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ABSTRACT Fusion oncogenes are prevalent in several pediatric cancers, yet little is known about

% the specific associations between age and phenotype. We observed that fusion
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oncogenes, such as ETO2-GLIS2, are associated with acute megakaryoblastic or other myeloid leukemia
subtypes in an age-dependent manner. Analysis of a novel inducible transgenic mouse model showed
that ETO2-GLISZ expression in fetal hematopoietic stem cells induced rapid megakaryoblastic leukemia
whereas expression in adult bone marrow hematopoietic stem cells resulted in a shift toward myeloid
transformation with a strikingly delayed in vivo leukemogenic potential. Chromatin accessibility and single-
cell transcriptome analyses indicate ontogeny-dependent intrinsic and ETO2-GLISZ2-induced differ-
ences in the activities of key transcription factors, including ERG, SPI1, GATAL, and CEBPA. Importantly,
switching off the fusion oncogene restored terminal differentiation of the leukemic blasts. Together,
these data show that aggressiveness and phenotypes in pediatric acute myeloid leukemia result from an
ontogeny-related differential susceptibility to transformation by fusion oncogenes.

SIGNIFICANCE: This work demonstrates that the clinical phenotype of pediatric acute myeloid leuke-
mia is determined by ontogeny-dependent susceptibility for transformation by oncogenic fusion genes.
The phenotype is maintained by potentially reversible alteration of key transcription factors, indicating
that targeting of the fusions may overcome the differentiation blockage and revert the leukemic state.

See related commentary by Cruz Hernandez and Viyas, p. 1653.
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INTRODUCTION

Increasing evidence supports a correlation between age,
driver oncogene, and disease phenotype in pediatric can-
cers (1, 2). The differences between adult and pediatric
cancers may stem from either the distinct properties of the
driver oncogenes or inherent differences between fetal and
adult dssue. In acute leukemia, some fusion oncogenes are
acquired in utero and are diagnosed almost exclusively during
childhood (3-5), for which efficient leukemogenesis models
are lacking (6). Childhood de novo acute megakaryoblastic
leukemia (AMKL) is an aggressive subtype of acute myeloid
leukemia (AML) that harbors recurrent fusion oncogenes
(e.g., ETO2-GLIS2, OTT-MAL, NUP98-KDMSA; refs. 7-10).
Intriguingly, several AMKL fusions have also been detected
in patients with other AML subtypes (8, 11, 12), although
the determinants of the genotype-phenotype association
remain unknown. Similar to other aggressive childhood
cancers such as Ewing sarcoma (13), these fusions are rarely
associated with additional recurrent mutations in patients
(9, 14) and they strongly affect the epigenome (15, 16),
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thereby suggesting that global transcriptional deregulation
is sufficient to drive the disease and a likely candidate for
direct therapeutic targeting (17, 18). Nevertheless, these
cancers currently lack adequate animal models that precisely
recapitulate the characteristics of the disease observed in
patients. Such models could provide mechanistic insights to
understand pediatric cancer specificity.

Several differences exist between fetal and adult normal
hematopoiesis (19, 20). In adults, hematopoietic stem cells
(HSC) are at the top of a hierarchy and differentiate toward
more committed progenitors to generate the mature blood
cell types. Although the precise trajectories that govern nor-
mal hematopoiesis remain a matter of debate (21-24), leuke-
mogenic processes are strongly influenced by the type of cell
targeted by fusion oncogenes (25). A recent study has pro-
posed that fetal liver hematopoiesis primarily involves multi-
potent progenitors, whereas adult hematopoiesis is chiefly
regulated by committed progenitors with more restricted lineage
potential (26). This view is largely supported by single-cell
transcriptome data showing that most adult hematopoietic
progenitors present signs of lineage commitment (21, 24, 27-29).
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Figure 1. AMKL is diagnosed at a younger age than AML in pediatric patients. A, Representative FISH with probes detecting ETO2 (green) and GLIS2
(red) in leukemic cells from a patient with EG* AML. The yellow signal results from the red-green overlap, thus indicating the derivative chromosome
carrying the EG fusion. B, Frequencies of EG* patients within AMKL (n =34), other AML subtypes (“AML M0-5, n = 242), and in the entire ELAMOZ2 cohort
(“AllAML n=276). C, Age at diagnosis of EG* patients obtained from pooling data from the ELAMOZ cohort and published reports (9, 12, 73-76). AMKL (n=33)
versus AML (n=15), P<0.0001. D, Age at diagnosis of NUP98-KDM5A* patients, AMKL (n=27) versus AML (n=4), P=0.0017.E, Age at diagnosis of
patients with MLL fusions, AMKL (n=18) versus AML (n=88), P=0.095. F, Age at diagnosis of patients with AMKL (n=132) versus other AML (n=500)
subtypes, P<0.0001. G, Flow-cytometry analyses of primary patient-derived xenografts (PDX) obtained from patients with AMKL and AML. Analyses
are gated on CD34* human blasts. H, Experimental design of flow-cytometric sorting of the three blast populations analyzed in I-K. I, Representative
cell morphology of the three leukemic cell populations on cytospots. Wright-Giemsa staining. Magnification: x100. J, Secondary xenotransplantation

of various cell populations from patient #5 indicates that only CD41-CD15" cells propagated the disease. K, CD15 and CD41 expression on CD34* cells
obtained from recipients of 3 x10° CD15-CD41- cells 1 year post-transplant. Statistical significance is indicated as P values (Student t test). *, P < 0.05;

** P<0.01;** P<0.001.

At the molecular level, fetal and adult hematopoiesis present
differential activity of LIN28B (30-33), GATA factor-regulated
Polycomb complexes (34), and CEBPA/MYCN transcription
factors (35).

To better understand the genotype-phenotype association
in pediatric cancers, we investigated how the fetal and adult
cellular architectures (22-24, 27, 36) affect the transforma-
tion and disease phenotype driven by ETO2-GLIS2 (here-
after abbreviated EG). We developed an inducible transgenic
mouse model that efficiently phenocopied the human disease
with striking differences in latency, phenotype, and molecu-
lar wiring, depending on the ontogenic stage at which the
driver fusion oncogene is activated.

RESULTS

AMKL Is Diagnosed at a Younger Age
than AML in Pediatric Patients

We first screened a cohort of 276 pediatric patients with
leukemia (37) for the presence of EG and confirmed that EG
occurred in patients with AMKL and other AML (AML-MO
to AML-MS5) subtypes (12), with an overall incidence of 4.7%
(Fig. 1A and B; Supplementary Table S1; Supplementary Fig.
S1A). The overall survival was poor for all patients, with a
trend toward a worse prognosis for those presenting with an
AMKL phenotype (Supplementary Fig. S1B). In addition to
the known EG* MO7e megakaryoblastic cell line, we found
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Transcriptional Impact on Pediatric Leukemia Specificity

that the CMS leukemia cell line was also EG* and presented
with a myeloid phenotype (Supplementary Fig. S1C-S1F).
Strikingly, patients with EG* AMKL were diagnosed at a sig-
nificantly younger age of 1.66 + 0.18 years (n = 33) compared
with other patients with EG* AML [8.53 + 1.73 years (n = 15);
P < 0.0001; Fig. 1C]. A similar trend was observed in patients
with AMKL carrying either NUP98—-KDMSA (Fig. 1D) or MLL
fusions (Fig. 1E) as well as for all patients with AMKL regard-
less of the genetic subgroup (Fig. 1F).

We applied patient-derived xenografts (8) to expand EG*
AMKL and EG* AML cells in immunodeficient mice. Overall,
3 of 5§ EG* AMKL and 2 of 8 EG* AML transplants success-
fully engrafted (Supplementary Table S1). Whereas AMKL
xenografts generally expressed the megakaryoblastic marker
CD41, but not the myeloid marker CD15 (as observed for
patient #13), AML blasts were CD157CD41" (e.g., patient
#7; Fig. 1G). Interestingly, we identified a 6-year-old EG*
patient (#5) diagnosed as AML-M2, who presented with
immature blasts (CD34*CD15"CD41") and two smaller cel-
lular fractions (CD34*CD417CD15™ or CD34*CD41°CD15%;
Fig. 1G). All cell populations presented with distinct mor-
phologies (Fig. 1H and I) and expressed EG (Supplementary
Fig. S1G). Upon injection of the three flow-purified cell
populations into secondary recipients, only the immature
CD34*CD41 CD15" cell population successfully engrafted
into recipients (Fig. 1J) and regenerated the three popula-
tions (Fig. 1K), thereby indicating dual megakaryoblastic
and myeloid differentiation.

