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Abstract

Background Several fusion oncogenes showing a higher incidence in pediatric acute myeloid leukemia (AML) are
associated with heterogeneous megakaryoblastic and other myeloid features. Here we addressed how developmen-
tal mechanisms influence human leukemogenesis by ETO2:GLIS2, associated with dismal prognosis.

Methods We created novel ETO2:GLIS2 models of leukemogenesis through lentiviral transduction and CRISPR-
Cas9 gene editing of human fetal and post-natal hematopoietic stem/progenitor cells (HSPCs), performed in-depth
characterization of ETO2:GLIS2 transformed cells through multiple omics and compared them to patient samples.
This led to a preclinical assay using patient-derived-xenograft models to test a combination of two clinically-relevant
molecules.

Results We showed that £T02:GLIS2 expression in primary human fetal CD34" hematopoietic cells led to more effi-
cient in vivo leukemia development than expression in post-natal cells. Moreover, cord blood-derived leukemogen-
esis has a major dependency on the presence of human cytokines, including IL3 and SCF. Single cell transcriptomes
revealed that this cytokine environment controlled two ETO2:GLIS2-transformed states that were also observed in pri-
mary patient cells. Importantly, this cytokine sensitivity may be therapeutically-exploited as combined MEK and BCL2
inhibition showed higher efficiency than individual molecules to reduce leukemia progression in vivo.
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Conclusions Our study uncovers an interplay between the cytokine milieu and transcriptional programs
that extends a developmental window of permissiveness to transformation by the £T02:GLIS2 AML fusion oncogene,
controls the intratumoral cellular heterogeneity, and offers a ground-breaking therapeutical opportunity by a tar-

geted combination strategy.

Introduction

Pediatric acute myeloid leukemia (AML) accounts for
20% of childhood leukemia patients [1]. As clearly dem-
onstrated for pediatric acute lymphoblastic leukemia [2],
some de novo pediatric AML mutations are also detected
at birth [3-6]. Despite morphological and phenotypical
similarities with adult AML, specific chromosomal alter-
ations are strongly age-related, indicating differences in
the underlying molecular bases [7, 8]. These associations
could result from the unique properties of fetal hemat-
opoiesis [9-11], providing a permissive ground for leuke-
mia development in young patients.

Acute megakaryoblastic leukemia (AMKL) accounts
for at least 10% of pediatric AML but only 1% of adult
AML patients [12]. As compared to Down Syndrome
patients who are predisposed to AMKL development
[13], de novo pediatric AMKL patients harboring recur-
rent chromosomal abnormalities leading to oncogenic
fusions involving transcription regulators are associated
with poor prognosis [14, 15]. The most frequent altera-
tion in de novo pediatric AMKL is the ETO2:GLIS2
(a.k.a. CBFA2T3::GLIS2) fusion (abbreviated here EQG)
resulting from a chromosome 16 inversion [inv(16)
(p13.3q24.3)] in 20-25% of patients [16, 17]. These
patients are characterized by a particularly dismal prog-
nosis, a younger age at diagnosis compared to other
AML subtypes, and a low mutational burden with only
rare additional mutations [14—16]. Molecular studies on
AMKL patient-derived blasts showed that EG provides a
self-renewal vs differentiation imbalance through higher
ERG and lower GATA1 activities [18, 19], an increased
proliferation through activation of enhancers (e.g. KIT
and PDGFRA) [20] and a dependence on BCL2 family
members [21-23].

Several observations support that ontogeny plays a
significant role in the development of pediatric AML.
Indeed, some fusions like EG and NUP98::KDM5A are
detected in AMKL or other AML subtypes with an age-
dependent incidence [15, 24, 25]. Also, EG expression
in fetal hematopoietic stem cells (HSC) and multipotent
progenitors (MPP) rapidly induced a megakaryoblas-
tic leukemia in animals, while expression in adult bone
marrow (ABM) cells was associated with delayed leu-
kemia development and a shift toward a more myeloid
phenotype in an inducible transgenic murine model
[15]. Therefore, expression in fetal hematopoietic cells is

highly relevant to understand the mechanisms underlying
leukemia initiation. While EG expression in human cord
blood (CB) confirmed its capacity to induce transforma-
tion [22, 26], the specificities of its expression in human
pre-natal cells, as recently modeled for Down syndrome
AMKUL-associated mutations [27], remain unknown.

Here, we engineered EG expression in primary human
CD34* hematopoietic cells from different ontogenic ori-
gins (fetal, newborn and adult) by lentiviral delivery and
by precise CRISPR/Cas9 genome editing of the chromo-
some 16 inversion. We show that human fetal HSPCs are
the most permissive to EG-driven leukemia development,
with reproducible disease development in immune-
deficient mouse models. While post-natal CB could also
generate leukemia in vivo upon EG expression, adult cells
were not permissive. Notably, CB-derived leukemogen-
esis depended on ectopic human cytokines expression
in vivo, while fetal-derived leukemia efficiently emerged
independently. Most importantly, targeting of down-
stream effectors, through combined inhibition of MEK
and BCL2, provides a novel therapeutic perspective. Col-
lectively, this study uncovers ontogenic differences for
human pediatric AML fusion-driven leukemia develop-
ment and an impact of the cytokine microenvironment
on leukemia propagation/maintenance, which opens the
avenue for novel therapies.

Material and methods

Cell manipulations

CD34" cell isolation

Fetal livers (FL) were minced and gently smashed then
filtered through a 70 pum cell strainer. The cartilaginous
ends of the human fetal femurs were removed and the
bone marrow was flushed with DPBS (Gibco) using a
18G gauge needle and a 10 mL syringe. Bones were cut in
half and scratched to recover more hematopoietic mono-
nucleated cells. Fetal Bone Marrow (FBM) cells were fil-
tered using 70 um cell strainers and washed in DPBS.

FL, FBM, umbilical cord blood (CB), adult bone mar-
row (ABM) and mobilized peripheral blood (mPB)
cells were subjected to Ficoll gradient and enriched for
CD34% cells using the human CD34 MicroBeads Kit
according to manufacturer instructions (Miltenyi Bio-
tec). Purity (>60%) of CD34" cell suspensions was tested
using immunostaining (anti-CD34 antibody, clone
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581, BioLegend). Cells were used fresh or after freez-
ing/thawing process in fetal bovine serum (FBS, Sigma)
supplemented with 10% DMSO (Sigma). Only samples
with >70% viable cells were used.

Lentiviral vector production and transduction
Concentrated lentiviral supernatants were generated and
produced at the Genetic engineering and protein bio-
chemistry platform of CEA/IRCM [28]. The lentiviral
pIrip-AU3-MND-Luciferase-hPGK-eGFP and pTrip-
AU3-MND-Luc/eGFP were used as control vectors and
the pTrip-MND-HsSETO2/GLIS2-hPGK-eGFP and pTrip-
MND-EG/eGFP constructs were used as EG vectors [29].
Purified CD34" cells (or hematopoietic subfractions,
1x10° cells/mL) were seeded in BIT 9500 Serum Sub-
stitute (StemCell Technologies) supplemented with 1%
P/S, 100 ng/mL hSCEF, 100 ng/mL hFLT3L, 60 ng/mL
hIL3 and 200 ng/mL hTPO (all from Miltenyi Biotec)
[28]. Transduction lasted for 2 to 3 days at 37°C 5% CO,
in presence of control and EG vectors (MOI=10-20).
Transduced cells were washed twice using DPBS before
further usage. Cells were injected after 4-11 days cul-
tures when performing xenotransplantation assays.

Generation and validation of inv(16) by CRISPR/Cas9

To reproduce the inv(16)(p13.3;q24.2) leading to the
ETO2::GLIS2 fusion found in pediatric AML patients,
freshly isolated CD34" were CRISPR/Cas9-engineered
using gRNA targeting ETO2 intron 11 and GLIS2 intron
2 (Table S1) to recreate the most common fusion [17].
Cells were cultured in transduction conditions for 24 h
before electroporation, counted and 3x10° CD34"
cells were electroporated with the RNP/Cas9 complex
using the 4D Nucleofector Amaxa technology (Lonza)
using the gRNAFTO? and gRNASS? and the Cas9 pro-
tein (quantity ratio 2:1) as previously described in Babin
et al,, [30]. The gRNA design and off-target identification
were determined using CRISPOR software (http://crisp
or.tefor.net). Primers and gRNA sequences are provided
in Table S1. Serial dilutions of DNA from electroporated
cells enabled the assessment of inv(16) frequency as pre-
viously described in Renouf et al., [31]. For the long-term
follow-up of inv(16), DNA were isolated using a DNA
Micro kit (Zymo) and quantified using a NanoDrop
(ThermoScientific). PCR was performed using a GoTaq
polymerase (Promega). The primer sequences are pro-
vided in Table S1.

FISH analyses of Inv(16) fusion

Cells were grown in complete medium for 24 h before
addition of Colcemid (50-75uL for 10 mL of culture
medium) for 45 min at 37°C before to be submitted to a
hypotonic shock (KCL 0.075 M) at 37°C for 30 min. The
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fixation mixture (methanol / acetic acid, ratio 3:1) was
gently added and cells were immediately spun down for
5 min at 1500 rpm, resuspended in 10 mL of fixation
mixture and kept twice for 15 min at room temperature
before spinning down and either directly spread on slides
or kept several days at 4°C before deposition on slides.
FISH analysis was performed on chromosome prepara-
tions, using the GLIS2/CBFA2T3 Dual Fusion OR-GR
FISH probe (Empire Genomics, two probes, one for
GLIS2 gene labeled with an orange fluorochrome, and
one for CBFA2T3 gene labeled with FITC). The protocol
of hybridization was performed according to the manu-
facturer’s instructions. Denaturation was done at 73°C
during two minutes. The nuclei pictures were automati-
cally detected on the fully motorized ZEISS Axio Imager.
Z2 light microscope, equipped with a motorized stage
high-resolution CCD camera. A total of at least 50 inter-
phase nuclei were scored, using the Metafer software
(MetaSystems).

