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Key points:  
 
GLIS2 cooperates with activated Nras to promote the development of acute megakaryoblastic 
leukemia. 
 
CBFA2T3-GLIS2 and GLIS2 alter the expression of BCL2 family members rendering AMKL 
cells sensitive to navitoclax.  
 
Abstract 
 
Pediatric acute megakaryoblastic leukemia (AMKL) is an aggressive, uncurable blood cancer 
associated with poor therapeutic response and high mortality. We developed CBFA2T3-GLIS2-
driven mouse models of AMKL that recapitulate the phenotypic and transcriptional signatures of 
the human disease. We show that an activating Ras mutation, which occurs in human AMKL, 
increased the penetrance and decreased the latency of CBF2AT3-GLIS2-driven AMKL. 
CBFA2T3-GLIS2 and GLIS2 modulate similar transcriptional networks. We uncover the 
dominant oncogenic properties of GLIS2, which trigger AMKL in cooperation with oncogenic 
Ras. We find that both CBFA2T3-GLIS2 and GLIS2 alter the expression of numerous BH3-only 
proteins, causing AMKL cell sensitivity to the BCL-2 inhibitor navitoclax both in vitro and in 
vivo, suggesting a novel therapeutic option for pediatric patients suffering from CBFA2T3-
GLIS2-driven AMKL. 
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Introduction 

Pediatric acute megakaryoblastic leukemia (AMKL; AML M7) accounts for approximately 10% 
of acute myeloid leukemia (AML) cases in children. In non-Down Syndrome (DS) pediatric 
patients, this malignancy is particularly aggressive and associated with poor outcomes1-4. 
Oncogenic gene fusions play a primary role in the aberrant activation of oncogenic pathways 
driving pathogenesis in pediatric patients5-7. The CBFA2T3-GLIS2 gene fusion, generated by a 
chromosome 16 inversion [inv(16)(p13.3q24.3)]5,8, is prevalent among pediatric non-DS AMKL 
patients (between 12-30%) but is not observed in adult AMKL or in other AML subtypes5,6,8-10. 
The prognosis for pediatric AMKL patients harboring CBFA2T3-GLIS2 is significantly worse as 
compared to patients carrying other gene fusions5,6,9,11. However, the molecular mechanisms of 
CBFA2T3-GLIS2-driven AMKL remain unclear. 
 
CBFA2T3 (also known as ETO2/MTG16/RUNX1T3) has been shown to maintain hematopoietic 
stem cell (HSC) self-renewal potential and promote AML proliferation12-14. In normal myeloid 
cells, CBFA2T3 acts as a transcriptional corepressor that plays a critical role in the 
differentiation of erythroblasts and megakaryoblasts, as well as in the development of 
megakaryocyte-erythrocyte progenitors (MEP)15-18. When fused to GLIS2, the N-terminal 
portion of CBFA2T3 often lacks its myeloid, nervy, and DEAF-1 (MYND) zinc-finger domain, 
required for transcriptional repression5,19. Nonetheless, the CBFA2T3-GLIS2 fusion protein 
retains the capacity to bind DNA through the five intact zinc-finger domains of GLIS2, allowing 
CBFA2T3 localization to atypical genomic loci7. GLIS2 (also known as NPHP7), a member of 
the GLI-similar zinc finger family is not normally expressed in hematopoietic cells20. GLIS2 
regulates Hedgehog (Hh) signaling, and Hh target gene expression is increased in cells 
expressing CBFA2T3-GLIS25,21. Notably, GLIS2 enhances the self-renewal capacity of HSC, 
and the C-terminal fusion of GLIS2 to CBFA2T3 allows the former to be expressed at high 
levels in hematopoietic cells5.	
 
