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Acute myeloid leukemia driven
 by the CALM-AF10 fusion gene

is dependent on BMI1
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A subset of acute myeloid and lymphoid leukemia cases harbor a t(10;11)(p13;q14) translo-

cation resulting in the CALM-AF10 fusion gene. Standard chemotherapeutic strategies are

often ineffective in treating patients with CALM-AF10 fusions. Hence, there is an urgent

need to identify molecular pathways dysregulated in CALM-AF10-positive leukemias which

may lay the foundation for novel targeted therapies. Here we demonstrate that the Polycomb

Repressive Complex 1 gene BMI1 is consistently overexpressed in adult and pediatric

CALM-AF10-positive leukemias. We demonstrate that genetic Bmi1 depletion abrogates

CALM-AF10-mediated transformation of murine hematopoietic stem and progenitor cells

(HSPCs). Furthermore, CALM-AF10-positive murine and human AML cells are sensitive to

the small-molecule BMI1 inhibitor PTC-209 as well as to PTC-596, a compound in clinical

development that has been shown to result in downstream degradation of BMI1 protein.

PTC-596 significantly prolongs survival of mice injected with a human CALM-AF10 cell line

in a xenograft assay. In summary, these results validate BMI1 as a bona fide candidate for

therapeutic targeting in AML with CALM-AF10 rearrangements. © 2019 Published by

Elsevier Inc. on behalf of ISEH – Society for Hematology and Stem Cells.
Acute leukemia patients often harbor genomic translocation

events that give rise to oncogenic fusion proteins [1,2]. The

t(10;11)(p13;q14) translocation is a recurrent, balanced

translocation observed in human leukemia, which gives rise

to the CALM-AF10 fusion protein [3,4]. Patients harboring

the CALM-AF10 fusion have a particularly poor prognosis

[5,6]. Standard chemotherapeutic strategies are often not

very effective in treating patients with CALM-AF10

fusions. Hence, there is an urgent need to identify molecular
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pathways dysregulated in CALM-AF10-positive leukemias,

which may lay the foundation for novel targeted therapies.

The N’-terminal partner of the fusion, CALM/PIC-

ALM, is a ubiquitously expressed component of the cla-

thrin-mediated endocytosis (CME) pathway [7]. Mutations

in the murine Picalm gene are associated with defects in

iron uptake and hematopoiesis [8]. CALM deletion in the

hematopoietic system leads to severe deficiencies in endo-

cytic vesicle formation, transferrin-mediated iron uptake,

and erythropoiesis [9−11]. The C’-terminal fusion partner

AF10 (MLLT10), on the other hand, is a PHD finger-con-

taining chromatin reader protein that acts as a co-factor

for the histone methyltransferase DOT1L [12,13]. AF10

binds to the N-terminal histone H3 tail, with a preference

for unmethylated lysine 27 (H3K27) [12]. Methylation of

H3K27 strikingly lowers the affinity of the N-terminal

chromatin-reading PHD−zinc knuckle−PHD module

(PZP) of AF10 for chromatin [12]. Therefore, AF10 pref-

erentially localizes to active chromatin domains where

there are no repressive H3K27 methylation marks.
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Early clues regarding the oncogenic mechanisms of

CALM-AF10 came from transcriptome profiling studies

using microarrays in acute myeloid leukemia (AML) and

T-acute lymphoblastic leukemia (T-ALL). These studies

indicated that CALM-AF10-rearranged leukemias have a

distinct gene expression signature [14,15]. This signature

resembles the transcriptome of leukemia cells with rear-

rangements of the mixed-lineage leukemia (MLL) gene in

terms of elevated expression of the posterior HOXA genes

and the TALE-domain co-factor MEIS1. One striking dif-

ference between CALM-AF10-rearranged and MLL-rear-

ranged AMLs was the consistently elevated expression of

BMI1 in CALM-AF10-rearranged cases. Elevated BMI1

expression is observed in AML as well as T-ALL with

CALM-AF10 rearrangements [14,15].