Together, these results show that pediatric AMKL occurs at
a significantly younger age than other AML subtypes irrespec-
tive of the driver oncogene. Importantly, the dual megakaryo-
blastic/myeloid phenotype in the EG" patient indicates that
AMKUL-associated fusion oncogenes can transform HSC or
multipotent progenitors.

ETO2-GLISZ2 Efficiently Induces Leukemia in Mice

To analyze the determinants of EG-driven leukemogen-
esis and the associated megakaryoblastic and myeloid phe-
notypes, we established a doxycycline-regulated transgenic
mouse model (Supplementary Fig. S2A). Hereby, EG expres-
sion is controlled by a reverse tetracycline-controlled trans-
activator (rtTA) integrated into the Rosa26 gene locus, and
results in similar EG expression levels as observed in AMKL
patient blasts (Supplementary Fig. S2B and S2C). To assess
the consequences of EG expression, we continuously exposed
double transgenic iEG:7tTA females (hereafter abbreviated
iEG) to doxycycline (Dox*; Fig. 2A). Although most hemato-
logic parameters remained unchanged at 6 weeks postinduc-
tion (data not shown), iEG animals consistently presented
with an abnormal bone marrow (BM) Lin CD150 Kit*CD41*
cell population (Supplementary Fig. S2D) bearing a myeloid
and megakaryoblastic clonogenic potential in methylcellulose
cultures (Supplementary Fig. S2E). Later, doxycycline-treated
iEG animals developed lethal hematologic malignancies with
a prevalence of 96.9% (31/32 mice; Supplementary Fig. S2F),
which was classified into two groups based on the most
abundant blast populations (Fig. 2B and C; Supplementary
Fig. S2G). Approximately 20% of the mice (4/19, Group 1)
presented with a CD41* (megakaryoblastic) phenotype with
a median latency of 164 days (Fig. 2D). Group 2 presented

with heterogenous phenotypes ranging from predominantly
Kit* (immature) with low numbers of CD11b*Gr1* (myeloid)
cells to predominantly maturing Kit"™CD11b*Gr1* myeloid
features after a median latency of 251 days (Fig. 2B-D; Sup-
plementary Fig. S2G). Histologic analyses revealed altered
spleen architectures and confirmed that BM and spleens
from Group 1 mice were infiltrated with immature von
Willebrand factor (VWF*) megakaryoblasts, whereas Group 2
presented with myeloid features in the BM and extramedul-
lary hematopoiesis in the spleen (Fig. 2C; Supplementary Fig.
S2H). All diseased mice developed hepatosplenomegaly (Fig.
2E) and anemia (Fig. 2F), and Group 1 was associated with
significantly higher white blood cell (WBC) counts (Fig. 2F).
The cell-autonomous nature of the disease and its depend-
ence on EG expression was demonstrated by transplantation
of BM cells into Dox* wild-type (WT) recipients that devel-
oped disease after a shorter mean latency (120 days), whereas
Dox™ recipients never developed any disease (Fig. 2G-J; Sup-
plementary Fig. S2H). Collectively, this inducible transgenic
model faithfully recapitulates EG* leukemia development as
observed in patients.

Developmental Stage Determines the Phenotype
of ETO2-GLIS2* Leukemia

To investigate the impact of the developmental stage, we
induced iEG expression in Lin~ hematopoietic stem and
progenitor cells (HSPC) obtained from fetal liver at embry-
onic day (E) 12.5, newborn BM (1-2 weeks old), and adult
BM (ABM; 8 weeks old; Fig. 3A). In vitro, iEG expression
significantly increased the clonogenic activity with passages
in all contexts (Fig. 3B). Whereas iEG™ fetal liver-derived cells
homogeneously expressed CD41, iEG* ABM-derived cells
also consistently showed a CD11b*Gr1* myeloid phenotype
(Fig. 3C; Supplementary Fig. S3A). Newborn-derived iEG
cells presented with a myelo/megakaryoblastic intermedi-
ate phenotype between that of fetal liver and ABM. Similar
results were obtained upon retroviral expression of EG in WT
cells (Supplementary Fig. S3B). These data indicate that fetal
hematopoiesis favors EG-induced megakaryoblastic transfor-
mation in vitro.

To compare the capacity of fetal liver- and ABM-derived
iEG cells to develop disease, we transplanted 1 x 10¢ mono-
nuclear iEG cells from E14.5 fetal liver (FL) or ABM donors
(carrying a ubiquitously expressed GFP reporter to track their
progeny) into Dox* WT recipients (Fig. 3A). Mice engrafted
with iEG FL cells developed lethal leukemia with median
latency of 39 days (Fig. 3D) characterized by splenomeg-
aly, high WBC, anemia, thrombocytopenia, and infiltration
with CD41" megakaryoblasts in several organs, whereas
mice engrafted with iEG ABM cells developed the disease
after a significantly prolonged latency (median 397 days,
P =0.0008) associated with heterogenous phenotypes ranging
from Kit"*CD41™ immature to predominantly CD11b*Grl1*
myeloid features (Fig. 3D-H and data not shown). To address
the consequences of EG expression on fetal progenitors
in vivo, we exposed pregnant females (E13) to doxycycline
and analyzed the embryos 36 hours later. All iEG-expressing
embryos showed gross morphologic and hematologic abnor-
malities (Fig. 3I), with decreased erythroid and myeloid cells
and increased megakaryoblastic progenitors (Fig. 3]).
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Figure 2, ET02-GLIS2 efficiently induces leukemia in mice. A, Experimental design: Disease-inducing potential was assessed by providing doxycycline
(Dox) to naive iEG female mice (primary). Cell-autonomous leukemogenesis was ascertained by transplanting 10° BM cells from iEG mice induced at

8 weeks of age and for 45 days into wild-type C57BL/6 recipients with or without exposure to doxycycline (secondary). BMT, bone marrow transplant.

B, Representative flow cytometry analysis of Kit* and CD41* expression (top) or CD11b* and Grl* expression (bottom) in BM of primary diseased iEG
mice defining two phenotypes: Group 1 = megakaryoblastic (primarily CD41+) and Group 2 = immature/myeloid (heterogeneous expression of Kit* and

CD11b*Grl* markers; CTRL n=5,i{EG n=19 in total). C, Spleen histology of primary mice (CTRL, Group 1, and Group 2). Top, Hematoxylin-Eosin-Saffron
(H&E) staining, bottom: VWF staining (brown coloration). D, Kaplan-Meier survival plot of doxycycline-exposed iEG mice according to the two phenotypes
described inB(CTRLn=11,i{EGn=19n total, CTRL vs. Group 1: P=0.0001; CTRL vs. Group 2: P <0.0001). Median survival: Group 1 =164 days, Group 2=
251 days. E, Spleen and liver weights in primary iEG mice according to the two phenotypes described in B (1 =CD41*and 2 =immature/CD11b*Gr1*).
Spleen (CTRL vs. Group 1: P=0.0002; CTRL vs. Group 2: P=0.0023), liver (CTRL vs. Group 1: P=0.0060; CTRL vs. Group 2: P=0.0016). F, Peripheral blood
counts of diseased iEG mice with the different phenotypes. Red blood cells (RBC; CTRL vs. Group 1: P<0.0001; CTRL vs. Group 2: P <0.0001), WBC (CTRL

vs. Group 1: P=0.0068, CTRL vs. Group 2: P=0.7624), Platelet (Plt; CTRL vs. Group 1: P=0.3902; CTRL vs. Group 2: P=0.6533). G, Kaplan-Meier survival
plot of secondary recipients with or without doxycycline exposure (Dox™: n =4, Dox*: n=6). P=0.0110 (log-rank Mantel-Cox test). H, Representative
spleen section of a secondary recipient stained with VWF (brown coloration) shows significant organ infiltration. I, Spleen and liver weights in secondary
recipients with or without doxycycline exposure. Spleen: P=0.0025; liver: P=0.0220. J, Quantification of flow-cytometry analyses in the spleen of second-
ary recipients with or without doxycycline exposure. Kit*: P=0.0026; CD41*: P=0.0015; CD11b*Grl*: P=0.1002. Statistical significance is indicated as
P values (Student t test except when otherwise specified). *, P < 0.05; **, P < 0.01; *** P < 0.001.

Taken together, these observations show that the devel-
opmental stage determines the predominance of aggressive
megakaryoblastic over myeloid leukemia upon ETO2-GLIS2
expression.