No targeted therapies are available for CBFA2T3-GLIS2-driven AMKL9,22. Therefore, the 
development of tractable preclinical models for this leukemia is particularly important23. We 
describe novel murine models of CBFA2T3-GLIS2-driven AMKL that allowed us to identify, 
for the first time, a critical contribution for the GLIS2 moiety in this disease. Furthermore, we 
show that a Ras activating mutation promotes CBFA2T3-GLIS2-dependent AMKL by 
decreasing latency and increasing penetrance. The coordinated modulation of pro- and anti-
apoptotic proteins by CBFA2T3-GLIS2 (and by GLIS2 alone), evoking a state of apoptotic 
priming, further suggests a fundamental sensitivity of AMKL cells to BH3 mimetics. Targeting 
this vulnerability with navitoclax showed remarkable therapeutic effects on both mouse and 
human AMKL, suggesting a promising new treatment regimen for AMKL. 
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Methods 

Mice 
 
Mice (Supplemental Table 1) were purchased from The Jackson Laboratory and maintained in 
a specific pathogen free animal facility at the Maisonneuve-Rosemont Hospital Research Center; 
the experiments were approved by the Research Center animal care committee in accordance 
with the Canadian Council on Animal Care guidelines. Male and female mice were used. 
 
Transplantation and Leukemia Monitoring 
 
For dual-vector transplantation assays, 1e6 mCherry+ fetal liver (FL) cells were sorted on a BD 
FACSAria III Cell Sorter, mixed or not with WT B6.SJL bone marrow (BM) helper cells, and 
transplanted intravenously via the tail veins of irradiated (800 cGy) C57BL/6 recipients. For the 
FL vs BM transplantation cohort, BM cells from 8–12 week old B6.SJL mice were depleted of 
mature lineage markers using the EasySep™ Cell Separation kit (STEMCELL). Isolated cells 
were cultured, transduced, and transplanted as described for FL cells. Transduced FL and BM 
cells were distinguished from host cells by mCherry expression or using antibodies against 
CD45.1 and CD45.2 (Supplemental Table 1). Peripheral blood (PB) was monitored every two 
weeks by flow cytometry. In addition, mice transplanted with luciferase-expressing vectors were 
monitored by bioluminescence imaging. 150 mg/kg of XenoLight D-Luciferin (PerkinElmer) 
was injected intraperitoneally prior to imaging with an IVIS Lumina II LT (PerkinElmer). 
Luminescence was quantified using LivingImage® software (PerkinElmer), and bioimaging 
performed until no overt change in luminescence was observed. Mice were sacrificed humanely 
either when moribund or at the end of the experiment (182 days). 
 
Retroviral and Lentiviral Constructs 
 
The MSCV-CBFA2T3-GLIS2-IRES-mCherry (CG2) vector was described previously 5. The 
MSCV-IRES-mCherry (MIC) empty vector was generated by replacing CBFA2T3-GLIS2 with 
an EcoRI/XhoI fragment from MIG. CBFA2T3 (NM_005187.5), GLIS2 (NM_001318918.1), 
and GLIS2C265G vectors were generated by synthesizing the full-length genes into an empty MIC 
digested with EcoRI/XhoI (GenScript, Piscataway, NJ, USA). The MSCV-Luciferase-IRES-
NrasG12D vector (Nras) was described previously24. The MSCV-Luc-IRES (Luc) empty vector 
was generated by replacing NrasG12D with a 5’-ATC GAT ACC GGT GCG GCC GCA TTA 
TCG TGT TTT TCA AAG GAA AAC C-3’ BmgBI/ClaI fragment. MSCV-GFP-IRES (MGI) 
was created by amplifying the GFP sequence from the pMIG vector using primers harboring 
NcoI/BamHI restriction sites, and then by replacing the luciferase cassette from Luc empty 
vector by the digested PCR fragment. The NrasG12D cassette from the Nras vector was amplified 
by PCR using primers harboring NotI/ClaI restriction sites, and the digested PCR fragment was 
subcloned into the MGI vector. All PCR reactions were carried out using the Q5® High-Fidelity 
DNA Polymerase (New England Biolabs). pCL-ECO was used to generate retroviral virions. The 
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doxycylin-inducible vectors were created by first blunt subcloning of CBFA2T3-GLIS2 or 
GLIS2 cDNA into the pENTR/D-TOPO (Invitrogen), followed by Gateway recombination 
(Thermo Fisher Scientific) into the lentiviral entry vector pCW57.1. sgRNA sequences targeting 
human AAVS1 (sgAAVS1, 5’-CAC TGT GGG GTG GAG GGG A-3’) and GLIS2 (sgGLIS2_1, 
5’-TGG CCG AGG TTT CAA CGC C-3’; sgGLIS2_2, 5’-TGT CAA CGA TTA CCA TGT C-
3’) were subcloned in LentiCRISPRv2GFP as previously described25. psPAX2 and pMD2.G 
were used to generate lentiviral virions. See supplemental Table I for a list of the vectors used. 
 