BMI1 is a member of the Polycomb Repressive Complex

1 (PRC1) with critical roles in the repression of develop-

mentally important genes, including genes involved in the

self-renewal of somatic stem cells [16,17]. The most well-

documented role of Bmi1 is in the epigenetic repression of

the Ink4a locus genes p16Ink4a and p19Arf. This repressive

activity of BMI1 is critical for its role in regulating cell-

cycle progression and self-renewal of stem cells (reviewed

in Park et al. [16] and Schuringa and Vellenga [17]). BMI1

mediates this repressive activity on chromatin by stimulat-

ing the enzymatic activity of the PRC1 RNF2/RING2 E3

ligase [18]. RNF2/RING2, the enzymatic component of the

PRC1 complex, is responsible for the mono-ubiquitination

of histone 2A at lysine 119 (H2AK119ub) leading to the

epigenetic silencing of transcripts from H2AK119 mono-

ubiquitinylated promoters [18−20].
High BMI1 expression is linked to oncogenic self-

renewal in several tumors (reviewed in Park et al. [16]

and Schuringa and Vellenga [17]). BMI1 overexpression is

also implicated in epithelial-to-mesenchymal transition

(EMT), metastasis, and chemotherapy resistance in solid

tumors [21], marking this gene as an attractive therapeutic

target in several human malignancies.

In this study, we investigated the role of BMI1 in

CALM-AF10-rearranged AML using genetic and phar-

macological approaches. Our results, using mouse and

human models, reveal that genetic or pharmacological

BMI1 inhibition impairs CALM-AF10-mediated leuke-

mogenesis in vitro and in vivo.
Methods

Reagents

PTC-209 was obtained from Cayman Chemical Company

(Ann Arbor, MI, USA), dissolved in dimethyl sulfoxide

(DMSO), and stored at −80°C. PTC-596 and its vehicle solu-

tion for in vivo studies were provided by PTC Therapeutics

(South Plainfield, NJ, USA).
Animal experiments

Bmi1-green fluorescent protein (GFP) transgenic mice (BKa.

Cg-Ptprcb Bmi1tm1Ilw Thy1a/J) mice were obtained from The

Jackson Laboratories (Bar Harbor, ME, USA, JAX No.

017351) and maintained in the SBP animal facility. Bmi1fl/fl

[22] mice were also obtained from The Jackson Laboratories

(JAX No. 028974). All experiments using mice were con-

ducted as per procedures approved by the SBP Institutional

Animal Ethics Committee.
Cell culture

The human AML cell line U937 was a kind gift of Daniel

Tenen, Beth Israel Deaconess Medical Center. The P31/Fujioka

cells were obtained from the JCRB cell bank (No. JCRB0091).

KP-MO-TS was a kind gift from Dr. Issay Kitabayashi, National

Cancer Center, Tokyo. All cell lines were cultured in RPMI-

1640 (Gibco, Grand Island, NY, USA) medium supplemented

with 10% heat-inactivated fetal bovine serum (FBS), 2 mmol/L

L-glutamine (Gibco), and 100 U/mL penicillin/streptomycin

(Gibco). Murine bone marrow cells from the femur and tibia

were depleted of lineage-positive cells using the EasySep Mouse

Hematopoietic Progenitor Cell Isolation Kit (No. 19856, Stem-

Cell Techologies, Vancouver, BC, Canada) and cultured over-

night in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)

supplemented with 15% FBS (Gibco), 2 mM L-glutamine

(Gibco), 100 U/mL penicillin/streptomycin (Gibco), and a cyto-

kine cocktail containing mIL3, mIL6, and mSCF (Peprotech Inc).

The following day, the cells were transduced with a retrovirally

encoded version of CALM-AF10 bearing the C-terminal clathrin-

binding domain of CALM and the octapeptide motif-leucine-zip-

per of AF10, as described in [23]. These bone marrow progeni-

tors transduced with the CALM-AF10 fusion were then either

used directly for experiments or injected into mice. For experi-

ments involving Cre-mediated excision of Bmi1, murine leuke-

mias bearing the Bmi1fl/fl background were transduced with viral

particles encoding retrovirally expressed ER-Cre (in proliferation,

apotosis and cell cycle assays) or Cre (in colony formation

assays), with puromycin resistance transgenes for selection. For

ER-Cre experiments, transduced Bmi1fl/fl cells were treated with

puromycin after 2 days (2.5 mg/mL), for 3 days to generate stably

expressing ER-Cre. Cells were treated with either DMSO as vehi-

cle control or 100 nmol/L 4-hydroxytamoxifen (4-OHT) at the

start of each assay. For experiments with constitutive retrovirally

expressed Cre, Bmi1fl/fl cells were transduced, and 2 days later

puromycin was added (2.5 mg/mL) to achieve selection of the

transgene. Assays were started 3 days after puromycin treatment.
In vivo drug experiment