Long-term liquid culture (LT-LC)

Transduced or CRISPR-engineered cells were seeded
in IMDM + Glutamax supplemented with 15% FBS and
1% P/S completed with 100 ng/mL hSCEF, 100 ng/mL
hFLT3L, 60 ng/mL hIL3, 200 ng/mL hTPO and 2 U/mL
of hEPO (PeproTech) at 1-2x10° cells/mL to promote
myeloid/erythroid/megakaryocytic differentiation. Cells
were counted, replated and immunophenotyped weekly.
Mo07e cells were seeded in liquid culture (2-5x10°
cells/mL) in RPMI 1640 (Gibco) supplemented with
10% FBS and 1% P/S/G (Glutamine, Gibco) completed
with 100 ng/mL hSCF and/or 60 ng/mL hIL3 (Miltenyi
Biotec).

Colony forming units assay

Transduced cells were plated at 5x10% cells/35mm?
dish in methylcellulose StemMACS HSC-CFU medium
(Miltenyi Biotec) completed with 20 ng/mL hTPO. Colo-
nies were scored after 12—14 days and 5x 10* total cells
were replated every 14 days to assess self-renewal capaci-
ties in vitro. At each replating, cells were immunopheno-
typed by flow cytometry.

Xenotransplantation

8 to 12-week-old NSG and NSGS females were suble-
thally irradiated at 2 and 1.5 Gy respectively, before intra-
venous retro-orbital cell transplant under isoflurane
anesthesia. NBSGW mice were not irradiated, accord-
ingly to MclIntosh et al., [32]. Mice received 0.1-5x 10°
GFP*-transduced cells and 0.35-5.10° gene-edited cells
depending on the experiments and samples. Mice were
monitored daily and euthanized when exhibiting dis-
ease symptoms (hind limbs paralysis, associated with
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anemia and loss of weight) or>1 year after transplant if
not sick to explore human hematopoietic cell develop-
ment. Tibiae/femora (4 long bones, BM) and vertebral
columns (VC) were harvested and hematopoietic cells
were recovered from flushing BM with DPBS using a 26G
gauge needle or gently crushing the VC. The isolated cells
were kept at 4°C on ice during the process. Serial trans-
plantation was carried out after flow cytometry analysis,
by intra-venous injection of 1x10° hCD45"(GFP™) cells
(1x10° hCD45"GFP" cells for NSG vs NSGS experi-
ments) recovered from primary recipient mice into sec-
ondary sublethally irradiated animals.

Flow cytometry

Cells were stained with human specific antibodies pur-
chased from BD Biosciences, BioLegend or eBioscience
(Table S2, dilution 1:100 except when indicated), in DPBS
for 15-30 min at 4°C. Labelled cells were analyzed on a
FACSCanto "I or LSR™II using the FACS Diva soft-
ware (BD Biosciences). Compensation controls were
performed using single-stained compensation beads
(UltraComp eBeads"" Plus Compensation Beads, Invitro-
gen). After acquisition, live cell analysis was done using
FlowJo"" v10, excluding debris and doublets using for-
ward and light scatter and dead cells by exclusion of the
Zombie Aqua”" Viability Dye (1:500, BioLegend).

Cell proliferation assay

Cell proliferation was assessed using the CellTrace™ Vio-
let Cell Proliferation kit (Invitrogen), following manufac-
turer instructions. Briefly, control or EG-transduced cells
were cultured at 1x10° cells/mL in DPBS supplemented
with CellTrace™ Violet dye (5 uM), and incubated for
20 min at 37°C in the dark. Cells were washed with five
times the original staining volume of medium with 10%
FBS and incubated in fresh pre-warmed complete LT-LC
medium (see before). Cell proliferation was measured 2 h
after staining (Day 0) and after 4 days of culture (Day 4)
and the CTV staining dilution was assessed. Day 0 and
day 4 time points corresponded to day 4 and day 9 of
LT-LC post-transduction.

Cell treatment and viability assay

Control and EG-transduced cells were plated in 12-well
plates (5x10° cells per well) and M07e cells in 48-well
plates (5x10* cells per well) in defined LT-LC culture
media supplemented or not with BCL2 inhibitor Veneto-
clax (0.1 uM, MedChemExpress) and/or MEK inhibitor
Trametinib (0.1 pM, MedChemExpress) during 4 days.
Cells were counted every day of the culture period. Cell
viability was measured after 48 h of treatment using an
Annexin V Staining Protocol (eBioscience) with some
modifications. Briefly, cells were washed with DPBS,
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spun down and washed with Annexin V-binding buffer
1X (eBioscience). Up to 3x10° cells were suspended in
100 pL binding buffer and stained with Annexin V —
APC (1:50, BioLegend) for 15 min at room temperature.
Cells were washed and incubated in 200pL of the binding
buffer. 100pL of Hoechst 33258 fluorescent nuclear DNA
stain (Invitrogen) was added just before flow cytometry
analysis at a final concentration of 4 pg/ml. Cells were
analyzed on a FACSCanto "Il or LSR™II with the FACS
Diva software within 4 h.

Cytospin preparation and coloration

Cytospins were prepared using the Shandon Cytospin 4
cytocentrifuge (ThermoFisher).~50 000 cells were spun
down at 700 rpm during 5 min. Air-dried slides were
then manually colored using the May-Griinwald Giemsa
coloration method. Briefly, slides were subjected to 2 min
of a May-Griinwald solution bath, 2 min of a May-Griin-
wald / Buffer Solution (ratio 1:1) bath, 14 min of a Giemsa
/ Buffer Solution (ratio 3:11) bath and 1 min of the Buffer
Solution bath (all solutions from Sysmex), before drying
and covering with a cover-slip. Colored cytospins were
photographed using the Olympus BX51 microscope
(Olympus Life Science).

Murine preclinical models

Xenograft of primary human PDX-Luc* samples was
done as described previously [17]. PDX-Luc™ cells were
transduced with the FUW-Luc-mCherry-puro lentivi-
ral construct (kindly provided by Dr A Kung, DFCI).
In short, 5x10* PDX-Luct cells were intravenously
injected into mice. After leukemia infiltration measure-
ment by bioluminescence imaging (IVIS Lumina III In
Vivo Imaging System, PerkinElmer), mice were randomly
assigned to groups and treated for 4 weeks with vehicle,
Trametinib (1 mg/kg) or Venetoclax (100 mg/kg) alone
or in combination by oral gavage 5 times per week. Mice
were regularly monitored by IVIS imaging. Mice were
followed for survival and sacrificed when disease symp-
toms were observed.

Molecular analyses

RNA extraction & quantitative RT-PCR analysis

mRNA was isolated using a RNeasy Mini/Micro kit
(Qiagen) and quantified using a NanoDrop. Reverse
transcription was carried out with SuperScript II (Invit-
rogen). Q-PCR was performed with SYBR Select Master
Mix (Applied Biosystems) using a 7500HT Fast Real-
Time PCR System (Applied Biosystems) according to the
manufacturer’s recommendations. The primer sequences
for analyzed genes are provided in Table S1. Raw data
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were obtained in terms of Ct values and normalized to
the Ct values of the housekeeping gene RPLPO.

ATAC sequencing

ATACseq was performed as previously described [33]
with some modifications. Briefly, 5x10*-1x10° GFP*
live-sorted cells were spun at 500 g for 5 min, washed
with cold DPBS, lysed in cold lysis buffer (10 mM Tris—
HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl,, and 0.1%
NP40, 3 min on ice) and immediately spun at 500 g for
10 min. The pelleted nuclei were resuspended in 50 pL of
transposase reaction mix (Tagment DNA TDE1 Enzyme
and Buffer Kit, Illumina) for 30 min at 39°C. Transposed
DNA was purified using a MinElute PCR purification
kit (Qiagen) in 15puL of nuclease-free H20 and ampli-
fied with NEBNext® Ultra™ I Q5® Master Mix and Nex-
tera XT DNA Library Preparation Kit (Illumina), using
the following PCR conditions: 72°C for 5 min, 98°C for
30 s, then 12 cycles of 98°C for 10 s, 63°C for 30 s, and
72°C for 1 min. Libraries were purified with AMPure XP
beads (Beckman Coulter) and then subjected to high-
throughput paired-end sequencing (50 bp) using the
[lumina HiSeq 4000 sequencer (Illumina). Bigwigs files
and PCA representations as well as differential analysis
were generated using the nfcore pipeline for ATACseq
(nf-core/atacseq v1.2.1) with default parameters (with
genome hg38). Only differential peaks associated to an
EDR lower than 1% and an absolute value of LFC2 (log2
Fold Change) greater than 1 were considered for subse-
quent analysis of the differential results. Annotations and
motifs analysis (with default parameters) were performed
with Homer (v4.11). Heatmaps of interest genomic
regions were performed with Deeptools (v3.4.0).