ETO2-GLIS2 Expression in Fetal LT-HSCs Induces
a Megakaryoblastic Phenotype

To address the consequence of EG on distinct popula-
tions of the hematopoietic hierarchy, we purified control
(CTRL) and iEG long-term HSCs (LT-HSC) and multipotent
progenitors (MPP2, MPP3, and MPP4; ref. 38) obtained
from E14.5 FL or ABM (Supplementary Fig. S3C) and char-
acterized their clonogenic and phenotypic profile in Dox*

methylcellulose cultures (Fig. 4A). CTRL FL LT-HSC and
MPP cells generated both myeloid Gr1* and megakaryoblas-
tic CD41* cells (Fig. 4B; Supplementary Fig. S3D), thereby
confirming that most normal mouse FL progenitors main-
tain megakaryoblastic potential as observed in humans (26).
iEG fetal liver LT-HSC and MPP2 cells exclusively gener-
ated CD41* cells (Fig. 4B; Supplementary Fig. S3D), MPP3
cells yielded a large majority of CD41* cells and rare Grl*
myeloid cells (Fig. 4B; Supplementary Fig. S3D), and MPP4
cells did not significantly form any colony (Supplementary
Fig. S3E). iEG fetal liver LT-HSC and MPP2/3 cells showed
increased replating activity compared with CTRL (Fig. 4C).
To define the differentiation potential of iEG-transformed
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Figure 3. Developmental stage determines the phenotype of ETO2-GLIS2* leukemia. A, Experimental design to address the impact of EG on the e
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sentative flow-cytometry analyses of BM cells from diseased recipients at time of sacrifice. H, Quantification of GFP*(CTRL vs. FL: P=0.2644; CTRL vs.
ABM: P<0.0001; FL vs. ABM P < 0.0001), CD41* (CTRL vs. FL: P=0.0154; CTRL vs. ABM: P=0.1870; FL vs. ABM P <0.0001), and CD11b*Gr1* (CTRL vs.
FL: P=0.0024; CTRL vs. ABM: P=0.6335; FL vs. ABM P=0.0167) in GFP* BM cells. I, Images of E14.5 embryos (left and middle) and corresponding

FL (right) obtained from pregnant females on doxycycline for 36 hours. J, Flow-cytometry analyses of FL cells obtained in | (CTRL n=8; {EG n=10).
CD71*Ter119* P <0.0001; CD11b*Grl* P=0.0380; CD41* P <0.0001. Statistical significance is indicated as P values (Student t test except when
otherwise specified). ¥, P < 0.05; **, P < 0.01; ** P < 0.001.

cells, iEG FL LT-HSC and MPP2/3 cells derived from the tion and long-term cultures (Supplementary Fig. S3G), and
fourth plating were cultured without doxycycline (Fig. 4A), their CD41* megakaryoblastic phenotype correlated with
which resulted in myeloid and megakaryoblastic differentia- the high presence of doxycycline (Supplementary Fig. S3H).
tion, respectively (Fig. 4D; Supplementary Fig. S3F). CD41* Consistently, higher ETO2-GLIS2 expression was observed in
and Grl1* iEG cell lines could be derived after flow purifica- AMKL versus AML patient blasts (Supplementary Fig. S1A),
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Figure 4. £702-GLIS2-induced AMKL is an HSC-derived leukemia. A, Experimental design to address the clonogenic potential of HSC and MPP from
CTRL and iEG E14.5 embryos. Serial replating was performed every 7 days for 4 weeks (P1 to P4). B, Representative flow-cytometry analyses of cells
obtained from the first plate (P1). C, Number of colonies upon serial replating. Mean + SEM is indicated. D, Representative flow-cytometry analyses of
cells grown in methylcellulose culture with or without doxycycline (Dox). E, Experimental design to address the clonogenic potential of adult (8-10 weeks
old) HSC and MPP cells from iEG and CTRL mice. F, Representative flow-cytometry analyses of cells obtained at P1. G, Number of colonies upon serial
replating. Mean + SEM is indicated. H, Wright-Giemsa-stained cytospots from iEG ABM HSC- and MPP4-derived methylcellulose cultures at P3. Magni-
fication: x100. 1, Single HSC and MPP3 ABM cells from CTRL or {EG mice were evaluated for their potential to develop myeloid (Gr1*), megakaryoblastic
(CD41+), or mixed-cell populations (containing both Gr1*CD41- and Gr1-CD41* cells) in 96-well liquid cultures with doxycycline treatment. A representa-
tive flow-cytometry analysis of the three types of colonies obtained after 8 days of culture is shown. J, Histogram representing the percentages of CD41*,
Grl*, or mixed-population colonies as defined in I (HSC CTRL: n=50; HSC {(EG: n=47; MPP3 CTRL: n=53; MPP3 {EG: n = 85).

supporting the importance of EG dosage as shown for other  S3D). Although iEG FL MPP4 cells did not generate colonies,

fusion oncogenes (39). iEG ABM MPP4 cells showed increasing clonogenic activity
Using ABM cells, CTRL LT-HSCs formed Gr1* and CD41* upon serial replatings and a myeloid morphology (Fig. 4F-H).
cells (Fig. 4E and F), whereas CTRL MPP2/3/4 cells gener- We next investigated whether iEG endows single LT-HSC

ated almost exclusively Grl* cells (Fig. 4F; Supplementary or MPP3 cells with dual myeloid/megakaryoblastic pheno-
Fig. S3D), indicating that the megakaryoblastic potential is typic potential as observed in patient #5 (Fig. 1G). The major-
qualitatively and quantitatively lower in ABM than in fetal ity (56%) of CTRL ABM LT-HSC-derived cells showed a dual
liver (Supplementary Fig. S3I). In contrast, iEG ABM LT-HSCs phenotype, whereas others showed either megakaryoblastic
gave rise almost exclusively to CD41* cells, whereas MPP2/3/4 or myeloid phenotypes. Upon iEG induction, ABM LT-HSCs
cells generated CD11b*Gr1* myeloid cells with a higher pro- formed primarily megakaryoblastic colonies (89%) with only a
portion than iEG FL MPP cells (Fig. 4F; Supplementary Fig. few dual phenotype colonies (11%; Fig. 41 and J; Supplementary
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Fig. S3]). Whereas CTRL MPP3 cells exclusively generated mye-
loid cells under these conditions, 48% of iEG MPP3 cells yielded
adual megakaryoblastic and myeloid profile, thereby indicating
that EG imposes megakaryoblastic as well as dual myeloid/
megakaryocytic potential on single MPP3 progenitors.
Collectively, these data show that murine fetal liver HSPCs
present a higher susceptibility to megakaryoblastic transfor-
mation by EG than ABM HSPCs. They also demonstrate that
EG expression in ABM LT-HSCs results in an exclusively meg-
akaryoblastic phenotype, whereas expression in further com-
mitted progenitors is required for myeloid transformation.

ETO2-GLISZ2 Alters the LT-HSC Transcriptional
Network in an Ontogeny-Dependent Manner

To compare the molecular consequences of EG expres-
sion in different developmental (fetal liver vs. ABM LT-HSC)
or hierarchical (LT-HSC vs. MPP4 ABM cells) contexts, we
performed single-cell RNA sequencing (scRNA-seq) on these
purified populations after a 24-hour doxycycline induction
in CTRL and iEG cells. Clustering and differential expres-
sion analyses revealed that iEG affected the FL LT-HSC
transcriptome more than those from ABM LT-HSCs (3,772
vs. 151 differentially expressed genes, respectively) or MPP4
cells (only 3 differentially expressed genes; Fig. SA; Supple-
mentary S4A-S4C; Supplementary Tables S2-S4). Previously
defined signatures of upregulated (“up”) genes in patients
with ETO2-GLIS2* AMKL (40, 41) were enriched in iEG*
LT-HSCs derived from both fetal liver and ABM contexts.
However, the signature of downregulated (“down”) genes in
patients with ETO2-GLIS2* AMKL was only deregulated in
FL LT-HSCs (Fig. 5B; Supplementary Fig. S4D). iEG MPP4
cells showed few differentially expressed genes and no enrich-
ment for EG* AMKL patient signatures (Supplementary Fig.
S4D). These data show that the iEG signature obtained in
FL LT-HSCs better recapitulates the molecular consequences
observed in patients with EG* AMKL than the signatures
observed in ABM LT-HSC or MPP4 cells.