The xenograft model was established with NRG/SRM3 mice

obtained from the SBP Animal Facility. Mice were irradiated

(2.5 Gy), and 2£ 105 P31/Fujioka cells were then injected

intravenously. At 9 days post-injection, engraftment of P31/

Fujioka cells in NRG/SRM3 mice was confirmed by flow

cytometric assessment of peripheral blood. (defined as »1%

human CD45+ cells), and mice were randomly assigned to

two groups (n = 5) to receive either PTC-596 (12.5 mg/kg) or

vehicle (0.5% hydroxypropyl methylcellulose and 0.1%

Tween 80 in distilled water) by oral gavage twice per week.

Circulating leukemia cells were detected on day 18 by flow

https://doi.org/10.1016/j.exphem.2019.04.003
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cytometry using a human-specific CD45 antibody (No.

404012, BioLegend, San Diego, CA). Retro-orbital bleedings

were performed 18 days after tail vein injections of P31 cells

and 10 days after initial dosing of PTC-596 or vehicle con-

trol. Red blood cells were lysed using 1£ PharmLyse Buffer

(BD Biosciences), then washed with 1£ phosphate-buffered

saline (PBS) and stained with APC-conjugated anti-human

CD45 antibody (No. 404012, BioLegend) for 30 minutes in

the dark, on ice. Cells were then washed again with 1£ PBS

and analyzed on the LSR Fortessa. Mice were sacrificed

upon signs of morbidity resulting from leukemic engraftment

(>10% weight loss, lethargy, and ruffled fur).
Embryo generation and isolation of fetal liver cells

Embryos were generated from timed matings between male and

female BKa.Cg-Ptprcb Bmi1tm1Ilw Thy1a/J mice. Detection of

the vaginal plug was designated as E0.5. Pregnant females were

sacrificed by cervical dislocation at E14.5. The uterine horns

were removed, and fetuses were separated from maternal tissue.

Fetal livers were dissected, and single-cell suspensions were

obtained by straining tissues through a 10-mm mesh. Red blood

cell (RBC) lysis was performed using 1£RBC Lysis Buffer

(Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s

guidelines. Fetal liver cells were cultured in DMEM containing

15% FBS, 2 mmol/L L-glutamine (Gibco), 100 U/mL penicil-

lin/streptomycin (Gibco), and a cytokine cocktail (mIL6, mIL3

and mSCF from Peprotech Inc., Rocky Hill, NJ, Nos. 216-16,

213-13, and 250-03).
Cell proliferation assays

Mouse and human (U937, P31/Fujioka and KP-MO-TS) CALM-

AF10 cell lines were seeded and treated with DMSO (control) or

PTC-209 (1 or 5 mmol/L). Samples were taken on the second,

fourth, and sixth days after setup of the assay. Cell viability on

treatment with PTC-209 was determined by using Sytox Blue

Dead Cell Stain (Invitrogen) via flow cytometry. Analysis was

performed on an LSR Fortessa (BD Biosciences). To estimate

the EC50 of PTC-209, human cell lines U937 and P31 were

seeded in a 384-well white square plate at a density of 1000 cells

per well and treated with PTC-209 in a range of concentrations.

Cells were counted after 2 days of treatment using the ATPlite

1step Luminescence Assay System in the EnVision microplate

reader (Perkin Elmer, Waltham, MA) at the Conrad Prebys

Center for Chemical Genomics (La Jolla, CA). Mouse CALM-

AF10 cells were seeded in a 96-well plate at a density of 10,000

cells per well and treated with PTC-209. Cells were counted by

FACS after 2 days of treatment, and viability was assessed by

Sytox Blue staining. Both experiments were performed in three

technical replicates. EC50 values were estimated using the Quest

Graph IC50 Calculator (AAT Bioquest, Inc.) [24].
Cell cycle and apoptosis assay

Apoptosis induction was determined by combined Annexin V

and Sytox staining. CALM-AF10 cell lines were treated with

either DMSO or PTC-209 at 2.5 mmol/L. After 48 hours,

cells were harvested and stained with Annexin V-APC (No.

550474, BD Pharmingen) for 15 minutes on ice in the dark.