Cell Lines and Cell Culture 
 
HEK293T embryonic kidney cells (ATCC) were cultured in Dulbecco modified Eagle medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS, GIBCO), 1 mM sodium pyruvate 
and antibiotics. Human AMKL cell lines M07e, WSU-AML and RS-1 cells were described 
previously5 and were cultured in Roswell Park Memorial Institute medium (RPMI) 1640 media 
(Wisent Bio Products, St-Bruno, QC, Canada) supplemented with 10% FBS (GIBCO), 10 ng/mL 
human recombinant IL-3 (BioLegend, San Diego, CA, USA) and antibiotics. All cells were 
maintained at 37 °C in a humidified incubator with 5% CO2. For short-term in vitro culture, 
PDX cells were maintained in StemSpan™ SFEM II serum-free media supplemented with 
10ng/mL recombinant human IL-3, IL-6, thrombopoietin, stem cell factor (SCF) and FLT3L. 
ABT-199 and ABT-263 were purchased from Selleck Chemicals (Houston, TX, USA) or 
MedChemExpress (Monmouth Junction, NJ, USA). Bone marrow (BM) cells from leukemias 
were maintained in RPMI supplemented with 10% FBS, 6 ng/mL recombinant mouse (rm) Il-3, 
10ng/mL rmIl-6, and 50 ng/mL rmSCF, and antibiotics. Cytokines were either purchased from 
STEMCELL Technologies (Vancouver, BC, Canada) or BioLegend (San Diego, CA, USA). 
 
Fetal Liver Cell Isolation 
 
Timed pregnancies of C57BL/6 and B6.SJL mice were initiated to obtain CD45.1+CD45.2+ 
embryos. Fetal livers isolated at embryonic day 13.5-14.5 were gently crushed with a syringe 
rubber tip over 70 µm nylon mesh and washed twice with PBS supplemented with 2% FBS 
(Thermo Fisher Scientific). FL cells were seeded at 1e6 cells/mL in DMEM supplemented with 
10% FBS, 1 mM sodium pyruvate, 1e-5M β-mercaptoethanol, 6 ng/mL rmIl-3, 10ng/mL rmIl-6, 
and 50 ng/mL rmSCF for 24h prior to transduction.  
 
Transfections and Transductions 
 
Transfections of plasmid DNA in HEK293T cells were performed using Lipofectamine® 2000 
(Invitrogen) according to the manufacturer’s instructions. Retroviral supernatants were prepared 
as described 26. pCL-ECO and MSCV-based vectors were co-transfected at a 1:1 ratio. FL cells 
were seeded at 1e6 cells/mL with fresh media (plus cytokines) mixed to an equal volume of viral 
supernatants, with 6 µg/mL hexadimethrine bromide and spun at 900g for 90 min at room 
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temperature. FL cells were incubated for 48 h prior to experiments. Lentiviral particles were 
produced by co-transfection of psPAX2, pMD2.G, and transfer vectors in HEK293T cells. 
Supernatants were collected 48h-60h after transfection.  
 