Gene set enrichment analysis (GSEA) showed enrichment
of stem-cell signatures in both fetal and adult iEG LT-HSCs
(e.g., Myctl, Esam), significantly more pronounced for several
genes in fetal LT-HSCs (e.g., Vwf and HIf, Fig. 5C and D;
Supplementary Fig. S4E and S4F). Expression signatures
from progenitors and more mature populations (e.g., MPP3,
MPP4, monocytes, neutrophils, megakaryocytes) were signifi-
cantly downregulated in fetal liver LT-HSCs compared with
adult LT-HSCs with a lower expression of myeloid (e.g., Spi1),
erythroid (e.g., Nfe2), and megakaryocytic genes (e.g., Mpl; Fig.
5C and E; Supplementary Fig. S4E), supporting a more pro-
nounced blockage of differentiation in fetal liver LT-HSCs.

To investigate related transcription factor (TF) activities,
network inference and activity prediction with ARACNe and
VIPER programs was used (Supplementary Fig. S5A; Sup-
plementary Tables S5-S7). This first confirmed a higher
expression level and activity of EG in iEG" cells on doxycy-
cline (Supplementary Fig. S5B). For several key TFs, it also
predicted significantly different activities without significant
difference in mRNA expression (Supplementary Fig. SSC;
Supplementary Tables S8 and S9). Accordingly, activity-based
clustering confirmed that iEG expression affected adult LT-
HSCs more than MPP4 cells (Supplementary Fig. S5D). Sev-

eral TFs known to act as oncogenes or cofactors (e.g., ERG,
HLF, MECOM, HOXA10, MEISI) presented increased activi-
ties, whereas other key differentiation TFs were downregu-
lated (RBM15, SPI1, CEBPA; Supplementary Fig. SSE).

To investigate the association between transcriptional
changes and chromatin remodeling, we mapped open chro-
matin regions by assay for transposase-accessible chromatin
with high-throughput sequencing (ATAC-seq) in fetal liver
progenitors 24 hours after EG induction. Most open chro-
matin regions were common between CTRL and iEG (33,429
peaks), whereas some were lost/decreased (12,412 down
peaks) or acquired/increased (5,975 up peaks) in iEG cells
(Fig. SF-I). Notably, 29% of the genes deregulated in scRNA-
seq analyses showed differential ATAC-seq peaks around the
genes’ loci, suggesting that the transcriptional modifications
induced by EG are partly due to chromatin remodeling (Fig.
SH). ATAC-seq also revealed differences between the CD41*
and Gr1* iEG cell lines with Gr1™ cells showing mostly chro-
matin closing as compared with WT FL (1,899 up and 16,383
down peaks), whereas CD41" cells showed more chromatin
opening (34,167 up and 19,971 down peaks; Fig. SI). Notably,
the regions opened by iEG in fetal liver progenitors (5,975
up peaks) at 24 hours were also enriched in CD41* but not
in Grl* cells, suggesting a closer proximity between iEG fetal
liver and CD41* than with myeloid transformed cells (Fig. 5J).

Motif analysis within the ETO2-GLIS2-specific gained open
regions (up peaks) showed a lower representation of GATA
motifs and an increased representation of ETS/ERG motifs
(Fig. SK) in fetal liver progenitors in CD41" and in Gr1* cell
lines, compared with their representation within regions
specific for the control cells (down peaks). Interestingly,
motifs of some key myeloid transcription factors, including
SPI1 and CEBP, were significantly enriched only in Grl*
transformed cells, supporting a role for these factors in the
transcriptional regulation in myeloid ETO2-GLIS2* cells.

Together, these data show that EG imposes more promi-
nent transcriptional changes in fetal liver-derived than in
adult HSC, in part through rapid changes in chromatin
accessibility to regions presenting binding sites for major
hematopoietic transcription factors including GATA, ETS,
and CEBP.

GATA1 and CEBPA Activities Correlate
with Pediatric AML Phenotypes

HSC lineage specification involves TF expression or activity
switches, including a SPI1/CEBPA module directing myeloid
development (42, 43) and an ERG/GATAL1 balance (44) regu-
lating the megakaryocytic fate and altered in human AMKL
(10). As these TFs are also involved in hematopoietic ontogeny
(34, 35), we investigated TF expression and functional contri-
bution to EG-induced megakaryoblastic and myeloid pheno-
types. WT (CTRL) fetal liver HSPCs expressed more Gatal, Erg,
and Spil and less Cebpa than their ABM counterparts. Twenty-
four hours after iEG induction, all genes were downregulated
except Erg in FL HSPCs. However, iEG FL HSPCs expressed
significantly higher levels of Gatal and Erg and lower levels
of Cebpa and Spil than iEG ABM HSPCs (Fig. 6A). Notably,
Spil was more strongly downregulated by iEG in fetal liver
(4.9-fold) than in adult (2.2-fold) progenitors, consistent with
scRNA-seq data performed in purified LT-HSCs (Fig. SE).
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Figure 5. ET02-GLIS2 alters the LT-HSC transcriptional network in an ontogeny-dependent manner. A, Clustering of the different populations based
on scRNA-seq data using Zinbwave. The number of genes significantly differentially expressed between CTRL and iEG in each population is indicated.

B, GSEA on iEG FL LT-HSCs (left) or ABM LT-HSCs (right) versus CTRL scRNA-seq data using published EG* AMKL patients’ specific gene-expression
signatures from Bourquin and colleagues (40) or Gruber and colleagues (41). Normalized enrichment score (NES) in iEG versus CTRL cells are represented
(positive NES indicates higher activity in iEG vs. CTRL cells; negative NES indicates lower activity in iEG vs. CTRL cells). Up, signature of genes
upregulated in patients with EG* AMKL; down, signature of genes downregulated in patients with EG* AMKL. *, FDR < 0.25; **, FDR < 0.05; **, FDR < 0.01.
C, GSEA using published signatures from normal progenitors and mature cells (38, 77): HSC, MPP2, MPP3, MPP4. Mono, monocyte; neutro, neutro-
cyte; MK, megakaryocyte. D, Violin plots of Myct1, Esam, and Vwf expression in FL cells and ABM LT-HSCs. Log, values of the normalized read counts
are represented. E, Violin plots of Spil, Nfe2, and Mpl expression in FL cells and ABM LT-HSCs. Log, values of the normalized read counts are repre-
sented. F, Heat map showing hierarchical clustering centered on open chromatin peaks identified by ATAC-seq analysis in CTRL and iEG FL progenitors
(LT-HSC+MPP1+MPP2) after 24 hours of doxycycline (Dox) induction. Common, peaks unchanged between CTRL and {EG; down, peaks lost or significantly
reduced in (EG; up, peaks gained or significantly enriched in iEG. Windows of 11 kb are shown. S, peak start; E, peak end. G, lllustrations of ATAC-seq peaks in
CTRL and iEG FL progenitors of representative common (Rplp0), down (Nfe2), and up (Esam) peaks using Integrative Genomics Viewer software. H, Pie chart
illustrating the fraction of significantly deregulated genes in scRNA-seq iEG versus CTRL FL-HSCs in which a modified EG peak (either up or down) is pre-
sent. The number of genes with a deregulated peak is indicated. I, Histogram representation of the number of common, up, and down peaks between {EG FL
progenitors, CD41* cell line, or Grl* cell line and CTRL FL progenitors. J, Intensity profiles of up peaks in FL progenitors described in F with CTRL and
{EG fetal liver progenitors, CD41* and Grl* ATACseq data. K, Motif analysis under the peaks enriched in CTRL versus iEG (down peaks) in fetal liver pro-
genitor (peaks down in iEG FL progenitors, dark gray), in iEG versus CTRL (peaks up in iEG FL progenitors, green), in megakaryoblastic CD41*

(CD41, orange) and in myeloid Gr1*(Grl, blue) iEG cell lines. Chi? analysis: GATA: FL vs. down P = 3.46e7143; CD41 vs. down P =3.67e73!6; Grl vs. down
P=6.77e7, ERG: FL vs. down P=1.19e71% CD41 vs. down P=6.5e732 Grl vs. down P=2.31e!% PU.1: FL vs. down P=0.21; CD41 vs. down P=0.194;
Grl vs. down P=5.39e 28, CEBP: FL vs. down P=1.12e3; CD41 vs. down P=1.49e 2% Grl vs. down P = 2.5e-201. Statistical significance is indicated as

P values (Student t test). *, P< 0.05; **, P < 0.01; ** P<0.001.