RNA sequencing

RNA from FL or CB CD347" cells subjected to lentivi-
ral expression of EG, selection in vitro or in vivo and
GFP*-sorted was extracted using the RNeasy Plus Mini
Kit (Qiagen). Poly(A)-selected, first-stranded Illumina
libraries were prepared with a modified TruSeq protocol
using deoxyuridine triphosphate (dUTP) method [34].
Three biological replicates per cell type were prepared.
AMPure XP size—selected libraries were amplified by
PCR (maximum 16 cycles), purified with AMPure XP
beads, and paired-end—sequenced (50 bp) on the Illu-
mina HiSeq 4000 sequencer. A first assessment of the
sequencing reads quality was performed using fastqc
(v0.11.9) and an overview of the results obtained for all
samples was obtained with multiqc (v1.10.1). Sequenc-
ing reads were trimmed and low-quality reads were
removed with trim-galore (v0.6.6 with parameters —
phred33 —fastqc —quality 20 —paired). In order to keep
only human reads and avoid murine reads (essentially for
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samples coming from NSG mice) the program Xenome
(v1.0.0) was used with parameters —pairs —host-name
mouse —graft-name human to obtain new fastqs con-
taining only reads considered as human reads. The index
used to run Xenome was obtained with the following
command: xenome index -T $nbthread -P human_graft_
mouse_host -CONTROL $pathgenomemurin -G $path-
genomehuman -K 25 —verbose. The value associated
to the parameter K is the k-mer size (25 is the default
value).The file used for the human genome was Homo_
sapiens.GRCh38.dna.primary_assembly.fa =~ (GRCh38—
release 106) while the file used for the murine genome
was  Mus_musculus.GRCm39.dna.primary_assembly.fa
(release 106). Then fastqs corresponding to reads consid-
ered as human reads were used for quantification. This
step was performed with Salmon (v0.14.2). The index
used by Salmon to do the quantification of each fastqs
was generated by running: salmon index -t gentrome.
fa -i human_97_ensembl_salmon_0142_decoys_index
—decoys decoys.txt -k 31 (where the parameter k corre-
sponds to the k-mer size). The decoy transcriptome was
generated using the script generateDecoyTranscriptome.
sh available at https://github.com/COMBINE-lab/Salmo
nTools/blob/master/scripts/ (files used to generate the
decoy transcriptome are genome: https://ftp.ensembl.
org/pub/release-97/fasta/homo_sapiens/dna/; transcrip-
tome: https://ftp.ensembl.org/pub/release-97/fasta/homo_
sapiens/cdna/; gtf: https://ftp.ensembl.org/pub/release-
97/gtf/homo_sapiens/).

The quantification of reads for each fastq pairs was
performed using the command salmon quant (with
parameters —seqBias —gcBias -1 A —validateMappings).
Subsequent steps of analysis were performed using the R
software (v4.2.1). First, an R TxDB object was generated
using the function makeTxDbFromGFF of the R package
GenomicFeatures (v1.48.4). The adress used as value of
the argument file of this function was: ftp://ftp.ensembl.
org/pub/release-97/gtf/homo_sapiens/. The function
tximport of the R package tximport (v1.24.0) was used
to import transcript-level estimates and summarizes
abundances, counts and transcript length to the gene
level (with arguments type="salmon’, txOut=FALSE,
tx2gene =tx2gene, ignoreTxVersion=TRUE with tx2gene
corresponding to the TxDB object previously gener-
ated). An R object of class DESeqDataSet was gener-
ated using the function DESEqDataSetFrom Tximport
of the R package DESeq2 (v1.36.0). For further analyses
(e.g. the clustering in Fig. 2) only genes associated with
10 or more reads were kept (rowSums(counts(dds)) > 10),
resulting in a matrix of 20,745 transcripts. Size factors
were computed using the function estimateSizeFactors
of DESeq2. The vst (variance stabilizing transformation)
normalization method was then applied to the count
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matrix using the vst function (with argument blind equal
to FALSE). The PCA of the normalized count matrix was
performed using the function PCA of the package Facto-
MineR (v2.6).This matrix was also used for violinplot and
heatmap representations of the expression of genes of
interest as well as for GSEA analysis. Differential expres-
sion analysis was performed with the function DESeq
(with default parameters). The function lfcShrink (the
value of the parameter type was apeglm) was employed
to get estimation of the LFC2 and of the associated pos-
terior standard deviation (called IfcSE) for each gene
between conditions. GSEA analysis were performed with
the GSEA software (v4.1.0). The differentially expressed
genes (filtered on fold change>2 and p-value<0.05)
between FL. CTRL and FL EG or between CB CTRL and
CB EG or between CB EG and FL EG are provided in
Supplementary Tables 3-5.

Single Cell RNA sequencing

The pipeline of Gustave Roussy (https://github.com/
gustaveroussy/single-cell; v1.3) was used to handle single
cell analysis.

First, each sample was processed with the following
method. Raw BCL-files were demultiplexed and con-
verted to Fastq format using bcl2fastq (v2.20.0.422 from
lumina). Reads quality control was performed using
fastqc (v0.11.9) and assignment to the expected genome
species evaluated with fastq-screen (v0.14.0). Reads were
pseudo-mapped to the Ensembl reference transcrip-
tome v99 corresponding to the homo sapiens GRCH38
build with kallisto (v0.46.2) using its ’bus’ subcommand
and parameters corresponding to the 10X Chromium 3’
scRNA-Seq v3 chemistry. The index was made with the
kb-python (v0.24.4) wrapper of kallisto. Barcode correc-
tion using whitelist provided by the manufacturer (10X
Genomics) and gene-based reads quantification was per-
formed with BUStools (v0.40.0). Cell barcode by symbol
count table were loaded in R (v4.1.0) using the BUSpaRse
package (v1.7.1). To call real cells from empty droplets,
we used the emptyDrops() function from the dropletU-
tils package (v1.12.2), which assesses whether the RNA
content associated with a cell barcode is significantly dis-
tinct from the ambient background RNA present within
each sample. Barcodes with p-values<0.001 (Benjamini-
Hochberg-corrected) were considered as legitimate
cells for further analysis. The count matrix was filtered
to exclude genes detected in less than 5 cells, cells with
less than 1000 UMIs or less than 200 detected genes,
as well as cells with mitochondrial transcripts propor-
tion higher than 20%. The proportion of ribosomal gene
counts was also estimated but not used to filter cells.
Cell cycle scoring of each cell was performed using two
methods: the CellcycleScoring() function from the Seurat
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package (v4.0.4), and the cyclone() function from Scran
(v1.20.1). Barcodes corresponding to doublet cells were
identified and discarded using the union of two meth-
ods: scDblFinder (v1.6.0) using default parameters,
and scds (v1.8.0) with its hybrid method using default
parameters. We manually verified that the cells identi-
fied as doublets did not systematically correspond to
cells in G2M phase. Seurat (v4.0.4) was applied for fur-
ther data processing. The SCTransform normalization
method [35] was used to normalize, scale, select 3000
Highly Variable Genes. The number of PCA dimensions
to keep for further analysis was evaluated by assessing a
range of reduced PCA spaces using 3 to 90 dimensions,
with a step of 2. For each generated PCA space, Louvain
clustering of cells was performed using a range of values
for the resolution parameter from 0.1 to 1.6 with a step
of 0.1. The optimal space was manually evaluated as the
one combination of kept dimensions and clustering reso-
lution resolving the best structure (clusters homogeneity
and compacity) in a Uniform Manifold Approximation
and Projection space (UMAP). Additionally, we used the
clustree method (v0.4.3) to assess if the selected optimal
space corresponded to a relatively stable position in the
clustering results tested for these dimensions / resolution
combinations.

Dimensionality and resolution (for clustering) chosen
for each sample:

FLEGNSG:85; 1.4
FBM EG NSG:73; 1.3
CBEGNSGS:85;0.1
FLEGNSGS:89; 1.6
FLEGD7:87;1.0
CBEGD7:77;1.3
Patient EG:73; 1.4

The integration of all the samples was performed as
follows. Datasets were integrated using the Harmony
method. Datasets were merged by the merge() function
from Seurat (v4.0.4), and the SCTransform normaliza-
tion method [35] was used to normalize, scale, select
3000 Highly Variable Genes. The reduced PCA spaces are
used as input for the HarmonyMatrix() function imple-
mented in Harmony package (v0.1.0) where the batch
effect (orig.ident: CB_EG_J7_GE, CB_EG_NSG_S_GE,
CONECT_110_GE, FBM_EG_GE, FF_EG_GE, FL_EG_
J7_GE, NSG_S_FLEG_GE) was regressed. The batch-
corrected shared space output by Harmony is used for
clustering. The number of Harmony dimensions to keep
for further analysis was evaluated by assessing a range of
reduced Harmony spaces using 3 to 90 dimensions, with
a step of 2. For each generated Harmony space, Louvain
clustering of cells was performed using a range of values
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for the resolution parameter from 0.1 to 1.5 with a step of
0.1. The optimal space was manually evaluated as the one
combination that kept dimensions and clustering resolu-
tion resolving the best structure (clusters homogeneity
and compacity) in a Uniform Manifold Approximation
and Projection space (UMAP). Additionally, we used the
clustree method (v0.4.3) to assess if the selected optimal
space corresponded to a relatively stable position in the
clustering results tested for these dimensions / resolution
combinations.