RNA-Sequencing and Bioinformatic Analyses 
 
Cells of interest were sorted with a BD FACS ARIA III directly into TRIZOL reagent. Total 
RNA was extracted to generate transcriptome libraries. 75 cycles of single-end sequencing were 
performed using an Illumina NExtSeq500. Sequences were trimmed for sequencing adapters and 
low quality 3' bases using Trimmomatic version 0.35 and aligned to the reference mouse genome 
version GRCm38 (or mm10, gene annotation from Gencode version M13, based on Ensembl 88) 
using STAR version 2.5.1b27. Normal murine megakaryoblast data was obtained from the 
previously published dataset by Dang et al (GEO accession: GSE95081)28. Differential gene 
analysis was performed using R version 3.6.3 (R Project for Statistical Computing) with DESeq2 
package version 1.0.1229. Heat maps of differentially expressed genes were generated with 
pheatmap package version 1.0.12. Gene set enrichment analysis (GSEA) was performed using 
GSEA software version 4.0.3 (Massachusetts Institute of Technology); signal-to-noise ranking 
criteria was used as a default. ssGSEA30,31 was used to derive a signature score for each 
progenitor myeloid subset as implemented in DRPPM-EASY32. Gene set was derived from 
mRNA profiling of HSC, GMP, CMP, MEP, and MPP as described28. RNA sequencing data was 
mapped by STRONGARM33. HTSEQ was used to calculate raw read counts34 and normalized to 
FPKM. LIMMA was applied to derive differentially expressed genes based on an adjusted p-
value cutoff of 0.05. See supplemental Table 3 for the complete gene list. 
 
Cell Death Assays 
 
Cells were seeded in 96-well, non-adherent round bottom plates at densities of 2.5e5 cells/mL 
and treated BH3 mimetics for 72h. Drugs were added and used at a final DMSO concentration of 
0.5% for human cell lines and primary murine leukemia, and of 0.1% for PDX-derived cells. 
Cell death was measured using the annexin V-APC Apoptosis Detection Kit (BioLegend) 
according to the manufacturer’s instructions and analysed with a BD Fortessa X20 (BD) flow 
cytometer. Percentages of annexin V+ cells were normalized, and EC50 were calculated by curve 
fitting using GraphPad Prism v9.0 software. 
 
Western Blot  
 
Cells were lysed in 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0,1% sodium deoxycholate and 
1% NP-40 with Complete EDTA-free protease inhibitors (Roche) and sonicated 10 s on ice. Cell 
extracts were separated by SDS-PAGE and transferred to a PVDF membrane (Bio-Rad) for 
immunoblotting. Primary antibodies used are described in supplemental Table 1. IgG 
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antibodies conjugated to HRP were detected using the enhanced chemiluminescence (ECL) 
detection kit (DuPont) and acquired with an Azure c600 imaging system (Azure Biosystems). 
 
Real-Time Quantitative PCR 
 
Total RNA was isolated in Trizol® reagent according to the manufacturer’s instructions 
(Invitrogen). The RevertAid H Minus First Strand cDNA Synthesis Kit was used with random 
hexamer primers (Thermo Fisher Scientific) to reverse transcribe 1 μg of total RNA in a final 
volume of 20 μl. Real-time quantitative PCR (RT-qPCR) reactions were performed in 96-well 
plates using 5ng of cDNA samples using the Luna Universal qPCR Master Mix (New England 
Biolabs) according to the manufacturer’s instructions. Amplification levels were detected using 
the QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher Scientific) programmed to 
run at 95 °C for 1 min before starting 40 cycles of 15 s at 95 °C and 30 s at 60 °C. The reactions 
were run in triplicate and the quantification performed using average Cts values. The ΔΔCT 
method was used to determine relative quantities of target genes. Primers used for RT-qPCR 
reaction are described in supplemental Table 1.  
 
Histology 
 
Hematoxylin-eosin stains were performed according to standard procedures. 
Immunohistochemistry reactions were performed on the Bond RX Stainer (Leica Biosystems, 
Buffalo Grove, IL, USA) according to the manufacturer's instructions using an anti-Factor VIII 
antibody (Biocare Medical, Concord, CA, USA). Detection of tissue-bound primary antibody 
was performed using the Bond Intense R Detection System (Leica Biosystems). The stained 
slides were converted to digital data using the NanoZoomer Digital Pathology 2.0-HT digital 
slide scanner (Hamamatsu).  
 