We then quantified expression of these TFs in CTRL and iEG increasing SPI1 or CEBPA activity biased iEG LT-HSCs toward
ABM LT-HSC and MPP4 cells. Erg and Gatal were more highly a myeloid phenotype (Fig. 6C-E). Retroviral GATAI, and to
expressed in iEG LT-HSC-derived cells than in iEG MPP4- a lesser extent ERG, expression enhanced the megakaryocyte
derived cells, whereas Cebpa and Spil were highly expressed phenotype in iEG MPP4 cells. In iEG LT-HSCs, expression of
in MPP4 cultures (Fig. 6B). We then functionally assessed CEBPA, but not SPI1, enhanced the myeloid phenotype.

whether increasing ERG or GATAL1 activity may impose a We then compared ERG, GATAI, SPI1, and CEBPA expres-
megakaryoblastic phenotype in iEG MPP4 cells and whether sion levels in leukemic blasts from patients with AMKL and
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Figure 6. GATA and CEBPA activities functionally control EG-induced phenotypes. A, Quantitative RT-PCR analyses in Lin CTRL and {EG FL14.5 and
ABM-derived cells after 24 hours in liquid culture with doxycycline. Mean + SEM (n = 3) is shown. B, Quantitative RT-PCR analyses in CTRL and iEG ABM
LT-HSC and MPP4-derived cells at P1. Mean + SEM (n = 3) is shown. C, Experimental design to ectopically express indicated TFs in iEG ABM LT-HSC

and MPP4 cells. D, Representative flow-cytometry analyses of cells obtained at P1 after transduction of WT and {EG MPP4 cells with ERG, GATAL, or
GFP-only retroviruses. Analysis was gated on GFP* cells. E, Representative flow-cytometry analyses of cells obtained at P1 after transduction of WT and
{EG LT-HSCs with SPI1, CEBPA, or GFP-only retroviruses. Analysis was gated on GFP* cells. F, Quantitative RT-PCR analyses in blasts from patients with
AMKL (n=8, EG- AMKL: empty circles; EG* AMKL: orange circles), AML (n=7, EG- AMKL: empty squares; EG+ AMKL: blue squares) and in the different
blast populations from the dual phenotype ETO2-GLIS2* AML patient (#5) presented in Fig. 1H (CD41-CD15" immature: black triangle; CD41*CD15" meg-
akaryoblastic: orange triangle; CD41-CD15* myeloid: blue triangle). Statistical significance is indicated as P values (Mann-Whitney test).*, P < 0.05;

** P<0.01;%* P<0.001. G, Schematic representation of the bases for the pediatric and phenotypic specificities associated with ETO2-GLIS2* leukemia.
Our data and published studies (22-24, 26) support the idea that a shift from a higher megakaryoblastic potential (orange color) to a higher myeloid
potential (blue color) in fetal versus adult hematopoiesis is associated with a change in the GATA1 versus CEBPA activities. Here we show that ETO2-GLIS2
imposes a stronger deregulation of self-renewal programs in fetal compared with adult hematopoiesis (including higher ERG and lower SPI1 activities).
The combination of the basal transcriptional state controlling phenotypic output with a differential effect of ETO2-GLISZ on self-renewal programs
during hematopoietic ontogeny may therefore underlie the strong prevalence of AMKL in early childhood and more generally represent a basis for

the specific pediatric and phenotypic incidence of human AMKL versus other myeloid leukemia (AML; bottom). Statistical significance is indicated as

P values (Student t test) except otherwise mentioned). *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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AML and in different populations from the dual AML/AMKL plementary Fig. S1F). The EG" case with a dual phenotype
phenotype patient (#5; Fig. 6F; Supplementary Fig. S6A). (#5) showed an intermediate expression of CEBPA, GATAI,
AMKL cases showed high ERG and GATAI and low SPII and and ERG compared with patients with AMKL and AML (Fig.
CEBPA expression, whereas AML cases presented an opposite 6F). In this patient, the most immature CD34"CD41°CD15~
expression pattern. Similar profiles were observed in the blasts showed the highest ERG expression compared with
human EG" cell lines MO7e (AMKL) and CMS (AML; Sup- CD41* and CD15" blasts, while the CD41* blasts showed the
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highest GATAI expression and the CD15* blasts showed the
highest SPI1 expression levels. Notably, CD41" blasts showed
an unexpected combination of GATAI" and CEBPA™ expres-
sion (Supplementary Fig. S6A), the significance of which for
this peculiar case of dual megakaryoblastic/myeloid pheno-
type remains to be understood.

Collectively, these data support the idea that the specific
association between EG* AMKL and young children results
from a combination of at least two parameters (Fig. 6G).
First, intrinsic differences in the GATA1 and CEBPA activi-
ties observed during the normal ontogeny (FL HSC vs. ABM
HSC) and in the normal HSPC hierarchy (HSC vs. MPP)
are conserved upon EG expression and correlate with the
megakaryoblastic/myeloid phenotypic output, respectively.
Second, EG induces a stronger deregulation of self-renewal-
associated genes (e.g., ERG and SPII) in the fetal versus adult
HSC.

ETO2-GLIS2 Reversibly Transforms LT-HSCs

As our cellular and molecular observations indicate that
EG hijacks HSC properties, we compared the in vivo leukemo-
genic potential of purified cell populations and assessed its
potential reversibility by tracking the differentiation poten-
tial of iIEG-transformed cells (carrying the GFP reporter gene)
after doxycycline removal.

GFP*FL LT-HSCs and MPP3 cells from E14.5 iEG embryos,
or LT-HSC and MPP cells from iEG ABM, were transplanted
into doxycycline-treated WT recipients (Fig. 7A). The iEG FL
LT-HSC and MPP3 recipients developed fully penetrant and
rapid (median: 27 days and 33 days, respectively) lethal leu-
kemia (Fig. 7B). The iEG ABM LT-HSC recipients developed
disease after a strikingly longer latency (median: 312 days, P =
0.017; Fig. 7B and C; Supplementary Fig. S6B). Only 1 of
9 iEG ABM MPP3 recipients developed disease with a long
latency and none of the iEG ABM MPP4 recipients developed
any disease (Fig. 7C; Supplementary Fig. S6B). The fetal liver
iEG LT-HSC and MPP3 recipients presented with a more
severe disease than the ABM iEG LT-HSC mice as assessed by
greater degree of splenomegaly, higher WBC counts, higher
percentage of CD41" cells and lower platelet counts, matur-
ing myeloid populations, and lymphoid cells in BM and
spleen (Fig. 7D-G). Histologic analyses showed that the BM,
spleen, and liver were infiltrated with GFP* cells that were
weakly VWE". The iEG ABM LT-HSC recipients displayed rare
maturing VWF" megakaryocytes that were all GFP~, which
was not observed in the iEG FL LT-HSC counterparts (Sup-
plementary Fig. S6C; data not shown).

To investigate the differentiation potential of LT-HSC-
derived iEG leukemic cells, we purified the immature
CD41"CD11b"Gr1™ blasts from iEG fetal liver LT-HSC
diseased recipients and grew them in cultures in absence of
doxycycline. As compared with the immature blasts main-
tained with doxycycline, they generated both maturing
CD41*CD42* megakaryocytes and CD11b*Gr1* myeloid
cells (Supplementary Fig. S6D). This was associated with
reduced expression of iEG and its known target Erg, whereas
Gatal expression increased, consistent with broad differ-
entiation capacities (Supplementary Fig. S6E). To assess
long-term hematopoietic potential, BM cells from the ABM
LT-HSC-engrafted diseased recipients were transferred into

secondary doxycycline-treated recipients (Fig. 7H). Two
weeks post-transplant (= DO time point), when recipients
showed the first signs of disease (Supplementary Fig. S6F
and S6G), some recipients were maintained on doxycycline
(group A) whereas doxycycline treatment was ceased in
group B. At three days after doxycycline removal, the platelet
counts were back to normal in group B; 80% of platelets
originated from iEG-transformed cells as shown by GFP
expression (Fig. 7I). GFP* cells were also detected later in
red blood cells (RBC) and WBCs (Fig. 7I; Supplementary
Fig. S6H). Notably, doxycycline-treated mice (group A)
developed lethal leukemia similar to primary mice whereas
group B off doxycycline did not (Dox*, Fig. 7J). Analysis
of group B at 6 months post doxycycline removal dem-
onstrated that GFP* cells were still present in all analyzed
hematopoietic compartments, including mature B and T
cells (Fig. 7K; Supplementary Fig. S6I). Together, these data
show that iEG expression in FL LT-HSCs results in a rapid
and aggressive AMKL in vivo associated with maintenance
of long-term HSC-like differentiation potential once the
driver oncogene is switched off.