The cells were washed and stained with Sytox Blue Dead

Cell Stain (Invitrogen, Thermo Fisher Scientific) before
performing analysis. Cell cycle assessment was performed

after 20 min of labeling with a BrdU-APC Flow kit (No.

552598, BD Pharmingen), according to the manufacturer’s

guidelines. All flow cytometric analyses were performed on

an LSR Fortessa (BD Biosciences).

Colony formation assay

Mouse CALM-AF10 cell lines either treated or not treated

with PTC-209 at 1 or 2.5 mmol/L were plated in duplicate in

1.1 mL methylcellulose-based medium (MethoCult 3234,

StemCell Techologies) per well, containing 460 pmol/L

mIL6, 1090 pmol/L mSCF, and 662 pmol/L mIL3 (Peprotech

Inc) and incubated for 7 days. At the end of the incubation

period, the numbers of blast and differentiated colonies were

scored using an inverted microscope. Because almost all col-

onies were either compact or hypercellular (blast-like) or

small and diffuse (consistent with differentiation), colonies

were classified into these two categories [25].

Quantitative RT-PCR

Total RNA was isolated using TRIzol (No. 15596026, Thermo

Fisher Scientific, San Jose, CA, USA) according to the man-

ufacturer’s instructions. cDNA was synthesized from extracted

RNA using the ProtoScript First Strand cDNA Synthesis Kit

(No. E6300, New England Biolabs Inc., Beverly, MA). Expres-

sion levels of human CDKN1A and ACTB, as well as mouse

Cdkn2a and ActB, were measured using quantitative real-time

reverse transcription polymerase chain reaction (RT-PCR using

TaqMan Universal PCR Master Mix and pre-designed TaqMan

gene expression assays (Applied Biosystems, Foster City, CA)

on the Stratagene MX3000P (Agilent Technologies). Messen-

ger RNA fold-change values were calculated in the basis of

human ACTB or mouse ActB expression.

Statistical analysis

Flow cytometry data were analyzed using FlowJo

(FlowJo Software, Tree Star, Ashland, OR). All statistical analy-

ses were performed using GraphPad Prism 7 Software

(San Diego, CA, USA), except for violin plots and their analysis,

for which the R Statistical Software was used. p Values were

calculated using Student’s t test and two-way analysis of

variance (ANOVA). In all figures, p values are summarized as

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results

Genetic Bmi1 deletion impedes CALM-AF10-driven

myeloid transformation

We analyzed BMI1 expression in RNA sequencing data

from leukemia patients in The Cancer Genome Atlas

(TCGA, http://cancergenome.nih.gov/) as well as the

recently reported pediatric pan-cancer genome alteration

studies [26]. We observed that patient samples with AF10

fusions, including both CALM-AF10 and MLL-AF10

fusions, expressed significantly higher levels of BMI1

compared with non-AF10-rearranged samples. This was

true for AML patients from TCGA studies (Figure 1A) as

well as for childhood leukemia patients (AML, B-ALL,

http://cancergenome.nih.gov/
https://doi.org/10.1016/j.exphem.2019.04.003


Figure 1. BMI1 expression is plotted based on RNA-sequencing data sets from The Cancer Genome Atlas (TCGA LAML, left) or the Pediatric

Cancer Data Portal (PeCan hematologic malignancies, right). Patients harboring AF10 rearrangements (AF10-R, n = 6 and n = 27) are compared

with patients without AF10 rearrangements (n = 167 and n = 1202). p Value for PeCan comparison: 2e-16; for TCGA: 1.68e-5.
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T-ALL, and mixed-lineage leukemia) from the pediatric

pan-cancer studies [26] (Figure 1B). These observations

indicate that BMI1 may be directly activated by AF10-

fusion oncogenes as suggested previously [27].

Given the high-level expression of BMI1 in AF10

rearrangements, we wanted to investigate the potential

requirement for BMI1 in CALM-AF10-driven AML.

Towards this end, we utilized a well-established model

of retroviral CALM-AF10 overexpression in murine

hematopoietic stem and progenitor cells (HSPCs) [23].