Assessment of the enrichment of set of genes of inter-
est (for example ETO2::GLIS2 signature) was performed
with the method described in Arkoun et al., [36]. Dif-
ferential analysis to compare gene expression between
clusters were performed with the function FindMarkers
(default options) of Seurat.

Statistical analysis

Statistical analyses were performed with GraphPad
Prism 9.0. Data were analyzed by Mann—Whitney or
Kruskal-Wallis tests followed by a multiple comparison
test (as indicated).

For xenotransplantation analysis, Kaplan—Meier sur-
vival curves were performed and the statistical signifi-
cance was determined with the Log-rank test. Overall
survival was defined as the time from cell injection to
euthanasia or death at predefined endpoints. Animals
were censored if the cause of death/sacrifice was not
leukemia related.

Data are presented as mean + SEM for in vitro stud-
ies, and as medians for in vivo experiments. Results
were considered statistically significant when p <0.05.

(See figure on next page.)
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p values are indicated by "ns" when not significant, *
when p <0.05, ** when p <0.01, *** when p <0.001 and
**+* when p <0.0001.

Results

ETO2::GLIS2 transforms fetal liver and cord blood,

but not adult, CD34" HSPCs in vitro

To investigate the consequences of ET02::GLIS2 (EG)
on hematopoietic cells from different ontogenic stages,
primary human CD34" cells were isolated from fetal
liver (FL; 8—-24 weeks of gestation) and bone marrow
(FBM; 17-24 weeks of gestation), early post-natal CB
and ABM/mobilized peripheral blood (ABM/mPB).
Cells were transduced with lentiviral vectors encod-
ing EG and the GFP fluorescent reporter or GEP alone
(CTL) and cultured with human FLT3L, SCF, TPO, IL3
and EPO for 6 weeks (Fig. 1A-B, Fig. S1A-C). EG-trans-
duced FL, FBM and CB cells, but not ABM/mPB cells,
progressively outgrew control-transduced cells (Fig. 1B,
Fig. S1C). The EG-driven enhanced growth was accom-
panied by the progressive apparition and selection of
abnormal CD337KIT™ cells expressing different levels
of CD56 and CD41 during cultures (Fig. 1C). Similar
results were obtained with FL. CD34™" cells in which the
most prevalent inv(16)(p13.3q24.3) found in patients
[16, 17, 24] was reproduced by CRISPR/Cas9 gene-edit-
ing with an estimated frequency of 1/48 to 1/107 edited
cell (Fig. 1D, Fig. S1D). Indeed, inv(16) FL cells bear-
ing the fusion transcript (Fig. S1E) outgrew the con-
trol cells (Fig. 1E) and the selected cells also expressed
CD33, KIT, CD56 and CD41 surface markers (Fig. 1F).
The proliferative advantage of EG-transduced cells took
place early in culture as CellTrace Violet staining loss

Fig. 1 ETO2:GLIS2 induces AMKL features in fetal liver and bone marrow, cord blood but not adult HSPCs. A Experimental design to address

the impact of the ETO2:GLIS2 (EG) fusion gene on fetal, early post-natal and adult HSPCs. CD34" cells were isolated from fetal liver (FL), fetal bone
marrow (FBM), cord blood (CB), allogenic bone marrow (ABM) and mobilized peripheral blood (mPB) mononuclear cells. £G expression was induced
by lentiviral vector delivery (GFP* cells) or engineered from the endogenous loci by CRISPR/Cas9. Control (CTL) and EG-expressing cells were tested
in long-term liquid culture (LT-LC) and colony forming unit assay (CFU), and transcriptomic analysis was performed at different stages of LT-LC.

B Cumulative number of total cells (upper panels) and percentage of GFP* cells (lower panels) of CTL and EG-transduced FL (n=9 samples, >3
biological replicates/time point, except %GFP in CTL, 42 days, n=1), FBM (n=4 samples, > 2 biological replicates/time point, except %GFP in CTL,
35days, n=1),CB (n=9,>5 biological replicates/time point), ABM (n=2, 2 biological replicates/time point, except 7, 28, 42 days, n=1) and mPB
(n=2, 2 biological replicates/time point) CD34" cells during LT-LC. Mean # SEM of biological replicates is shown. C Representative flow cytometry
analysis of CD33, KIT, CD56 and CD41 expression in EG and CTL GFP* FL, FBM and CB cells at day 21 of LT-LC. CD56 and CD41 expression are

gated in CD33*KIT* cells (D) EG fusion frequency assessed by PCR amplification of £G derivative at 2 days (Donor (FL) 1) and 3 days (Donor (FL) 2)
after electroporation. PCR were performed in duplicates on DNA dilutions starting from 50 ng DNA (= 8 000 cells) to 0.3 ng DNA (= 50 cells) [30].

E Cumulative number of CD33*KIT" cells along culture of CRISPR-edited inv(16) FL CD34" cells. Mean of technical triplicates is shown for each

FL donor (CTL n=1, EG n=2). F Representative flow cytometry analysis of CD33, KIT, CD56 and CD41 expression on CRISPR-edited inv(16) FL EG
CD34" cells at day 40-44 of LT-LC. CD56 and CD41 expression are gated in CD33*KIT* cells (G) May-Grinwald Giemsa stained cytospins from FL
cultures (CTL and EG-transduced and £G-engineered cells) at day 20 of LT-LC. Magnification: x40. H Colony potential assessment upon culture

of 500 (P1, CD34) or 50,000 (P2-4) CTL and EG-FL (n=8), FBM (n=3), CB (h=4) and ABM (n=2) cells in semi-solid methylcellulose culture medium.
Serial replating was performed every 12 to 14 days. P1: first passage, P2: secondary, P3: tertiary, P4: quaternary. Mean + SEM of biological replicates
is shown. Statistical significance is indicated as p values (B and H: Mann-Whitney non parametric test). *: p <0.05, **: p <0.01
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from day 4 to day 9 post-transduction was higher in FL
EG compared to FL control cells (Fig. S1F). Of note, the
morphology of cells indicated that a myelo-monocytic
differentiation was taking place in FL control condition,
whereas EG-expressing FL cells were homogenously
smaller monomorphic blast cells (Fig. 1G).

To further investigate the early functional impact of
EG in human HSPCs, we plated EG-transduced and
CRISPR-ed CD347 cells from FL, CB and ABM origin
in clonogenic semi-solid medium and assessed their
colony-forming unit (CFU) capacity. While EG did not
impact the number of CFU at the first passage (P1), it
maintained CFU formation in FL, FBM and CB pro-
genitors over 4 passages compared to CTL cells. In con-
trast, EG did not perpetuate CFU ability of ABM cells
(Fig. 1H).

Previous studies associated EG with a distinct gene
expression signature, including a high ERG, KIT and
NCAM]1I (encoding CD56) but low GATAI and SPII
expression [15, 17, 18, 26]. We compared expression
of selected genes by quantitative RT-PCR analyses in
sorted control GFP' cells at day 0 and EG-selected
abnormal cells between day 41 and 75 of liquid culture,
when cells were >90% GFP™, in both fetal and CB con-
texts. In FL and FBM cells, both lentivirally-transduced
and CRISPR-edited EG cells showed higher ERG and
lower GATA1 expression compared to parental con-
trol cells (Fig. 2A). However, CB EG cells showed no
significant difference in ERG and GATAI expression
compared to parental control cells (Fig. 2A). We then
performed RNAseq analyses to investigate more glob-
ally the gene expression signature (Fig. 2B). Confirm-
ing quantitative RT-PCR data, ERG, GATAI and SPIlI
expression were more drastically altered in FL cells
(Fig. 2C). Gene Set Enrichment Analysis (GSEA),
using three independent gene signatures more highly
expressed in EG patients [8, 16, 37], showed an enrich-
ment in both CB EG vs CB CTL and FL EG vs FL CTL
(Fig. 2D), supporting that EG alters gene expression in
both CB and FL cells. Importantly, the signatures were
also significantly enriched in FL EG vs CB EG (Fig. 2D-
E), supporting that FL EG cells more closely resemble

(See figure on next page.)
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patient leukemic cells than CB EG cells. Overall, the
results show that the sole expression of EG in HSPCs
from fetal and CB origin selects for abnormal cells with
enhanced growth in vitro that exhibit transcriptional
features found in patients’ leukemic cells.