MLL-AF9 Expression in Fetal Liver LT-HSCs
Induces Megakaryoblastic Features

In addition to ETO2-GLIS2, other fusion oncogenes,
including MLL-AF9, are found in both pediatric AML and
AMKL. However, published murine models only displayed
MLL-AF9-driven myeloid, but not megakaryoblastic leuke-
mic phenotypes. To assess whether the ontogenic stage
and cell hierarchy also affect the phenotype induced by
MLL-AF9, we retrovirally expressed MLL-AF9 (rMLL-AF9) in
fetal liver- and ABM-derived HSPCs from WT mice. Notably,
rMLL-AF9 resulted in an increased CD41* megakaryoblastic
phenotype in fetal liver compared with ABM cells (Sup-
plementary Fig. S7A). Next, we transduced purified fetal
liver LT-HSC and MPP populations and observed increased
CD41" output only with LT-HSCs (Supplementary Fig. S7B).
Transplantation of yMLL-AF9-transduced cells revealed dis-
ease development in both cases, presenting with clear CD41*
and VWF" megakaryoblastic features only in recipients of
FL LT-HSCs, but not MPP4 cells (Supplementary Fig. S7C
and S7D). rMLL-AF9-expressing CD41" blasts also expressed
high Gatal and low Spil and Cebpa expression, whereas
MPP4-derived myeloid blasts showed a mirrored expression
pattern (Supplementary Fig. S7E). Collectively, these obser-
vations indicate that ontogenic changes in the cellular hier-
archy affect disease phenotypes not only for ETO2-GLIS2,
but also for other AMKL-associated fusion oncogenes such
as MLL-AF9.

DISCUSSION

In toto, our observations in patient samples and in induc-
ible transgenic mouse models for pediatric leukemia-associ-
ated fusion oncogenes, including ETO2-GLIS2 and MLL-AF?9,
provide experimental evidence that aggressive pediatric
AMKL originates in fetal HSPCs and, more globally, that
age- and phenotype-specific associations observed in human
patients rely on changes in the cellular architecture during
hematopoietic ontogeny.
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Figure 7. ETO2-GLIS2reversibly transforms LT-HSCs. A, Experimental design: purified LT-HSC and MPP cells from WT or iEG mice expressing the
Ubiquitin-GFP (GFP*) were transplanted into WT doxycycline (Dox)-treated recipients. Note that GFP expression is not doxycycline-dependent and there-
fore engraftment of all cells can be followed using GFP regardless of the doxycycline treatment. B, Kaplan-Meier survival curve of recipients of naive iEG
LT-HSCs from ABM or fetal liver, on doxycycline. Recipients were treated with doxycycline after transplantation. Log-rank Mantel-Cox test iEG HSC FL
versus ABM recipients: P=0.0171. Median survival: HSC ABM: 312 days; HSC FL: 27 days. C, Kaplan-Meier survival plot of recipients of naive iEG MPP3
cells from ABM or FL kept on doxycycline. Log-rank Mantel-Cox test {EG MPP3 fetal liver versus ABM recipients: P=0.0010. Median survival of

MPP3 FL: 33 days. D, Percentages of GFP* cells in BM, spleen weights, WBC counts, and platelet (Plt) counts in CTRL and iEG ABM HSC recipients and
{EG FL HSC and MPP3 recipients. Spleen (CTRL vs. FL: P < 0.0001; CTRL vs. ABM: P=0.0039), WBC (CTRL vs. FL: P=0.0095; CTRL vs. ABM: P=0.0309),
Plt (CTRL vs. fetal liver: P=0.0079; CTRL vs. ABM: P=0.1536). E, Representative flow-cytometry analysis of diseased recipients at time of sacrifice.

F, Histogram of the percentages of CD41*and CD11b*Grl* cells in the BM of primary diseased recipients. CD41*(CTRL vs. FL: P<0.0001; CTRL vs. ABM:
P=0.0005), CD11b*Gr1*(CTRL vs. FL: P=0.0016; CTRL vs. ABM: P=0.0717). G, Histogram of the percentages of B220* CD4*, and CD8* cells in the
spleen of primary diseased recipients. B220* (CTRL vs. FL: P=0.012; CTRL vs. ABM: P=0.0102), T cells = CD4* or CD8* cells (CTRL vs. FL: P<0.0001; CTRL
vs. ABM: P=0.0016). H, Experimental design: 1 x 10% BM cells from the diseased primary recipients at time of analysis were transplanted into secondary
sublethally irradiated doxycycline-treated recipients. After two weeks, doxycycline treatment was maintained for group A (GFP+ cells expressing iEG)
and ceased in group B (GFP* cells lacking iEG expression). I, Plt and RBC counts (top) and respective percentages of GFP* cells (bottom) in secondary
recipients of ABM LT-HSC-derived disease. DO: time at which doxycycline was maintained in group A and withdrawn in group B. Mean + SEM (n=6/group)
is shown. J, Kaplan-Meier survival plot of secondary recipients transplanted with cells from diseased primary iEG ABM LT-HSC recipients. Secondary
recipients were kept on doxycycline (Dox*) or not (Dox"). Log rank Mantel-Cox test of Dox~ versus Dox* recipients: P = 0.0086. K, Flow-cytometry analy-
ses in secondary recipients of {EG ABM LT-HSC-derived disease at 6 months after doxycycline withdrawal. Analyses were gated on GFP* (iEG donor-
derived) or GFP~ (WT recipient) cells. Statistical significance is indicated as P values (Student t test except when otherwise specified). *, P < 0.05;

** P<0.01;** P<0.001.
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A novel inducible transgenic mouse model allowed us to
demonstrate that expression of EG in fetal progenitors and
adult LT-HSCs, but not in further committed adult pro-
genitors, resulted in leukemogenesis in vivo. The previous
lack of in vivo transformation (41, 45) could therefore be
due to a poor targeting of LT-HSCs by retroviral transduc-
tion. The inducible model was also instrumental in demon-
strating that HSC-derived EG* leukemic cells can maintain
long-term reconstitution and differentiation properties upon
withdrawal of the driver oncogene. In adult hematopoiesis,
several cellular and gene expression studies have indicated
the close proximity between LT-HSCs and megakaryocytic
states in normal and stress conditions (22-24, 29, 46, 47),
thus prompting the hypothesis that megakaryopoiesis may
represent the native differentiation pathway for LT-HSCs
(24). Our data indicate that EG alters master hematopoietic
TF activities in LT-HSCs (e.g., ERG, HLF, MECOM, and HOX-
related factors) toward a megakaryoblastic state and therefore
strongly suggest that EG* AMKL is mostly an LT-HSC disease.
In addition, expression of MLL-AF9 in fetal LT-HSC led to
clear megakaryoblastic features as opposed to fetal MPP or
adult progenitors that generated the typical MLL-AF9 myeloid
leukemia. Also, other AMKL fusions involve transcription reg-
ulators important for both normal HSC and megakaryocyte
biology (e.g., OTT1/RBM1S; ref. 48). Therefore, we propose a
conceptual framework for pediatric AMKL in general in which
transcriptional constraints, imposed by distinct oncogenes,
represent molecular switches that functionally converge on
an early alteration of fetal LT-HSCs as they engage the native
megakaryocytic differentiation pathway.

This study also demonstrates that the transforming
potential of pediatric oncogenes is dependent on the ontog-
eny-related dynamics of the hematopoietic tissue architec-
ture. Indeed, in our model, iEG expression in fetal LT-HSCs
generated an aggressive and phenotypically homogeneous
megakaryoblastic phenotype, whereas expression in adult
LT-HSCs resulted in the development of more heterogeneous
phenotypes with delayed latencies. This is consistent with
recent findings that normal fetal hematopoiesis is primarily
controlled by multipotent HSPCs (endowed with megakaryo-
cytic potential), whereas adult hematopoiesis presents with a
higher ratio of committed progenitors (lacking megakaryo-
cytic potential; ref. 26). Molecularly, our data indicate that,
although GATAI and CEBPA expression are both low in
EG* leukemia, their relative activities may contribute to the
megakaryoblastic versus myeloid phenotype of EG* leukemia,
respectively. EG imposed higher Erg and lower Spil levels in
fetal than in adult LT-HSCs, but engineered expression of
these factors did not drastically affect the EG-induced phe-
notype in vitro. Notably, the precise expression level of Erg
and Spil controlled self-renewal and transformation in other
models (49-51). Together, we propose that the association
between EG* AMKL and the young age of the patients results
from the combination of (i) intrinsic differences between
normal fetal and adult hematopoiesis together with (ii) a
stronger alteration of fetal HSC transcriptional regulation
by EG, leading to a higher susceptibility of fetal HSC to
transformation by EG (Fig. 6G). The former includes a higher
proportion of multipotent versus myeloid-committed pro-
genitors and higher GATA1 versus CEBPA activity in fetal

as compared with adult stages. The latter includes a more
prominent deregulation by EG of a self-renewal module (e.g,,
ERG and SPI1). As low CEBPA activity was also associated
with increased competitive advantage and proliferation (35,
52), the lower CEBPA expression in the EG* fetal context may
also contribute to the more aggressive leukemia obtained
upon EG expression in fetal HSCs.