First, we tested whether Bmi1 deficiency can affect

CALM-AF10-mediated oncogenic HSPC transforma-

tion. We obtained mice in which the Bmi1 locus is

replaced by the GFP transgene (termed BKa.Cg-Ptprcb

Bmi1tm1Ilw Thy1a/J mice). Because global Bmi1 deple-

tion leads to postnatal lethality in mice [28], we iso-

lated fetal liver cells from day 14.5 mouse embryos

that were heterozygous or homozygous for the Bmi1

null allele. We transduced these cells or their Bmi1

wild-type counterparts with a retroviral expression vec-

tor encoding a highly oncogenic version of the CALM-

AF10 fusion oncogene [23], along with a bicistronic

TdTomato fluorescent reporter. TdTomato+ cells were

sorted by fluorescence-assisted cell sorting (FACS) and

plated for colony-forming unit (CFU) assays according

to the scheme in Figure 2A). We observed that CALM-

AF10 transduced cells showed a significant decrease in

their ability to form undifferentiated, blast-like colo-

nies (see Supplementary Figure E2), upon loss of Bmi1

alleles, while differentiated colony formation was not sig-

nificantly impaired (Figure 2B). These results indicate that

Bmi1 is required for the immortalization of murine

hematopoietic cells by the CALM-AF10 fusion gene. We

then sought to determine whether hematopoietic cells

already transformed by CALM-AF10 are also sensitive to

Bmi1 deletion. For this, we made use of another well-
defined mouse with floxed Bmi1 alleles (Bmi1tm1.1Sjm/J),

which would allow for conditional ablation of the Bmi1

gene. We immortalized HSPCs from these Bmifl/fl mice

with the CALM-AF10 fusion gene. Subsequently, we

transduced these rapidly growing cells with a retrovirally

encoded estrogen receptor-fused Cre recombinase (ER-

Cre) plasmid or a constitutive Cre recombinase. Treatment

with 4-OHT induced Cre recombinase activity from the

ER-Cre transduced cells, leading to excision of floxed

Bmi1 alleles (Figure 2C and data not shown). We then

performed in vitro proliferation as well as CFU assays

from CALM-AF10-transformed bone marrow cells treated

with 4-OHT or vehicle control (DMSO). We observed that

Bmi1 deletion led to a significant and progressive decline

in viable cell numbers compared with vehicle-treated cells

(Figure 2D). This decrease in proliferation was accompa-

nied by a significant increase in apoptotic cells as mea-

sured by Annexin V staining, as well as an increased ratio

of cells in G0/G1 phase compared with S phase

(Figure 2E). Using CFU assays, we also observed a signif-

icant decrease in the clonogenic capability of CALM-

AF10-transformed cells upon Bmi1 excision. Even though

Bmi1 deletion reduced the overall number of CFUs, the

most striking reduction was observed in colonies with an

undifferentiated or blast-like morphology (Figure 2F).

Taken together, these experiments, using Bmi1 constitutive

or conditional knockout-mice, revealed that Bmi1 is criti-

cal for the initiation as well as maintenance of transforma-

tion by the CALM-AF10 fusion oncogene.

Small-molecule BMI1 inhibition impairs murine CALM-

AF10 AML growth and survival

Recently, small molecule inhibitors of BMI1 have been

developed [29,30]. We wanted to investigate whether

these BMI1 inhibitors are active against CALM-AF10-

driven AML. To do so, we utilized PTC-209, a novel

https://doi.org/10.1016/j.exphem.2019.04.003


Figure 2. (A) Diagram illustrating the generation of retroviral CALM-AF10-transformed mouse cells with Bmi1 wild-type or deficient backgrounds (fl/fl,

fl/−, −/−). (B) Colony-forming units of CALM-AF10-transduced mouse fetal liver Bmi1 mutant cells with blast-like (left) or differentiated (right) colo-

nies at day 7. *p < 0.05, n = 2. (C) Diagram illustrating the generation of CALM-AF10-transformed mouse cells with Bmi1fl/fl backgrounds for Bmi1