ETO2::GLIS2-expressing fetal, but not CB, HSPCs efficiently
induce leukemia in NSG mice

We next evaluated the in vivo transforming potential
of EG expression by transplanting control and EG-
transduced FL, FBM, and CB CD34™ cells, as well as
CD34% CRISPR/Cas9-edited for EG, in immune defi-
cient NSG mice (Fig. 3A). Transduced (14-60% GFP™)
or EG-CRISPR-ed (1/48-1/107 edited cells in FL
and 1/120 in FBM; 1/96 edited cells in CB) cells were
injected in mice and animals were carefully monitored
for disease onset. Strikingly, mice injected with FL and
FBM EG-expressing cells developed a lethal disease
with a respective penetrance of 17/26 (65%) and 5/8
(63%) when injected with EG-transduced cells, and
7/11 (64%) and 6/7 (86%) respectively when injected
with CRISPR-edited EG cells (Fig. 3B). Overall, median
survival of FL EG-injected mice was 141 days for EG-
transduced cells (n =26 mice, in 9 biological replicates)
and 302 days for CRISPR-edited EG cells (n=11, in 3
biological replicates). In contrast, only 4/35 (11%) mice
injected with EG-transduced (4/31 mice) and CRISPR-
edited (0/4 mice) CB HSPCs developed symptoms of
disease (Fig. 3B, lower panel), indicating major differ-
ences in EG-driven disease onset in vivo between fetal
and CB cells. The most common symptoms observed
in FL and FBM EG-injected mice were weight loss
and hind limb paralysis (Fig. S2A). Careful analyses
showed that the mice consistently had long bone and
vertebral column BM infiltration of human CD45" cells
(Fig. 3C, Fig. S2B) along with variable spleen and liver
invasion (not shown). Some mice showed low percent-
ages of abnormal cells, consistent with the low number
of blood blasts reported in AMKL and EG-expressing
AMKL patients [14, 38-40]. Histological analyses
revealed meningeal and nervous infiltration in the spi-
nal cord that were associated with brain spongiosis and

Fig. 2 ETO2:GLIS2 differentially modifies the gene expression profile of fetal liver and cord blood HSPCs in long-term liquid culture. A Quantitative
RT-PCR expression of EG, ERG and GATAT. Upper panel: control (CTL) and EG-transduced CD34" FL cells cultured for 22 days. Middle panel:
CRISPR-edited CD34" FL cells cultured for 21 and 42 days. Lower panel: CTL and EG-transduced CD34* CB cells cultured for 47 days. Mean +SEM

of technical triplicates is shown (n=1). B Clustering of RNAseq data obtained from EG-transduced FL and CB CD34* cells after 37-78 days

of culture. Control (CTL) cells are 0-3 days cultured CD34* FL or CB cells. C Violin plot representation of gene expression extracted from the RNAseq
normalized expression table. Same conditions as in (B). D Gene Set Enrichment Analysis (GSEA) using EG patient highly expressed gene signatures
from 3 independent expression analysis [8, 16, 37]. The compared conditions are indicated on each side of the panel, respectively. Same conditions
as in (B). E Within genes common to at least two of the three patients signature lists indicated in (D), the heatmap represents those that are more

highly expressed in EG FL vs EG CB cells
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multifocal hemorrhages (Figure S2C), in accordance
with reported CNS involvement in PDX models and in
some patients [17, 39]. Phenotypically, human FL EG
grafts were homogeneously constituted by CD33"KIT*
abnormal cells carrying variable levels of CD56 and
CD41 expression, in line with the in vitro cultures
(Fig. 3D-E, Fig. S2D). In the case of CB grafts, human
EG GFP* cells were detected in 12/31 mice, even
though 22/31 mice carried human CD45% cells (>1%)
in their long bones (Fig. 3C) and vertebral column (Fig.
S2B) BM. Of these 12 CB EG cell engrafted mice, only
6 mice (19% of total mice) exhibited cells with sub-
stantial levels of the abnormal markers (Fig. 3E, Fig.
S2D). Besides, many CB EG-transplanted mice carried
human GFP*/GFP~ cells with normal hematopoietic B,
T and myeloid lineage cell markers, as found in control
mice (Fig. S3A-B). We validated the CRISPR editing by
FISH analysis, finding>90% and >98% of positive cells
for EG fusion in the spleen and vertebral column from
a sick mouse injected with FL EG-engineered CD34™"
cells (Fig. 3F).

We next performed serial transplantation of primary
EG-abnormal cell grafts. FL and FBM EG cells from pri-
mary mice promoted leukemia in secondary (FL: 23/33
(70%), FBM: 4/7 (57%)) and tertiary (FL: 17/18 (94%),
FBM: 9/10 (90%)) recipients with a similar phenotype
(Fig. 3G-H, Fig. S2E). Disease developed with a signifi-
cantly shorter latency in tertiary (50 days) compared
to secondary (85 days) FL EG recipients injected with
the same number of cells (10° equivalent GFP" cells)
(Fig. 3G), confirming transformation of fetal EG cells
to bona fide acute leukemia. Importantly, EG GFP™ CB
grafts, both from healthy or sick mice, that were trans-
planted into secondary recipients, induced a disease in
2/14 (14%) injected mice, further highlighting the low

(See figure on next page.)
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EG-transforming efficiency in CB HSPCs. Collectively,
this in vivo model recapitulates the EG-driven leuke-
mogenesis with symptoms observed in patients, and
points to higher sensitivity of fetal HSPCs to EG trans-
formation in the human context in line with a previ-
ously reported murine model [15].

Efficient transformation of CB HSPCs by ETO2::GLIS2

is dependent on human cytokine stimulation in vivo

As EG expression in CB reproducibly induces abnormal
cell growth in vitro but rare/poor in vivo leukemia devel-
opment, we hypothesized that human cytokines, present
in the culture media and non-cross reactive or absent
in NSG mouse recipients, may play a role in EG-driven
leukemogenesis. We thus transplanted EG CD34" cells
from CB and FL (10° EG GFP* cells/mouse) into regular
NSG or NSGS recipients [41] that constitutively produce
human IL3, SCF (both provided in the culture medium)
and GM-CSF (absent from the culture medium) (Fig. 4A).
FL EG cells generated fatal leukemia in both mouse
strains but with a significantly shorter latency in NSGS
mice, with 13/13 (100%) NSGS vs 7/8 (88%) NSG mice
becoming sick with median survivals of 25 and 75.5 days,
respectively (Fig. 4B), showing that EG-driven leukemo-
genesis in FL. HSPCs is accelerated but not dependent
on human cytokines. Strikingly, EG CD34% CB cells also
generated a lethal disease in 12/12 (100%) injected NSGS
mice with a median survival of 44 days whereas only 1/10
(10%) NSG mice injected with the same cell suspension
developed a pathology (Fig. 4C), indicating a remarkable
human cytokine dependency of EG-driven transforma-
tion in CB HSPCs. Phenotypically, abnormal FL EG and
CB EG cells were alike in a given recipient but different
in NSG vs NSGS recipients. In particular percentages of
KIT*CD56™" cells were lower in EG FL and EG CB cells

Fig. 3 £702:GLIS2 expression induces leukemic transformation in FL HSPCs in vivo. A Experimental design of in vivo experiments. EG-expressing FL,
FBM and CB HSPCs (via lentiviral vectors delivery or CRISPR/Cas9-editing) were injected into NSG mouse strains following 2-11 days of culture. Mice
were monitored daily and sacrificed when exhibiting disease symptoms. Recovered cells from primary (1ry) recipients were serially transplanted
into secondary (2ry) and tertiary (3ry) recipients. Phenotypic and transcriptomic analysis were performed on the recovered cells and murine
organs were assessed by histological analysis. B Kaplan—-Meier survival plot of Try recipients injected with FL, FBM and CB CTL vs EG cells. Median
survival of mice with FL EG-transduced and CRISPR-edited cells are 141 days and 302 days respectively, 275.5 and 371 days for FBM EG-transduced
and CRISPR-edited cells respectively. C Percent of hCD45" (left panel) and GFP* cells (gated in hCD45* cells) (right panel) measured in the BM

of Try mice injected with CTL and EG FL and CB cells. Data from mice with CRISPR/Cas9-edited (GFP~) cells are presented in light red (left panel).

D Representative flow cytometry analysis of cells recovered from the vertebral column (VC) of 1ry recipients injected with FL and CB EG cells
(lentiviral delivery). E Percent of CD33*KIT*, KIT*CD56" and KIT*CD41* cells in the BM of 1ry mice, gated in hCD45"(GFP™) cells. CRISPR/Cas9-edited
(GFP7) cells are shown in light red. F Fluorescent in-situ hybridization (FISH) analysis of human cells recovered from a 1ry sick NSG recipient
injected with FL EG-CRISPR/Cas9-edited cells. G Kaplan-Meier survival plot of mice serially transplanted with 1x10° FL EG cells and FBM EG cells.
Median survival of 2ry recipients was 85 and 84 days for FL and FBM groups respectively. Median survival of 3ry recipients was 50 and 96 days

for FL and FBM groups respectively. H Percent of CD33*KIT*, KIT*CD56* and KIT*CD41* cells in BM of 2ry and 3ry mice injected with FL EG cells,

gated in hCD45*(GFP* or GFP~ (Inv(16) engineered)) cells. Data of mice with CRISPR/Cas9-edited (GFP™) cells are presented in light red. Statistical
significance is indicated as p values (B and G: Log-rank test, C and E: Kruskal-Wallis test, H: Mann-Whitney test). *: p<0.05, **: p<0.01, ***: p <0.001.
ns, non significant
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from NSGS compared to NSG mice and low to no CD41
expression was reproducibly observed in cells recovered
from NSGS mice, indicating that the cytokine environ-
ment during leukemogenesis impacts the cell phenotype

of leukemic cells (Fig. 4D). FL EG and CB EG grafts
were serially transplanted into side-by-side secondary
NSG and NSGS mice (Fig. 4E). FL EG propagating cells
induced faster disease development upon injection into
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sensitivity. A Experimental design: EG-transduced FL or CB CD34" cells (10° GFP* equivalent cells) were injected side-by-side in NSG and NSGS
mice. Mice were monitored daily and sacrificed when exhibiting disease symptoms as in Fig. S2. B-C Kaplan—-Meier survival plot of primary
recipient mice injected with FL EG (B) and CB EG (C). Median survival of mice injected with FL EG cells was 75.5 days in NSG and 25 days in NSGS
recipients. For the CB EG group, the median survival was 44 days in NSGS recipients. Only 1/10 mice got sick in the NSG group. D Percent