It is likely that the importance of this higher ontogeny-
related susceptibility extends to the other human mega-
karyocyte/platelet-related diseases (e.g., Trisomy 21, AMKL,
and thrombocytopenia absent radii syndrome; refs. 53-55)
but also to other pediatric leukemias, including lymphoid
leukemia with MLL-AF4 (56), whose prevalence peaks dur-
ing childhood. Furthermore, multiple pediatric cancers are
driven by strong epigenetic fusion oncogenes in the context
of a low mutational burden, including Ewing sarcoma and
rhabdomyosarcoma, for which the cellular origin is poorly
defined (13), and glioblastoma, for which oncogenic drivers
have been recently shown to arise in stem cells (57). Therefore,
a precise characterization of the changes in the cellular archi-
tecture of the relevant tissues of origin should improve our
understanding of the heterogeneous clinical presentations
in other pediatric cancers and facilitate the establishment
of other disease models that may serve as experimental plat-
forms to develop more selective therapeutic strategies.

METHODS

Reagents and Resources

Supplementary Table S10 contains an extensive list of the relevant
reagents.

Patient-Derived Data and Material

Patient blood and BM samples were obtained with the written
informed consent of the patient or their family in accordance with
the Declaration of Helsinki, and the study was approved by the Gus-
tave Roussy Institutional Review Board. Samples were subjected to
Ficoll gradient, immunophenotyped, and used fresh or frozen in FBS
supplemented with 10% DMSO for subsequent use. DNA and RNA
were obtained from the mononuclear cell fractions using the manu-
facturer’s recommendations (Qiagen). cDNA from 284 patients was
available to detect the EG fusion via RT-PCR. The primer sequences
are provided in Supplementary Table S11.

Clinical data were obtained from the ELAMO2 protocol. This study
focused on 385 of 438 children treated in the ELAMO2 trial (Treating
Patients with Childhood Acute Myeloid Leukemia with Interleu-
kin-2; ClinicalTrials.gov NCT00149162; ref. 37). Patient selection
was based on the availability of genomic DNA and RNA upon AML
diagnosis. Children ages 0 to 18 years newly diagnosed with AML
were enrolled between March 2005 and December 2011. Patients
diagnosed with acute promyelocytic leukemia, therapy-related AML,
or Down syndrome were excluded from the ELAMO2 trial. The
study was approved by the Ethics Committee of Saint-Antoine Paris
University Hospital (Assistance Publique-Hopitaux de Paris) and by
the Institutional Review Board of the French Regulatory Agency.
The study was conducted in accordance with the declaration of
Helsinki. Data concerning age at diagnosis was also collected from
the ELAMO2 protocol and ref. 9, including 87 patients with AMKL.

Patient-Derived Xenotransplantation

Patient-derived xenograft protocols have been described previously
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FISH

The DNA probe set obtained from Empire Genomics (CBFA2T3
and GLIS2 FISH probes, AmpliTech) hybridizes to chromosome
16p13.3 at CBFA2T3 locus (red) and 16q24.3 at GLIS2 (green) in
normal metaphase spreads or interphase nuclei. FISH analysis was
performed following the manufacturer’s protocol. Interphase nuclei
and metaphases were scored on Imager Z2 fluorescence microscope
(Zeiss) using Isis/Metafer/Relosys MetaSystems Software (MetaSys-
tems). In cells with the EG fusion, the overlap between the two probes
generates a yellow signal indicative of the fusion oncogene.

Cell Lines

The human AMKL MO7e cells (ref. 58; derived from a 6-month-old
girl) were cultured in 0o-MEM supplemented with 20% FBS, penicil-
lin (100 U/mL)-streptomycin (100 pg/mL), 2 mmol/L L-glutamine
(Gibco), and 5 ng/mL of human GM-CSF (PeproTech).

The human CMS cells (ref. 59; derived from a 2-year-old girl)
were cultured in RPMI-1640 supplemented with 10% FBS, penicillin
(100 U/mL)-streptomycin (100 pg/mL), and 2 mmol/L L-glutamine
(Gibco).

The human AML-M6 HEL 92.1.7 (HEL) cells (ref. 60; derived from
a 30-year-old patient) were cultured in RPMI-1640 supplemented
with 10% FBS, penicillin (100 U/mL)-streptomycin (100 pg/mL), and
2 mmol/L L-glutamine (Gibco).

All cell lines were obtained from the laboratory of O. Bernard in
2009, were karyotyped for authentication in 2018, and were tested for
Mycoplasma in 2017, and the described experiments were performed
within 3 months after thawing.

Mice

To generate the iETO2-GLIS2:1tTA (iEG) model, the human EG
cDNA was cloned into the p2Lox vector and electroporated into
A2Lox-Cre embryonic stem (ES) cells, a generous gift from Michael
Kyba (61). ES cell clones were selected for the correct integration
of EG at the Hprt locus on chromosome X and used to obtain ger-
mline-transmitting chimeras that were subsequently back-crossed
into the C57BL/6 background. The rtTA and the EG transgene
were genotyped using the primers indicated in Supplementary
Table S11.

To obtain GFP-expressing iEG mice and track the iEG cells upon
in vivo transplantations, we crossed i(ETO2-GLIS2:7tTA mice with the
Ubiquitin-GFP reporter line (UBI-GFP) mice (62). In these mice, GFP
expression is controlled by a ubiquitin promoter and not controlled
by doxycycline. Therefore, engraftment of all CTRL and iEG donor
cells can be tracked using GFP regardless of the doxycycline treatment
status or iEG expression.

The transgenic mouse line for inducible expression of MLL-AF9
has been described previously (25).

The iETO2-GLIS2 and iMLL-AF9 transgenes were induced with
doxycycline provided in impregnated food pellets (doxycycline food
pellets, 545 mg/kg, provider: SSNIF), which is predicted to corre-
spond to an approximate dose of 2.2 mg/day.

Mice were maintained at the Gustave Roussy preclinical facility
and all experiments were approved by the French National Animal
Care and Use Committee (CEEA 26: #2012-017,#201712180922196_
v2 and #2017122111548235_v2).

Bone Marrow Transplantation

Transplantation of BM (10°) or sorted progenitor cells was per-
formed through intravenous injection in lethally (9.5 Gy) or suble-
thally (5 Gy) irradiated 8-week-old C57BL/6 recipient mice.

Morphologic analysis of peripheral blood, BM, and spleen cells
as well as histologic analyses were performed according to standard
procedures.

Flow Cytometry

Cells analyzed by flow cytometry were antibody-stained in PBS 1x
supplemented with 2% FBS for 30 minutes at 4°C with washing prior
to FACS analysis. Whole BM and spleen cells from mice were col-
lected, subjected to RBC lysis, and stained for FACS analysis.

To obtain HSPCs, BM cells were depleted from the mature hemat-
opoietic cells (Lin") with the Becton Dickinson (BD) Mouse Hemat-
opoietic Progenitor (Stem) Cell Enrichment Set (558451).

To obtain ABM precise progenitors, populations were further
purified by FACS according to the following phenotypes: LT-HSCs
(HSCs) were defined as Lin Kit*Scal*CD135"CD34 CD48 CD150%,
MPP2cellsweredefinedasLin Kit*Scal*CD 135 CD34tCD48*CD150%,
MPP3 cells were defined as Lin Kit*Scal*CD135"CD34*CD48*CD150",
and MPP4 cells were defined as Lin Kit*Scal"CD135*CD34*CD48*
CD150".

To obtain fetal liver HSPCs, cells were depleted with biotin-con-
jugated antibodies against CD3, Ter119, B220, Gr1, NK1.1, F4/80,
and CD19.

To obtain FL HSC and progenitor populations, cells were purified
by FACS according to the following phenotypes: LT-HSCs were defined
as Lin"Kit*Scal®™CD135"CD48 CD150*, whereas MPP2, MPP3, and
MPP4 cells were defined with the same markers as ABM cells.

Flow cytometry analyses were performed with ARIAII, ARIAIII,
CANTO-II, or CANTO-X instruments (BD Biosciences), and data
were analyzed using FlowJo software (version Flowjo 9.3.2).