Cre-excision. (D) Analysis of in vitro cell proliferation of Bmi1 excised mouse cells. ****p < 0.0001, n=3. (E) Left: Annexin V staining in Bmi1-excised

mouse cells. **p < 0.0039, n = 3. Right: Cell cycle progression analysis by propidium iodide staining in Bmi1-deleted mouse cells. ****p < 0.0001,

n = 3. (F) Representative images of colonies from CALM-AF10-transduced Bmi1-deleted and wild-type cells 1 week after plating. (I) Colony-forming

units of CALM-AF10-transduced blast-like (left) or differentiated cells (right) at day 7. *p < 0.05, n = 2.
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small molecule inhibitor of BMI1, previously used to

target colorectal cancer, chronic leukemia, and multiple

myeloma [31,32]. PTC-209 has been reported to reduce

expression of BMI1 protein by altering regulation of

the translation of the BMI1 mRNA [29]. We examined

the effect of PTC-209 on mouse CALM-AF10 AML

cell growth by treating primary AML cells from three

independently derived tumors. Cells were exposed to

varying concentrations of PTC-209 for up to 6 days

together with DMSO-treated controls, and viable cells

were counted every 2 days. First, we confirmed on-tar-

get activity of PTC-209 by ensuring the de-repression

of the Cdkn2a locus, a well-characterized tumor sup-

pressor locus that is transcriptionally repressed by

Bmi1 activity (Supplementary Figure E1D, online only,

available at www.exphem.org). We then assessed the

effect of PTC-209 on CALM-AF10-transformed AML

cells in proliferation assays in vitro. We observed that

PTC-209 induced a highly significant and concentra-

tion-dependent decrease in the number of viable

CALM-AF10 AML cells over time (Figure 3A) in

comparison to their vehicle-treated counterparts. This

decrease in cell viability was accompanied by a signifi-

cant increase in Annexin V-positive cells, demonstrat-

ing induction of apoptosis 48 hours after PTC-209

treatment (Figure 3B). The sensitivity of CALM-AF10
Figure 3. (A) Percentage of viable cells from mouse CALM-AF10-transf

treated counterparts. *p < 0.05, n = 9. (B) Annexin V staining in mouse CA

images of colonies from mouse CALM-AF10-transformed cells upon 7 da

immortalized mouse cells upon PTC-209 versus DMSO treatment. Blast (le
AML cells to PTC-209 was in the low micromolar

range with an EC50 of 1.9 mmol/L (Supplementary

Figure E3, online only, available at www.exphem.org).

Furthermore, compared with vehicle-treated AML cells,

PTC-209 treatment also significantly reduced the clono-

genic capacity of CALM-AF10 cells in CFU assays in a

concentration-dependent manner (Figure 3C, D). These

results demonstrate that small-molecule BMI1 inhibitor

significantly inhibits the proliferative activity as well as

clonogenic capability of murine CALM-AF10 AML cells.

Pharmacological BMI1 inhibition impairs human

CALM-AF10 AML in vitro and in vivo

We wanted to confirm our findings from the mouse

models in human CALM-AF10-rearranged AML. For

this, we treated the CALM-AF10-rearranged AML cell

lines U937, KPMOTS, and P31/Fujioka in vitro with

DMSO or PTC-209 at various concentrations and

assessed the effect on proliferation, cell cycle, and apo-

ptosis. In proliferation assays, we observed a signifi-

cant and concentration-dependent decrease in viable

cell counts of all three cell lines upon treatment with

PTC-209, compared with DMSO controls (Figure 4A).

After 48 h of treatment, PTC-209 also induced consis-

tent increases in Annexin V-positive cell populations

compared with the vehicle, with the most significant
ormed AML cells upon PTC-209 treatment compared with DMSO-

LM-AF10-transformed cell lines. *p < 0.05, n = 9. (C) Representative

ys of PTC-209 treatment. (D) Colony-forming units of CALM-AF10

ft) and differentiated (right) colonies at day 7. *p < 0.05, n = 2.

http://www.exphem.org
http://www.exphem.org
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and most pronounced difference in P31/Fujioka cells

(Figure 4B). Similar to mouse CALM-AF10-trans-

formed cells, BrdU incorporation analysis showed an

increase in the proportion of G0/G1 phase cells in

U937, P31/Fujioka, and KPMOTS cell lines, with a

corresponding decrease in S-phase cells (Figure 4C).

Taken together, small-molecule BMI1 inhibition results

in cell-cycle arrest features that are coupled with

increased cell death and reduced proliferation of

CALM-AF10-driven human AML cell lines, in concor-

dance with our mouse model data.

Next, we wanted to validate our findings in vivo. For

this, we used PTC-596, a compound in clinical devel-

opment identified by its ability to inhibit proliferation

of BMI1-positive cancer stem cells [30,33−35]. The

mechanism underlying BMI1 protein reduction is

thought to be to G2/M arrest causing accelerated ubiq-

uitination and degradation of the BMI1 protein [36].