of CD33*KITY, KIT*CD56* and KIT*CD41* cells gated in hCD45*GFP* cells in the BM of primary recipient mice injected with FL EG (left panel)

and CB EG (right panel) cells. E Design of serial transplantation, 10° GFP* equivalent cells from primary NSGS recipients were transplanted
side-by-side into secondary NSG and NSGS mice. Propagation of CB EG leukemia was further tested by transplantation of cells from 2ry NSG mice
into tertiary NSG or NSGS mice. F-G Kaplan—-Meier survival plot of serially transplanted mice injected with FL-derived (F) and CB-derived (G) grafts.
Median survivals were 83 and 45.5 days for NSG and NSGS recipients of 2ry FL EG cells. Median survivals were 174 and 44 days for NSG and NSGS
recipients of 2ry CB EG recipients, and 73 and 38 days for NSG and NSGS recipients of 3ry CB EG recipients. H Same analyses as in (D), but in the BM

of vertebral columns (VC) of mice from (F-G). Statistical significance is indicated as p values (B-C, F-G: Log-rank test, D, H: Mann-Whitney test). *:
p<0.05, *: p<0.01,*** p<0.001

secondary NSGS vs NSG mice with median survivals mice, with median survivals of 44 and 174 days, respec-
of 45.5 vs 83 days, respectively (Fig. 4F). NSGS-derived  tively. Although the penetrance was not absolute in
CB EG propagating cells generated a lethal disease in all NSG recipients, CB EG propagating cells became less
(8/8) secondary NSGS and 71% (5/7) secondary NSG  dependent to cytokines once transformed in an NSGS
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background (Fig. 4G). Similar to secondary recipients,
CB EG leukemia-propagating cells induced faster disease
development in NSGS vs NSG tertiary recipients. Serially
transplanted FL and CB cells retained an abnormal phe-
notype (Fig. 4H).

These results demonstrate that CB CD347" cells are
strongly dependent on human cytokines for full-blown
EG leukemic transformation. For FL cells, human
cytokines were dispensable for transformation by EG but
significantly accelerated the leukemia development.

EG-driven leukemia initiation and growth is sensitive

to cytokines

To narrow down the contribution of cytokines, we com-
pared the effect of human cytokines on in vitro CB EG
cell growth, including in presence or absence of IL3 and
SCE, the two common cytokines between in vitro and
NSGS conditions (Fig. 5A). We observed that CB EG
GFP™ cells were selected in culture only when IL3 and
SCF were present in the medium, regardless of TPO/
FLT3L/EPO supplementation (Fig. 5B, Fig. S4A). Pheno-
typically, the CB EG cells selected with IL3 and SCF were
CD33*KIT* (Fig. 5C-D), indicating that IL3 and SCF are
important for abnormal EG cell expansion. Some residual
phenotypically abnormal cells were detected in absence
of IL3 and SCF (Fig. 5C-D), thus both cytokines were
added back to cultures at 21 days, leading to the expan-
sion of the remaining abnormal cells after IL3/SCF sup-
plementation (Fig. 5E), regardless of the other cytokine
presence (Fig. S4B). Inversely, CB EG cells cultured with
IL3 and SCF during 21 days stopped growing after IL3/
SCF removal even in presence of TPO/FLT3L/EPO (Fig.
S4C). Finally, we tested the relative contribution of IL3
and SCF to either EG transformation initiation from FL
and CB cells or to EG leukemic cell propagation, through
changing to cytokine supplementation either right after
EG transduction or after 5 days of culture, respectively
(Fig. 5F). GFP* cell numbers significantly dropped for CB
EG cells after transduction, when both IL3 and SCF were

(See figure on next page.)
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absent, while individual cytokine retrieval had milder
intermediate effects (Fig. 5G), indicating a cumulative
impact of both IL3 and SCF deprivation. A same trend
was observed for FL cells, but without reaching signifi-
cance (Fig. 5G), consistent with a lower dependency of
FL EG cells to exogenous cytokines. Besides, retrieving
both IL3 and SCF from already selected EG cell cultures
induced the most significant decrease in cell numbers for
both FL and CB origins (Fig. 5H). Together these data
indicate a major role of IL3 and SCF cytokines in the
susceptibility of CB and, to a lesser extent, of FL HSPCs
to EG-induced leukemogenesis. Of note, in two experi-
ments, we cultured FL EG cells without IL3 and/or SCF
during 35 days after transduction. Even though a drop of
cell numbers and GFP* cells was observed shortly after
culture initiation as in Fig. 5G, EG/GFP" cells recovered
and grew in cultures devoid of added cytokines, espe-
cially in one sample, developing abnormal CD33*/KIT™*
cells (Fig. S4D-F). These results further support the low-
est cytokine dependency of FL EG cells for abnormal cell
production, in line with in vivo NSG and NSGS data.

Cytokines control ETO2::GLIS2 leukemia cellular

and molecular features

To characterize the consequences of cytokine stimula-
tion, we then compared EG cells from different origins
by single cell transcriptomes (scRNAseq). We analysed
FL and CB EG CD34" progeny after 7 days in vitro with
cytokines, human cells from diseased NSG (FL- and
FBM-derived) and NSGS (CB- and FL-derived) recipi-
ents and also cells from 4 ETO2::GLIS2 patients (Fig. 6A).
Cells with appropriate quality controls from each condi-
tion (Fig. S5A) were integrated into 24 clusters (Fig. 6B,
Fig. S5B), including some associated with cell cycle sta-
tus (Fig. S5C). By computing a score of expression of
an EG patient positively-associated gene signature [8],
we confirmed significant enrichment in cells of most
clusters (Fig. 6C, Fig. S5D). Human cytokine stimu-
lated cells from in vitro and NSGS leukemia conditions

Fig. 5 EG-expressing FL and CB cells have a growth dependency on IL3 and SCF human cytokines. A Experimental design: CB CD34* cells

were transduced with CTL/EG-GFP lentiviral vectors and cultured for 21 days in the indicated cytokine conditions. B Percent of GFP* cells

during the culture for CTL (upper panel) and EG (lower panel) cells. Mean + SEM of 3 biological replicates is shown. C Example of flow cytometry
dot plots showing the percent of CD33*KIT* cells obtained after 21 days of culture in the different cytokine conditions. D Cumulative cell numbers
of CD33*KIT" cells in GFP* CB EG cells at day 21 of culture. Mean + SEM of 3 biological replicates is shown. E Experimental design: freshly transduced
CB EG CD34" cells were cultured for 21 days with TPO/FLT3L/EPO and without IL3/SCF. At that time point, IL3 and SCF were added or not to

the culture medium and cells were grown for 14 more days (upper panel). Lower panel shows the mean +SEM cumulative number of GFP* cells
of 3 biological replicates. F Experimental design: FL and CB EG cells were deprived of IL3 and/or SCF during 5 days of culture, after transduction

or after their in vitro selection. The number of cells was counted at day 5 of culture + cytokines. G Absolute numbers of EG GFP* cells generated
from transduced cells after transduction (condition with TPO/FLT3L/EPO). Mean + SEM of 3 biological replicates. H Absolute numbers of EG GFP*
cells from in vitro selected EG cells. Mean + SEM of 3 biological replicates. Statistical significance is indicated as p values (B,D,G,H: Kruskal-Wallis test,

E: Mann-Whitney test). *: p<0.05, **: p<0.01
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occupied different territories compared to NSG leu-
kemia, both overlapping with patient cells (Fig. 6D,
Fig. S5E). NSG leukemia were enriched more specifi-
cally in clusters 0/3/5/14/15 (Fig. 6E), showing higher
expression of several EG patient leukemia markers (e.g.
NCAM]I) [17] (Fig. 6F) and of megakaryocyte progeni-
tor genes (Fig. 6G). Human cytokine stimulated cells
were enriched in clusters 2/6/7/8/9 (Fig. 6H), presenting
some myeloid gene expression (Fig. 6I, Fig. S5F). Enrich-
ment in cytokine/receptor related genes and myeloid fea-
tures in the NSGS context was confirmed using GSEA
on bulk transcriptomes from CB NSGS vs FL NSG leu-
kemia showing differential expression, including for mye-
loid markers CD14, CSFIR, FLT3, ITGAM (Fig. S5G-I).
Enrichment in stemness gene expression was observed
in most cells from EG conditions irrespective of cytokine
stimulation (Fig. 6]).

KIT and IL3RA showed higher expression in clus-
ters specific for human cytokine-stimulated conditions
(Fig. 6K). To understand the early consequences of
cytokine stimulation, we hypothesized that IL3 and SCF
may impact chromatin accessibility. Therefore, we per-
formed ATACseq analyses on primary human CD347"
fetal and cord blood cells exposed to IL3 and SCF for
5 days in vitro. 688 peaks significantly gained accessibil-
ity in+IL3+SCF vs —IL3-SCF conditions (Fig. 6L) and
showed an enrichment in GATA and AP1 motifs (Fig.
S5]). Differential peaks within the promoter or gene body
(exons and introns) defined a list of 383 early cytokine-
responsive target genes (e.g. SCN94, Fig. S5K). To inves-
tigate whether expression of these early target genes
was maintained at a later stage of transformation, their
expression was investigated in bulk and scRNAseq from
leukemic cells obtained in human cytokine-expressing
NSGS vs. NSG recipients. In bulk RNAseq data, GSEA

(See figure on next page.)
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showed an enrichment of this list in the NSGS CB EG
vs NSG FL EG conditions (Fig. 6M). In scRNAseq data,
this list also showed a higher enrichment score in clusters
and conditions associated with NSGS leukemia (Fig. 6N).
Notably, among the differential genes more expressed in
NSGS vs NSG leukemia is CCND2 (Fig. S5L), which is
also highly expressed in EG patient transcriptomes (Fig.
S5M), represents a selective vulnerability in EG* M07e
cells as defined by DepMap (Fig. S5N) and was previously
implicated in RUNX1::RUNXI1T1 leukemia [42].
Together, these data indicate that leukemic cells
obtained from NSG and NSGS follow different trajec-
tories, toward either megakaryoblastic or more myeloid
features respectively, and reproduce cellular features
found in EG patients. These data also show that early
cytokine stimulation leads to changes in chromatin
accessibility and in expression of a subset of genes that
remain expressed at the full-blown leukemia stage, sup-
porting a functional contribution to EG leukemia.

