spleen sections from Hes 1 conditional knockout
leukemia-bearing mice treated with vehicle or tamoxifen. D
Scale bars represent 50 um. (E) Quantification of leu-
kemia lymphoblasts as percentage of green fluores-
cent protein-positive cells in Hes1 conditional knockout
NOTCH1-induced leukemia-bearing mice treated with
vehicle only (n = 6) or tamoxifen (n = 5) in vivo. (F)
Kaplan-Meier survival curves of Hes? conditional knock-
out NOTCH1-induced leukemia-bearing mice treated
with vehicle only (n = 6) or tamoxifen (n = 5) in vivo.
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genetic ablation of Hes/ is mediated by cell autonomous mechanisms,
confirming a major role for Hes1 in the maintenance of primary
NOTCHI1-induced T-ALL and supporting a potential role for Hes1 as
a therapeutic target in this disease.

HES1 directly inhibits proapoptotic factor BBC3

Next, we analyzed the transcriptional programs triggered on Hes1
knockout in primary NOTCH1-induced T-ALL lymphoblasts in vitro.
Microarray analysis of Hes! knockout T-ALL cells collected 36 hours
after tamoxifen treatment identified 34 upregulated and 17 downreg-
ulated genes (fold change, >1.3; P <.005) (Figure 3A). In addition, the
genes upregulated on genetic deletion of Hes/ were significantly en-
riched for genes that make up the transcriptional signature associated
with HESI shRNA-mediated depletion in CUTLL1 T-ALL cells
(Figure 3B). Consistent with a major role of Hes1 as a transcriptional
repressor downstream of NOTCH1, we also observed a significant
positive enrichment for mouse genes upregulated on Hes/ deletion in
the upregulated gene expression signature triggered by NOTCH1
inactivation via y-secretase inhibitor treatment of mouse NOTCHI1-
induced T-ALL cells (Figure 3C).

Most notably, the transcriptional program upregulated by Hes!
inactivation included important mediators of cell signaling such as
Wnt6, Cxcr5, Smad3, and 1127ra, as well as Bbc3, the gene encoding
Puma, a major BH3-only proapoptotic factor (Figure 3A). On the basis
of these results, and given the well-established role of Puma as mediator

= ETOH ®4-OH TMX

of programmed cell death downstream of multiple apoptotic stimuli,
including TP53 activation,® we hypothesized that HES1 could pro-
mote leukemia cell survival via direct transcriptional repression of the
Bbc3 gene. RT-PCR and western blot analysis of Hes/ conditional
knockout T-ALL cells treated with tamoxifen verified transcriptional
upregulation of Bbc3 expression (Figure 4A) and Puma protein upreg-
ulation (Figure 4B) on Hes! inactivation. Consistently, ShARNA knock-
down of HES1 induced an increase of BBC3 expression in DND41
and MOLT4 T-ALLs (Figure 4C). Analysis of the proximal regulatory
sequences (+2 kb to —3 kb) flanking the BBC3 transcription initiation
site identified 10 N-box motif elements that could potentially mediate
transcriptional repression via direct HES1 binding in human T-ALL
(Figure 4D). Chromatin immunoprecipitation analysis using a HES1
antibody demonstrated specific HES1 binding to the —415 to —410
BBC3 proximal promoter, a region containing a single canonical N-box
site (U1) (Figure 4E-F). This putative regulatory element located —410
bp from the BBC3 transcription initiation site is equivalent to a Hes1
binding motif in the mouse genome located —393 to —388 from the
Bbc3 transcription initiation site and is in close proximity to 2 well-
characterized TP53 binding sites (Figure 4D) actively occupied
by TP53 on activation of DNA damage response in T-ALL cells
(Figure 4G) and known to mediate BBC3 upregulation downstream
of TP53 activation.?' These findings suggest a role for HES1 in antag-
onizing TP53-mediated BBC3 transcriptional upregulation in T-ALL.
To test this possibility, we analyzed the effect of HES1 expression on
the activity of a —544 to —121 BBC3 promoter construct in luciferase
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Figure 3. Convergent gene expression programs in
human and mouse NOTCH1-induced T-ALL cells on
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reporter assays. In these experiments, HES1 expression induced a 91%
(~11-fold) downregulation of the BBC3 reporter activity, which was
suppressed on mutation or deletion of the —410 BBC3 N-box sequence
occupied by HES1 (Figure 4F). Given that TP53 acts as major driver of
BBC3 expression,”? we then analyzed the effects of HES1 on TP53-
BBC3 regulation. Consistent with previous reports,>> BBC3 reporter
activity was induced on transfection of TP53-expressing constructs
(Figure 4H). Moreover, coexpression of HES1 effectively abrogated
TP53-induced BBC3 upregulation (Figure 4H). Overall, these results
identify BBC3 as a direct HES1 target gene and support a potentially
dominant role for HES1-mediated repression in BBC3 transcriptional
regulation.