We assessed the ability of PTC-596 to inhibit CALM-

AF10-driven in vivo leukemogenesis. First, we injected

immunodeficient mice (NRG-SGM3) with the P31/

Fujioka cell line. Ten days after injection, we con-

firmed engraftment of P31 cells in mice by flow cyto-

metric assessment of the human CD45 marker

(Supplementary Figure E3). We then orally adminis-

tered PTC-596 to one cohort of mice and the vehicle
Figure 4. (A) Analysis of in vitro cell proliferation of human CALM-AF

Annexin V staining in human CALM-AF10-driven cell lines. *p < 0.05, n

human CALM-AF10-driven cell lines. *p < 0.05, n = 3.
control to an age- and engraftment-matched cohort. We

observed that PTC-596 treatment significantly delayed

the latency of disease in mice compared with controls

(Figure 5; Supplementary Figure E4, online only, avail-

able at www.exphem.org), demonstrating the in vivo

efficacy of small-molecule BMI targeting in this set-

ting.

In summary, our results indicate that BMI1 is a bona

fide candidate for therapeutic targeting in AML with

CALM-AF10 rearrangements and possibly other leukemias

with CALM-AF10 rearrangements.

Discussion

Despite the well-described oncogenic activity of BMI1 in

a wide range of human cancers, therapeutic BMI1 target-

ing has proven to be elusive. Recently, the BMI1 small-

molecule inhibitor PTC-209 was developed by PTC Thera-

peutics [29] and has been used in pre-clinical studies to

treat chronic and acute myeloid leukemia [32], biliary tract

cancer [31], multiple myeloma [37,38], non-small cell lung

cancer [39], glioblastoma [40], ovarian cancer [41], pros-

tate cancer [42], breast cancer [43], and colorectal cancer

[29]. Furthermore, a next-generation clinical-grade BMI1

inhibitor, PTC-596, has been developed and is currently in

clinical trials for advanced solid tumors [33]. The fact that

elevated BMI1 expression is a common feature of CALM-
10-driven cell lines upon PTC-209 treatment. *p < 0.05, n = 6. (B)

= 3. (C) Cell cycle analysis by bromodeoxyuridine incorporation in

http://www.exphem.org
https://doi.org/10.1016/j.exphem.2019.04.003


Figure 5. Diagram illustrating in vivo human CALM-AF10 cell line engraftment model and treatment with clinical-grade inhibitor PTC-596. On

the right is the survival curve for PTC-596- versus vehicle-treated animals (n = 5 mice per group, *p < 0.002).
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AF10 leukemias regardless of lineage suggests that BMI1

may be a transcriptional target of the CALM-AF10 fusion

protein. Intriguingly, we have previously noted that BMI1

is located on chromosome 10 adjacent to and downstream

of the wild-type AF10 gene [27]. Therefore, it is also

likely that the CALM-AF10 fusion event drives enhanced

BMI1 expression through the disruption of topologically

associated domains (TADs) and juxtaposition of BMI1 to

the strong, CALM-associated enhancers, as a result of the

t(10;11) translocation. Because elevated Bmi1 expression

can be observed even in mouse models of CALM-AF10-

driven AML [27], which do not harbor a t(10;11) translo-

cation, the former scenario is more likely, although the

latter possibility with TAD activation cannot completely

be ruled out. Regardless of the mechanism of BMI1

activation, this characteristic CALM-AF10-associated

molecular event may create a novel dependency that is

therapeutically tractable.

The role of BMI1 in AML has been studied in the

context of leukemias driven by other leukemia-associ-

ated oncogenes. Interestingly, genetic experiments

revealed that the dependency on BMI1 is selective.