Human EG leukemic cell vulnerability is efficiently targeted
using pharmalogical inhibitors of survival and MAPK
signaling pathways

We next reasoned that downstream signaling pathways
induced by this extrinsic cytokine stimulation could rep-
resent a vulnerability for EG leukemic cells. IL3 and GM-
CSF receptors share a common f3-chain subunit which
translates to the downstream activation of the MAPK
signaling [43, 44]. SCF signaling also converges on
MAPK activation [44, 45]. Therefore, we tested whether
targeting of the MEK/ERK pathway with the MEK inhibi-
tor Trametinib [46] may impair EG leukemia. Evidences
suggest that signaling pathway inhibitors are of interest
but may not sufficiently inhibit leukemic cell progression
when used as a single agent [20] Since EG has recently

Fig. 6 The cytokine stimulation controls ETO2:GLIS2 leukemia cellular and molecular features. A Experimental design: Fetal or CB CD34" EG
transduced or CRISPR-edited cells were either cultured for 7 days in the LT-LC medium (zIL3/SCF) or injected into sublethally irradiated NSG

or NSGS mice. After 7 days of culture or at disease development in vivo, EG cells were collected and live hCD45%(GFP™) cells were sorted prior

to single cell and bulk transcriptome analysis. Patient cells (n=4) were also analysed by scRNAseq. B UMAP representation of the integration

of cells from all conditions and cluster identification. Clusters were defined using the Louvain algorithm. C Score of enrichment of the gene
signature [8] upregulated in ETO2:GLIS2 patients projected on the UMAP of the integration (red: cells presenting an enrichment of the signature;
blue: cells with a depletion of the signature; grey: lack of significance). D Cells from each condition are highlighted in red on the UMAP

of the integration. E Percentage of cells in clusters 0+3+5+ 14+ 15 for each condition. F Projection of the level of expression of NCAM1 on cells
of the integration. G Left panel: score of enrichment of a megakaryocyte progenitor gene signature (MSigDB, Hay et al,, [63]) on the integration.
Middle panel: percentage of cells presenting enrichment of the signature (red). Right panel: projection of the level of expression of ITGA2B

on cells of the integration. H Percentage of cells in clusters 2+ 6+ 7 +8+9 for each condition. | Projection of the level of expression of AIF1 on cells
of the integration. J eft panel: score of enrichment of a HSC gene signature (MSigDB, Hay et al,, [63]) on the integration. Middle panel: percentage
of cells presenting enrichment of the signature (red). Right panel: projection of the level of expression of CD44 on cells of the integration.

K Projection of the level of expression of KIT and IL3RA on cells of the integration. L Upper panel: experimental design of the ATACseq approach.
Lower panel: histogram representation of the intensity at loci that present gained accessibility in+1L3+SCF vs —IL3-SCF cells. M Peaks differentially
gained in (L) were annotated to the closest gene. The corresponding gene list was used to compared bulk RNAseq data from leukemic cells in CB
NSGS vs FL NSG using GSEA. N Score of enrichment of the gene list used in (M) projected on the integration
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been described to interfere with cell survival pathways
[21], we explored the combination of Trametinib with
Venetoclax, a widely clinically-used BCL2 inhibitor. FL
and CB EG cells selected in cultures were treated with
DMSO, Venetoclax, Trametinib or the combination
of both inhibitors (Fig. 7A). Venetoclax or Trametinib
alone showed a rather cytostatic effect on both FL and
CB EG cells (Fig. 7B). The combination however signifi-
cantly reduced cell numbers of both FL and CB EG cells
(Fig. 7B) associated with enhanced apoptosis (Fig. 7C),
indicating a major effect on EG cell maintenance. These
observations were corroborated in EG™ M07e cells which
growth was sensitive to IL3 and SCF (Fig. S6A). Also,
regardless of the cytokine complementation, EGT M07e
cells were extremely sensitive to the combination of both
inhibitors, whereas single inhibitor treatment had varia-
ble effects, depending on cytokine stimulation (Fig. S6B).
In light of the observed effect on the EG cell prolifera-
tive capacity and the induction of apoptosis by Veneto-
clax and Trametinib, we next evaluated the drug effects
in preclinical NSG or NSGS mouse models injected with
luciferase-expressing (Luc™) EG" patient-derived xeno-
grafted cells. Mice were treated during four weeks, five
times a week, with vehicle, Venetoclax (100 mg/kg) and
Trametinib (1 mg/kg) alone or in combination and leu-
kemia development was monitored by bioluminescence
imaging (BLI) (Fig. 7D-E). We observed that treatment
with Trametinib alone was not sufficient to inhibit leu-
kemia development, as measured by luciferase intensity
(Fig. 7E-F) nor to enhance mice survival in both NSG and
NSGS preclinical models (Fig. 7G-H). On the contrary,
the leukemic burden was significantly decreased during
and after the combination of Venetoclax and Trametinib,
as compared to vehicle or Trametinib alone (Fig. 7E-F).
The effect of Venetoclax alone was only tested in NSG
mice and had early (5 weeks) effects on the leukemic
burden that did not last as long as the combination ones

(See figure on next page.)
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(Fig. 7E, Fig. S6C-D), resulting in a significantly increased
mouse survival in the drug combination group (Fig. 7G).
Interestingly, the effects of the combinatory treatment
were higher in NSG vs NSGS mice as NSGS mice did
not survive over 80 days as compared to 44% (8/18) NSG
mice being cleared of leukemic cells after Venetoclax/
Trametinib combination treatment during>8.5 months
(Fig. 7G-7H, Fig. S6C). The resistance to Trametinib and
Venetoclax combination can be related to a NSGS mouse
context in which there is important cytokine stimulation.
In vitro, we observed that adding GM-CSF to IL3 and/
or SCF revealed leukemic cell growth redundancies (Fig.
S6E), suggesting GM-CSF was not fully neutral for the
leukemic growth, especially in absence of IL3 and/or SCF.
Moreover the presence of the 3 cytokines tuned down
the leukemic cell response to Trametinib and Veneto-
clax in comparison with IL3 4+ SCF combination (Fig. S6B
and S6F). Together, these results conclusively show that a
combination of Venetoclax and Trametinib has a signifi-
cantly stronger effect on in vivo EG leukemia progression
than either molecule alone. However, cytokine stimula-
tion can undermine the observed drug effects, leading to
leukemic relapse.

Discussion

Here, we present unique models of ETO2:GLIS2-
induced leukemogenesis starting from primary human
cells of three different developmental stages: fetal, new-
born and adult. Firstly, we found that EG induces dras-
tic transcriptional changes and leukemia development
more efficiently in fetal than newborn and adult primary
human HSPCs. Secondly, we uncovered that cytokines,
including SCF and IL3, strongly influence EG-leukemia
development in human HSPCs and are able to modu-
late the leukemogenic potential determined by ontogeny.
Thirdly, we exploited this functional interplay through
combined targeting of the downstream MEK pathway

Fig. 7 EG leukemogenic dependency on cytokines can be targeted by inhibiting signal transduction and survival pathways. A In vitro experimental
design: FL and CB EG in vitro selected cells were treated with DMSO, Venetoclax (0.1 uM), Trametinib (0.1 uM) or the combination of both. Cells
were counted every 24 h after treatment and cell death was measured at 48 h. B Cumulative number of FL EG (left panel) and CB EG (right panel)
cells during 96 h control in presence of the inhibitors. Mean + SEM of 3 biological replicates is shown. C Relative percentage of apoptotic (AnnV*)
cells at 48 h of treatment. Mean + SEM of 3 biological replicates. D In vivo experimental design: 5 x 10* PDX luciferase-expressing cells injected

NSG (3 pooled experiments) or NSGS (1 experiment) mice were treated for four weeks, five times a week, with Venetoclax (100 mg/kg), Trametinib
(1 mg/kg) or the combination of both molecules. Arrowheads indicate timing of the imaging of the luciferase-expressing PDX leukemic cells.
Leukemia development was monitored by bioluminescence tracking and mice were euthanized upon disease symptoms detection. E-F Follow

up of luciferase intensity in photon per second (p/s) during and after treatment of NSG (E) and NSGS (F) mice. Mean + SEM of the indicated

number of mice per group is shown. G Kaplan—-Meier survival plot of NSG mice after treatment. Median survival was 81 days for the sham

treated (CTL) group, 129 days for Venetoclax alone, 95 days for the Trametinib alone and 164 days for the combination group. H Kaplan—-Meier
survival plot of NSGS mice after treatment. Median survival was 52.5 days for the CTL group, 56 days for the Trametinib alone group and 75 days

for the combination group. Statistical significance is indicated as p values (B-C-E-F: Kruskal-Wallis test, G-H: Log-rank test). *: p < 0.05, **: p < 0.01, ***:

p<0.001,*** p<0,0001
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and the recently identified vulnerability of EG cells on
BCL2 cell survival [21] and propose a novel targeting
strategy for this poor outcome leukemia.