To explore the significance of the Hes1-Bbc3 transcriptional reg-
ulatory axis in leukemia cell survival, we then analyzed the effects of
Bbc3 depletion on Hes I-knockout-induced apoptosis. Consistent with
our previous results, tamoxifen-induced Cre-mediated deletion of Hes/
induced apoptosis in T-ALL lymphoblasts expressing a control ShARNA
(shLUC) (Figure 41-J). Notably, however, the apoptotic response trig-
gered by Hesl deletion was significantly abrogated in T-ALL lym-
phoblasts on lentiviral expression of 2 independent Bbc3 shRNAs
(Figure 41-K). Taken together, these results identify HES 1-mediated
downregulation of BBC3 expression as a critical mechanism promot-
ing increased survival in NOTCH1-induced T-ALL.

Identification of perhexiline as a HES1 modulator drug

The central role of HES1 in NOTCH1-induced leukemia suggests that
abrogation of HES1 activity in leukemia lymphoblasts could be ex-
ploited therapeutically. However, despite recent advances in targeting
transcription factor complexes with small molecules and synthetic

peptides, a direct HES1 inhibitor is not readily available. To overcome
this obstacle, we interrogated the Connectivity Map, a large collection
of genome-wide transcriptional expression data derived from tumor
cells treated with bioactive small molecules,18 for compounds with
gene expression signatures overlapping with that induced by Hes/
deletion in NOTCH1-induced T-ALL (Figure 5A). This analysis
identified perhexiline, an inhibitor of mitochondrial carnitine
palmitoyltransferase-1 in clinical use for treatment of cardiac
ischemia,?” as a potential therapeutic agent for T-ALL on the basis of its
ability to elicit a gene expression signature resembling that induced
by Hes]1 inhibition (Figure SA-B). Interestingly, and even though these
results do not necessarily imply a direct effect of perhexiline in HES1
expression, we observed HES1 downregulation in CUTLL1 cells
treated with this drug (Figure 5C). Gene expression profiling of
CUTLL1 T-ALL cells treated with perhexiline revealed a gene
expression signature with 120 genes upregulated (fold change, >1.5;
P <.001) and 80 genes downregulated (fold change, >1.5; P < .001)
(Figure 5D). Notably, and consistent with the reported metabolic
modulatory effects of perhexiline in cardiac metabolism, top transcripts
downregulated on perhexiline treatment included major glycolytic en-
zyme genes such as PFKFB4, ENOI1, LDHA, and PDK1 (Figure 5D).

Moreover, GSEA analysis of differentially upregulated (n = 132;
P < .005) and downregulated (n = 129; P < .005) genes on Hesl
knockout in mouse NOTCH1-induced T-ALL cells revealed a highly
significant enrichment in the perhexiline-induced gene expression
signature (Figure SE). In addition, GSEA of differentially upregulated
(n = 147; P <.0001) and downregulated (n = 129; P < .0001) genes
on perhexiline treatment were significantly enriched in the gene ex-
pression signature elicited by Hes1 knockout in mouse leukemia cells
and by HES1 knockdown in CUTLL1 cells (Figure SF). These results
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support a convergent effect of perhexiline treatment and Hes1 inacti-
vation in T-ALL.

Following these findings, we analyzed the effects of perhexiline
treatment on a broad panel of T-ALL cell lines (HPB-ALL, DND41,
JURKAT, CCRF-CEM, RPMI-8402, and CUTLLI1) harboring acti-
vating mutations in NOTCH1.*'® Treatment with perhexiline induced
strong antileukemic responses across all 6 T-ALL lines, with an average
50% inhibitory concentration of 8.43 uM (range, 3.48-17.8 uM) at
72 hours (Figure 6A). Extended analysis of T-ALL cell lines lacking
NOTCHI1 activation (MOLT16, LOUCY, and KE37) showed that
perhexiline is also active against these NOTCH1-negative tumors
(Figure 6A). This finding supports that the targets of perhexiline may
also be relevant in the context of T-ALL cells transformed by NOTCH1-
independent mechanisms. In addition, and most important, perhexiline
treatment of primary human T-ALL samples demonstrated significant
antileukemic effects for this drug in all 5 leukemias tested (Figure 6B).

Finally, we evaluated the efficacy of perhexiline treatment in mice
transplanted with primary NOTCH1-induced mouse T-ALL cells. In
this experiment, in vivo bioimaging revealed significant antitumor

Time (hours)
HshLUC [ shBbc3#1 [l shBbc3#2

responses in perhexiline-treated animals after 5 days of treatment
(Figure 6C-G). Indeed, examination of bone marrow and spleen re-
vealed a marked reduction in spleen size and leukemia infiltration in
the perhexiline-treated group compared with controls (Figure 6E-F).
Consistently, NOTCH1-induced T-ALL bearing mice treated with
perhexiline showed significantly extended survival compared with
vehicle-treated controls (P < .05) (Figure 6G). Notably, analysis of
hematopoietic progenitors and stem cells in C57BL/6 mice treated with
perhexiline revealed no detrimental effects in the hematopoietic system
other than a mild reduction in the number of DN4 and DP thymocytes
(supplemental Figure 6).