Serial Replating Assays

Total cells and/or progenitors from ABM or fetal liver at E12.5 or
E14.5 were isolated from iEG mice and plated in 3 mL methylcellu-
lose (Methocult M3434; StemCell Technologies), supplemented with
IL3,IL6, SCF, EPO, and 300 ng/mL doxycycline. Colonies were scored
under the microscope after 5 to 7 days, harvested, and replated (10*
cells) for four rounds.

Single-Cell Cultures

Single cells were seeded in 96-well plates in 100 uL. RPMI supple-
mented with 10% FBS, cytokines (mIL3, mIL6, mIL11, mSCE, mTPO,
mEPO, mGM-CSF, mFLT3l) and 100 ng/mL doxycycline. Wells were
scored for clonal growth after four days of culture, and frequency of
megakaryoblastic and myeloid cells was assessed by surface marker
analysis using a previously described method (63) after 5 to 10 days.

RNA Extraction and Quantitative RT-PCR Analysis

mRNA was isolated using an RNeasy Mini/Micro Kit (Qiagen) and
quantified using a NanoDrop (Thermo Fisher Scientific). Reverse
transcription was carried out with SuperScript II (Invitrogen). gPCR
was performed with SYBR Select Master Mix or Tagman Gene
Expression Master Mix (Applied Biosystems) using a 7500HT Fast
Real-Time PCR System (Applied Biosystems) according to the manu-
facturer’s recommendations. The primer sequences are provided in
Supplementary Table S11.

ETO2-GLIS2 Genomic DNA Fusion Point

DNA were isolated using an All Prep DNA/RNA Mini/Micro Kit
(Qiagen) and quantified using a NanoDrop (Thermo Fisher Scien-
tific). PCR was performed using a GeneAmp PCR System 9700. The
primer sequences are provided in Supplementary Table S11.

Immunoblotting

Total cell lysates were prepared in lysate buffer containing
50 mmol/L Tris-HCI (pH 8), 150 mmol/L NaCl, 1% NP40, 1 mmol/L
EDTA, 0.1% SDS, 0.5% sodium deoxycholate, and protease inhibi-
tors (phenylmethylsulfonyl fluoride 1%, NaF 1%, Sodium orthova-
nadate 1x, complete 1x). Western blotting was then performed
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using standard procedures using anti-ETO2 (ab33072, Abcam),
anti-HSC70 (sc7298, Santa Cruz Biotechnology), and anti-RPLPO
(ab192866, Abcam) antibodies.

Production of Retroviral Particles and Transduction

For retroviral transduction experiments, we constructed murine
stem cell virus backbone constructs expressing GFP and encoding
human ETO2-GLIS2, ERG, CEBPA, SPI1, and GATAI open reading
frame. Briefly, 293T cells were transfected using Xtreme GENE
transfection reagent according to the manufacturer’s instructions
(Roche). Retroviral particles were harvested 24 and 48 hours after
transfection. For retroviral transduction, murine progenitor cells
were spinoculated twice with retroviral particles in culture medium
containing 5 pg/mL polybrene and 7.5 mmol/L HEPES buffer for
90 minutes at 2,500 rpm and 33°C.

scRNA-seq

Progenitor cells were isolated from iEG mice and cultured for 24
hours in RPMI supplemented with 10% FBS, cytokines (mIL3, mIL6,
mSCF, mTPO, mFLT3l) and 100 ng/mL doxycycline. scRNA-seq
analysis was performed as described previously (28, 64). Single cells
were individually sorted in 96-well plates containing lysis buffer
(0.2% Triton X-100 and 500 U/mL Superase-In RNase Inhibitor). The
Ilumina Nextera XT DNA Preparation Kit was used to prepare librar-
ies. Pooled libraries were sequenced using the Illumina HiSequation
4000 system (single-end 125 base pair reads).

Statistical Analyses

Statistical analyses were performed using the GraphPad Prism
software (version Prism 6-2) except otherwise mentioned.

Bioinformatics Analyses

Reads Quality Control and Alignment. Quality control of reads
was performed using FastQC 0.11.7 and multiQC 1.5.dev0. The
reads were aligned to the reference genome mm10 GRCm38.p4 81
with GSNAP (v 2015-09-29) with the following parameters: -A sam
-B 5-t23-n1-Q-N 1. Finally, gene expression was quantified using
HTSeq 0.6.0

Counts Preprocessing, Quality Controls, and Normalization. Prior
to data normalization, cells were filtered to remove low-quality sam-
ples and to fulfil the following conditions: have at least 4,000 detect-
able genes, have less than 20% of counts mapping to mitochondrial
genes, have less than 50% of reads mapping to spike-in controls and
at least 2° counts that map to nuclear genes. Normalization was
next performed by library size with the deconvolution of size factors
method described by Lun and colleagues using scran and scater R
libraries (65, 66). Preclustering of cells and five pool sizes from 20 to
100 (by an increment of 20) were used as normalization parameters.
Highly variable gene (HVG) selection was performed as described
previously (67) for feature selection. Those HVGs were used for t-SNE
to explore possible underlying substructures in the data.

Differential Expression Analysis and GSEA. For detection of dif-
ferences at the transcriptomic level between groups, differential
expression analysis was performed with Wilcoxon test over the log,
counts values and P value correction by Benjamini-Hochberg method
(FDR cutoff at 0.05). GSEA was also performed to detect potential
overexpressed signatures in patients with default parameters except
for —collapse false -permute phenotype (68).

Gene Regulatory Network Inference. ARACNe-AP software was used
to infer a Gene Regulatory Network (69) using iEG scRNA-seq data to
predict a list of target genes of each TF in the context of cells expressing
ETO2-GLIS2 (called “EG network,” Supplementary Table S6). For that

purpose, iEG cells with log, counts < 1 for ETO2-GLIS2 were not con-
sidered. ARACNe was run over the log, normalized counts in bootstrap
mode (100 iterations), with a P-value threshold of 1e-8 and a custom
curated list of 2,171 TFs. Similarly, we predicted the target genes of
each TF in a normal hematopoietic context from published scRNA-seq
data (70) obtained with the same protocol (called “normal network”;
Supplementary Table S7). Therefore, the activity of each TF was
computed using two independent lists of target genes, and consistent
prediction of TF activity levels were obtained for key factors (Fig. SE).

Transcription Regulator Activity Prediction and Master Regulator
Analysis. Networks were used to infer activity (NES) of the tran-
scriptomic regulator with R library viper (71), as described in the
package manual. NESs were used to test differential activity by ¢ test
and P value correction by Benjamini-Hochberg (FDR cutoff at 0.05).
Master Regulator Analysis was also carried out as described in the
manual, with calculation of bootstrapped null model and shadow
correction (enrichment of a regulator driven by similar targets of
another regulator) of top 25 regulators.

ATAC-seq

ATAC-seq analysis has been adapted from ref. 72. Briefly, cells
were isolated from iEG mice and cultured for 24 hours in RPMI
supplemented with 10% FBS, cytokines (mIL3, mIL6, mSCF, mTPO,
mFLT3]) and 100 ng/mL doxycycline. After cell lysis, transposition,
and purification step, the transposed DNA fragments were amplified
by PCR between 12 and 18 times depending on the number of cells
at the beginning (6,000 to 50,000) using adapters from the Nextera
Index Kit (Ilumina). PCR purification was performed using Agencourt
AMPure XP magnetic beads (Beckman Coulter A63880) to remove
large fragments and remaining primers. Library quality was assessed
using an Agilent 2100 Bioanalyzer using a High Sensitivity DNA Chip
(Agilent Technologies 5067-4626). Libraries were sequenced using
NovaSeq-6000 sequencer (Illumina; 50 bp paired-end reads).

Quality control of reads was performed using FastQC 0.11.7
and multiQC 1.5. The reads were aligned to the reference genome
mm10 with bwa (aln 0.7.17). After alignment, we removed reads
mapping to the mitochondrial genome, PCR duplicate reads, and
reads with a mapping quality lower than 20 using samtools (v 1.9).
Final read counts for all mouse datasets ranged from 37 to 128 mil-
lion reads. Mapped reads were normalized to bins per million and were
converted to bigwig format using deeptools (v3.2.0). Peak calling, dif-
ferential analysis, annotation, and motif analysis were performed using
macs2 (V 2.1.2), Diftbind R package [v 2.8.0 in R-3.5.1 with threshold
log,(1.5)], and homer (v4.10.4, annotatePeak.pl and findMotifsGenome.
pl), respectively.

Data Availability

scRNA-seq data were deposited into EBI Array-Express under the
accession number E-MTAB-7213 and E-MTAB-8360.
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