In this study, we developed EG-leukemia models
either by lentiviral delivery or by precise CRISPR/Cas9-
mediated engineering of the ETO2::GLIS2 chromosomal
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inversion found in patient cells. EG-expressing fetal
HSPCs generated a transplantable leukemia in NSG mice,
even with CRISPR-edited cells where the estimated num-
ber of EG-expressing HSPCs was lower (~1/48-1/107
edited cells) compared to the lentiviral delivery (>14%
of transduced cells). Conversely, EG was less efficient
in transforming post-natal HSPCs. In our setting, CB
HSPCs with EG rarely generated a fatal leukemia in NSG
mice even though it was reported to be possible [22, 26,
47]. In addition, EG-transduction of BM HSPCs did not
generate any outgrowth or selection of abnormal cells,
indicating EG transforming ability declines in older post-
natal HSPCs. These differences in EG transformation
susceptibility between fetal and post-natal cells are in
line with data from a murine model in which EG express-
ing fetal immature HSPCs develop aggressive megakar-
yoblastic leukemia while the leukemia shifted toward a
more myeloid phenotype and a less aggressive presen-
tation upon expression in cells downstream the murine
cellular hierarchy and ontogeny [15]. Therefore, these
data furthermore underline that ontogeny/tissue of ori-
gin play an essential role in pediatric leukemia pathogen-
esis. Whether the more aggressive disease development
from fetal tissues is due to different cellular compositions
or hematopoietic hierarchy within CD34" cells requires
additional studies. Differences between fetal, newborn
and adult HSPCs transformation potential is relevant to
other pediatric leukemia. MLL::AF4, commonly found
in infant B-cell acute leukemia, has been shown recently
to transform human CD34" cells in vivo [48, 49]. Inter-
estingly, CRISPR-edited MLL::AF4 CB HSPCs showed
higher permissiveness to transformation than fetal liver
and adult BM cells [48-50]. This observation suggests
the existence of fusion-specific transformation proper-
ties that preferentially affect different HSPCs ontogenic
stages.

In line with this, we observed that more pronounced
transcriptional alterations are imposed by EG in fetal
than in newborn HSPCs. Notably, our in vitro models
showed that expression of EG in CB did not alter expres-
sion of some master regulators of hematopoietic differ-
entiation, including ERG, GATAI and SPI1, while they
were significantly deregulated in FL cells. This data sup-
port that EG induces a higher hematopoietic differentia-
tion blockage in the fetal context. Also, the upregulated
gene expression signature characteristic of patient cells
is more strongly enriched upon EG expression in FL
cells, supporting that induction of EG targeted genes is
dependent on the development stage of the targeted cells.
Together, these data support that intrinsic differences
between FL and CB progenitors are associated with dif-
ferential impact of the EG fusion on transcription dereg-
ulations and transforming ability.

Page 20 of 24

Our data also reveal a major effect of the cytokine
microenvironment on the efficiency and latency of EG
leukemia development depending on the developmen-
tal stage of the cell of origin. Indeed, while fetal cells can
efficiently induce leukemia in regular immunodeficient
mice, human cytokine supplementation, including IL3
and SCE, strikingly increased EG-driven leukemogen-
esis from CB HSPCs. Phenotypically, a small proportion
of human abnormal cells can be maintained in cultures
without IL3 and SCF, and these cells may proliferate
again upon addition of IL3 and SCEF. In vivo, CB EG cells
rarely developed into a full-blown leukemia in human
cytokine-free NSG mice but occasional abnormal cells
were detected in the surviving mice BM, long after trans-
plant. Together, these results show that EG alone can
initiate an abnormal cell development in CB HSPCs but
expansion is blunted without appropriate extrinsic fac-
tors. Interestingly, EG CB leukemia established in NSGS
mice can perpetuate upon injection into secondary and
tertiary NSG mice, indicating that, after the transforma-
tion process has taken place, leukemic cell propagation
is either cytokine-independent or dependent on other
mouse cross-reactive factors.

These data provide important insights for both leuke-
mia initiation and patient clinical presentations. They
further support the existence of a developmental window
of permissiveness to transformation provided by intrin-
sic differences in the cell of origin [15, 51]. Most impor-
tantly, they uncover that human pediatric leukemia can
be generated from cells of different developmental ori-
gin according to the microenvironmental conditions.
Indeed, they demonstrate that the biological determi-
nants required for EG human leukemogenesis can be met
in post-natal progenitors provided that some cytokines,
including IL3 and SCE, are present in their niche. Inter-
estingly, the requirement for microenvironmental sup-
port could explain that a recent EG transformation
model from CB cells was dependent on an endothelial
stroma [47].

SCEF is secreted from various cells including fibroblasts,
endothelial cells, stellate cells and bone marrow adipo-
cytes [52—54], while IL3 is produced by hematopoietic
(e.g. activated T-cells, basophils, dendritic and mast cells)
but also by non-hematopoietic cells like microglial cells
and astrocytes [55, 56]. In addition, IL3 has been asso-
ciated with leukemogenic processes in AML [57-60]
along with other inflammatory cytokines [61, 62]. And
this is not to exclude other cytokines, such as GM-CSE,
which presence may substitute IL3 or SCF in situations
where they would be lacking, and infers stimulating
growth effects on leukemic cells.Thus, both physiological
cytokine secretion territories but also altered production
in inflammatory situations may drive leukemia initiation
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and sustain expansion in heterogeneous locations
(including CNS involvement) as observed in patients [17,
39].

While single cell transcriptomics on EG leukemic
cells from human cytokine-stimulated and non-stimu-
lated conditions showed a global enrichment of the EG
patient signature, they also revealed at least two differ-
ent states. Leukemia developing in regular NSG showed
an enrichment in megakaryocytic markers, while human
cytokines stimulation was associated with a myeloid
shift. Importantly, early exposition to cytokines has an
impact on the chromatin accessibility that translated
into the expression of a group of genes, which remained
more highly expressed in the bona fide EG leukemia. This
interplay between the microenvironmental conditions
and transcriptional programs of the leukemic cells could
represent a basis for the large array of phenotypic presen-
tations observed in patients [24]. It could also represent
a mechanism of adaptation and resistance to treatment.
Together, our results support that the phenotype of the
leukemia is controlled at least in part by the cytokine
milieu.

Finally, we obtained a proof of concept that the inter-
play between extrinsic and intrinsic vulnerabilities may
be therapeutically exploited for the treatment of this
aggressive leukemia. Indeed, the combined targeting
of a BCL2 dependency with Venetoclax [21] and the
cytokine-induced MAPK signaling pathway with the
MEK inhibitor Trametinib, demonstrates a better control
of the leukemic progression than individual molecules
in regular NSG mouse models. Leukemia developing
in humanized cytokines recipients was however more
resistant to the treatment and our results formally con-
firmed that the cytokine microenvironment may con-
tribute to treatment resistance. Besides, the presence or
absence of human cytokines, here in the two strains of
mice, led to different leukemia phenotypes that may also
influence drug sensitivity. Therefore, addressing the rela-
tive importance of cytokines, including their levels, and
the microenvironment niches in general, the biodistribu-
tion of therapeutic compounds and the best combina-
tions and doses for therapeutic application will be key for
the treatment of ETO2::GLIS2 and other pediatric hema-
tological malignancies.

To sum up, our work shows how the oncogenic
ETO2:GLIS2 fusion, diagnosed in very young children
leukemia, efficiently promotes leukemia development
when expressed in human fetal but not in post-natal
HSPCs. It uncovers that human cytokine stimulation
strongly increases the permissiveness to ETO2:GLIS2
leukemogenesis in post-natal HSPCs and enhances leu-
kemia development from fetal HSPCs. Single cell analy-
ses revealed that cytokine stimulation leads to distinct
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phenotypes and expression patterns in transformed cells.
Importantly, we show that the combined targeting of the
MAPK pathway downstream of cytokine signaling using
Trametinib, together with the recently identified BCL2-
dependent survival mechanism involved in ETO2::GLIS2
leukemia, displays important leukemic growth suppres-
sion in preclinical patient-derived xenograft models.

Conclusions

Altogether, we demonstrate that leukemogenesis mod-
eling starting from normal human cells offers the unique
opportunity to directly compare the transcriptome
and chromatin state profiles of models with those from
patients’ leukemia, which was not previously possible
with murine cell-based models. The cytokine microenvi-
ronment strongly increases the developmental window of
permissiveness of post-natal cells to pediatric oncogenes
and changes the phenotype of the resulting leukemia.
This important observation supports that local or sys-
temic changes in cytokine homeostasis during post-natal
life may impact leukemia initiation and aggressiveness.
Most importantly, this approach provides new insights
and perspectives, in particular for patient treatments.
Thus, such precise reproduction and characterization
of the trajectory from normal human cells to leukemia
in models and its comparison with patients’ leukemia
should be of interest for the development of novel thera-
peutic perspectives for other aggressive pediatric cancers.
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