Patient-Derived Xenografts 
 
Primary AML blasts from two pediatric patients (M7012 and M7014) were obtained with patient 
or parent/guardian-provided informed consent under protocols approved by the Institutional 
Review Board at St. Jude Children’s Research Hospital. Cryo-conserved patient cells were 
thawed and i.v. injected into 8–week old NSG-SGM3 recipient mice for expansion. Whole BM 
and spleen cells were processed to obtain a single-cell suspension and erythrocytes were lysed 
with ACK buffer (150 mM NH4Cl, 10mM KHCO3, 100 µM Na2EDTA, pH 7.4) for 5 minutes. 
Cells were incubated with anti-mouse CD45 MicroBeads and subjected to negative depletion 
(Miltenyi Biotec Inc). Cells were either used fresh for ex vivo experiments or preserved in 
CryoStor® CS10 freezing media (STEMCELL Technologies). For in vivo experiments, 1-2e6 
cells derived from patient M7012 were i.v. injected into 8–week old NSG-SGM3 female 
recipient mice, as previously described. Peripheral blood analysis was performed 2 weeks post-
transplantation to monitor disease progression, represented by the presence of >2% mCD45-
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hCD56+ blasts as assessed by flow cytometry. 50mg/kg ABT-263 was dissolved in gavage media 
consisting of 60% phosal 50 PG (Thermo Fisher Scientific), 30% poly(ethylene glycol) 400 
(MilliporeSigma), and 10% ethanol, and administered per os 5 times per week starting 18 days 
post-transplantation, over the course of 3 weeks. Gavage media was used as vehicle control. 
Mice were sacrificed humanely when moribund. Human blast infiltration was evaluated by the 
presence of mCD45-hCD56+ blasts, either upon sacrifice or 39 days post-transplantation, 
whichever occurred first. 

Proteomic Profiling of Pediatric Patients Samples 

100 µg of protein from normal primary megakaryoblasts and CBFA2T3-GLIS2 patient samples 
was analyzed in technical replicate by tandem mass tag (TMT) mass spectrometry at the Center 
for Proteomics and Metabolomics at St. Jude Children’s Research Hospital. Protein lysates were 
digested and desalted and then underwent 16-plex TMT labeling. Samples were analyzed for 
total proteome by low pH reverse-phase liquid chromatography tandem mass spectrometry. 
Retrieved data was searched against the UniProt human database to identify peptides. This was 
determined by assigning related mass addition to all possible amino acid residues followed by an 
algorithm that evaluates the accuracy of modification localization. Peptide quantification data 
was corrected for mixing errors and summarized to derive protein quantification results. 
 
Flow Cytometry Analysis 
 
Cells were stained with Zombie-Aqua Fixable Viability dye (BioLegend) following 
manufacturer’s instructions followed by extracellular staining in PBS 2%FBS. Antibodies used 
are described in Supplemental Table 1. Samples were run on a BD Fortessa X20 flow 
cytometer and data analyzed with FlowJo software (BD). 
 
Statistical Analyses 
 
Statistical significance relative to control conditions was established by one-way ANOVA 
followed by Tukey’s multiple comparison test for multiple groups unless specified otherwise. 
 
Data availability 

Material and reagents generated during the current study are available from the corresponding 
authors (fa.mallette@umontreal.ca or heather.melichar@umontreal.ca) on reasonable request. 
RNA sequencing data is uploaded to the Gene Expression Omnibus (GEO) data repository 
(GSE208187). 