Discussion

Malignant transformation in T-ALL is driven by genetic alterations that
target key aspects of early progenitor T-cell proliferation, metabolism,
differentiation, and survival. In this context, oncogenic NOTCHI1 acts
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as a master and pleiotropic oncogenic factor with multiple effector
mechanisms. Among NOTCHLI targets, HES! plays an important role
downstream of oncogenic NOTCH1 as regulator of key oncogenic
pathways including PI3K and NFKB signaling.”®* The studies out-
lined here represent the first comprehensive analysis of the phenotypic
and transcriptional effects of HES1 loss in NOTCH1-induced T-ALL.
Together with previous studies implicating Hes/ in thymocyte devel-
opment and NOTCH1-induced transformation,®* our integrative
analysis of human and mouse NOTCHI1-driven T-ALLs define a strict
requirement for HES1 in tumor maintenance. Multiple direct and in-
direct downstream effectors of the NOTCH1-HES] transcriptional
regulatory circuitry probably contribute to the loss of cell viability on
HESI inactivation. Our results, shown here, highlight the role of Bbc3,
a critical mediator of apoptosis in the apoptotic response induced by
loss of Hesl in T-ALL. Bbc3 induces TP53-dependent apoptosis on
DNA damage response and is also involved in TP53-independent cell
death induced by serum starvation and cytokine deprivaltion.2"26’27
The antagonistic interplay between HES1 and TP53 in the induction of
BBC3 was documented in our reporter assays and was also reflected in
the response of different T-ALL cell lines to HES1 knockdown, with
strong induction of BBC3 in the TP53-competent MOLT4 cells and
more modest BBC3 accumulation in the TP53-deficient DND41 cell
line. Of note, and consistent with the monoallelic expression of mutant
dominant negative TP53 in this line,'® we did not detect significant
accumulation of BBC3 in CUTLLI cells (data not shown).

In contrast with the high prevalence of 7P53 mutations in most
human cancers,”® direct genetic inactivation of the 7P53 tumor sup-
pressor gene is rarely found in T-ALL.?® However, the relevance of the
TP53 pathway in the pathogenesis of T-ALL is highlighted by the high
prevalence of chromosomal deletions encompassing the CDKN2A

locus present in more than 70% of T-ALLs.** Loss of CDKN2A
genes P16/INK4A and P19/ARF promotes T-cell transformation
by promoting deregulated cell cycle progression®'*? and increased
MDM2-mediated TP53 degradation,>** respectively. In this setting,
we propose that HES1 activation may further impair oncogenic stress-
induced apoptosis during T-cell transformation by blunting the induc-
tion of BBC3 expression. Moreover, HES1-mediated downregulation
of BBC3 may also facilitate the survival of T-ALL lymphoblasts in
cytokine-poor microenvironments as they infiltrate peripheral tissues
during disease progression.

The development of intensified combination chemotherapies for
T-ALL has resulted in markedly improved survival rates in both chil-
dren and adults with this disease.>> However, patients with primary
resistant T-ALL, or those whose leukemia relapses after a transient
response, have few effective therapeutic options and face a dismal
prognosis,*®*” highlighting the need to develop more effective treat-
ment options. Our identification of HES1 as a major mediator of T-ALL
cell survival and perhexiline as a HES1-signature antagonist drug with
remarkable single-agent antileukemic activity in vitro and in vivo may
have a direct clinical effect, as perhexiline is already in clinical use for
the treatment of cardiac ischemia and refractory angina in humans.***°
Mechanistically, the anti-ischemic effects of perhexiline have been
linked with inhibition of the CPT-1 and CPT-2 palmitoyltransferases,
which results in impaired fatty acid metabolism and decrease of oxygen
demand in the myocardium.?® Notably, NOTCHI signaling has been
linked with increased glucose metabolism during thymocyte develo-
pment,*° and regulation of anabolic pathways may play an important
role in the response of T-ALL cells to anti-NOTCHI therapies.'" In this
context, the convergent antileukemic effects and transcriptional pro-
grams of perhexiline and HES1 inhibition in T-ALL could suggest
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Figure 6. Antileukemic effects of perhexiline in A B
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a previously unrecognized role of perhexiline in the regulation of
HESI1 transcriptional complexes. However, it is also possible that
the antileukemic effects of perhexiline do not involve direct HES1
inhibition but, instead, may modulate other downstream effector path-
ways common to those triggered by HES1 inactivation.

Opverall, our results highlight a central role for HES1 and BBC3 in
the control of NOTCHI1-induced leukemia cell survival and identify
perhexiline as a highly active antileukemic drug for the treatment of
T-ALL.
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