Bmi1 was first reported to be important for AML stem

cells in a murine study using a retroviral model of

Hoxa9 and Meis1 co-expression [44]. This study

showed that Bmi1 deletion does not affect the initiation

of Hoxa9−Meis1-driven AML, but significantly impairs

the ability of primary leukemias to transmit disease in

secondary recipients [44]. This study indicated that

Bmi1 was important for the self-renewal of leukemia

stem cells in the retroviral Hoxa9−Meis1 co-expression

model. Other studies demonstrated that although mye-

loid transformation driven by the fusion oncoproteins

AML1-ETO and PLZF-RARA is strongly sensitive to

Bmi1 depletion [45,46], leukemias driven by the MLL-

AF9 fusion oncoprotein are not dependent on Bmi1

expression [46]. Another study with the MLL-AF9

fusion protein observed that Bmi1 was necessary for
the generation of AML from granulocyte macrophage

progenitors (GMPs), indicating that BMI1 may be criti-

cal for leukemic transformation of downstream hemato-

poietic progenitors by MLL-AF9, but not for the

transformation of hematopoietic stem cells (HSCs)

[47]. These studies demonstrate the selective require-

ment of BMI1 depending on the mutational subtype of

AML as well as on the developmental stage of the leu-

kemia cells. In our studies, CALM-AF10-driven trans-

formation seems to require Bmi1 for both the initiation

of transformation and maintenance. More recently, the

small-molecule BMI1 inhibitors PTC-209 and PTC-596

have been used to demonstrate that a broad panel of

human AML cell lines are sensitive to small-molecule

BMI1 inhibition [30,32,36], although none of these

studies focused specifically on CALM-AF10-rearranged

AML. In CALM-AF10, the clinical rationale for BMI1

targeting may be clearer, given that BMI1 is strongly

upregulated in CALM-AF10 rearranged AML.

Our observation that CALM-AF10 fusions require

BMI1 for initiation as well as maintenance of transfor-

mation provides pre-clinical evidence that pharmaco-

logical BMI1 inhibition may provide potential clinical

benefit in leukemias with CALM-AF10 rearrangements.

These results could help inform future clinical trials

with BMI1 inhibitors. It is pertinent to note that BMI1

upregulation is observed not only in CALM-AF10-

positive AML, but also in T-ALL, in which elevated

BMI1 expression was first noted [14]. It is therefore

very likely that small-molecule BMI1 inhibition is a

lineage-independent vulnerability associated with

CALM-AF10 rearrangements. The hypothesis that

CALM-AF10-rearranged T-ALLs may also be sensitive

to BMI1 inhibition needs to be validated using T-ALL

models of this disease. Even though CALM-AF10

fusions are more frequent in T-ALL than in AML,

CALM-AF10 mouse models reported so far are biased

toward the myeloid lineage [23,48−50], hampering the

https://doi.org/10.1016/j.exphem.2019.04.003
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validation of therapeutic candidates for CALM-AF10-

positive T-ALL. Future studies will focus on the devel-

opment of CALM-AF10 T-ALL models and the valida-

tion of BMI1 inhibitors in these studies.
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Supplementary Figure E1. Normalized mRNA fold-change values

for human CDKN1A, measured by quantitative real-time reverse

transcription polymerase chain reaction after 48 hours of PTC-209

treatment in P31/Fujioka cells. *p < 0.05, n = 2.
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Supplementary Figure E2. PTC-209 EC50 estimation in CALM-AF10+ AML. (A) Counts per second (CPS) values for the human CALM-AF10

+ cell lines U937 and (B) P31/Fujioka, shown on the y-axis, are the result of ATPlite measurements taken 48 hours after treatment with a range

of PTC-209 concentrations. The EC50 calculated values are 428.975 and 529.286 nmol/L, respectively; n = 3 in both panels. (C) Viability

responses of mouse CALM-AF10 cells estimated by flow cytometry after 48 hours of treatment with a range of PTC-209 concentrations (x-axis).

EC50 = 1954.520 nmol/L, n = 3. (D). Normalized mRNA fold-change values for mouse Cdkn2a, measured by quantitative real-time reverse tran-

scription polymerase chain reaction after 48 hours of PTC-209 treatment with a range of concentrations (0−10 mmol/liter) for an EC50 response

estimation (EC50 = 5.325 mmol/liter). *p < 0.05, n = 3.
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Supplementary Figure E3. Percentage of circulating P31/Fujioka

cells in peripheral blood of NRG/SRM3 mice. Flow cytometric

assessment of human CD45-stained cells as a percentage of live cells

shown on the y-axis for both vehicle control (n = 5) and PTC-596

“treatment” (n = 5) groups, 18 days after intravenous injection of

P31/Fujioka cells.

Supplementary Figure E4. Representative (A) compact or hypercellular blast-like and (B) small and diffuse differentiated colonies from col-

ony-forming unit assays. Scoring across experiments was performed according to these examples, in agreement with previous studies [25].
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