 
Results 
 
Mouse Models of CBFA2T3-GLIS2-Driven AMKL Recapitulate Human Disease 
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Pediatric AMKL patient samples harbor relatively few genetic mutations but display high gene 
copy number alterations5,35. Despite the generally low frequency of hotspot mutations co-
occurring with CBFA2T3-GLIS2, the presence of oncogenic NRAS mutations has been 
reported6. Furthermore, mutations in the JAK-STAT pathway, which can activate RAS-MAPK 
signaling36, are found in megakaryoblastic cell lines, DS- and non-DS AMKL patients, and 
CBFA2T3-GLIS2-positive patients5,6,37,38. Given that NRAS is frequently activated in human 
AML39, and since previous mouse models of AML fusions co-expressing mutant Nras exhibited 
enhanced penetrance and aggressiveness of the disease24, we reasoned that oncogenic NRAS 
would promote CBFA2T3-GLIS2-driven leukemogenesis in mice. 
 
To test the capacity of mutant NRAS to enhance the leukemogenicity of CBFA2T3-GLIS2, we 
used a “mosaic” strategy allowing concomitant expression of oncogenes and reporters24,40. 
Different combinations of bicistronic retroviral vectors encoding (i) mCherry alone (MIC) or 
with CBFA2T3-GLIS2 (CG2)5, and (ii) luciferase (Luc) alone or with constitutively active 
NrasG12D (Nras)24, were used to transduce E13.5-14.5 FL-derived hematopoietic stem and 
progenitor cells (HSPC) (Fig. 1A). Lethally irradiated wild-type (WT) mice were then 
reconstituted with sorted mCherry+ FL cells and monitored for disease onset by PB 
immunophenotyping and bioluminescent imaging for up to 182 days (Fig. 1B). FL cells 
expressing CG2 and empty luciferase vector (CG2-Luc) efficiently induced leukemia in 40% of 
transplanted mice within this time period (Fig. 1C), consistent with recent reports proposing that 
expression of the CBFA2T3-GLIS2 fusion is sufficient to induce leukemia7,9. When compared 
with empty luciferase vector (CG2-Luc), the co-expression of oncogenic Nras (CG2-Nras) 
significantly increased the penetrance of leukemia (65% vs 40%), with mice showing a median 
survival of 74 days (vs >182 days for CG2-Luc) (Fig. 1C). Notably, CG2-Nras mice manifested 
a marked increase in luciferase signal over time, suggesting positive selection of leukemic blasts 
expressing oncogenic Nras (Fig. 1D, Supplemental Fig. 1A). Mice receiving CG2-Luc and 
CG2-Nras-expressing FL cells displayed pronounced splenomegaly with variable percentages of 
mCherry+ cells in the BM (Fig. 1E). The immunophenotype of mCherry+ BM cells from 
moribund CG2 recipient mice was indicative of AMKL; mCherry+ cells from mice that received 
CG2-transduced FL cells harbored a higher percentage of BM cells co-expressing CD41 and 
CD61 and immature megakaryocyte progenitors (c-Kit+CD41+) when compared to engrafted 
mCherry+ cells from control mice (MIC-Luc and MIC-Nras). Moreover, BM cells from CG2-
Luc and CG2-Nras mice contained a lower percentage of cells expressing lineage markers Mac-
1/Gr-1 (Fig. 1F-G), B220, CD3, and TER119 (Supplemental Fig. 1B), indicating a skewing 
towards megakaryocytic differentiation. In addition, leukemic blasts isolated from the spleen of 
CG2-Luc and CG2-Nras mice displayed a significant increase in CD41 without enrichment of 
macrophage (Mac-1) or granulocyte (Gr-1) lineages (Supplemental Fig. 1C). Interestingly, most 
of the mCherry+ BM cells from CG2 recipients lacked CD45 expression (Supplemental Fig. 
1D), characteristic of the “RAM phenotype” observed in human leukemias with the CBFA2T3-
GLIS2 fusion9,41. Although some control mice (MIC-Luc, MIC-Nras) developed different forms 
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of leukemia, most showed enrichment of Mac-1 and Gr-1 expressing BM cells, and no control 
mice developed AMKL (Fig. 1C, F-G). To further define the clinical characteristics of CG2-
derived murine leukemias, we performed histological analysis of formalin-fixed and paraffin 
embedded spleen sections from CG2 recipients revealing highly altered follicular architecture, 
infiltration of monomorphic cells, and increased Factor VIII staining (Fig. 1H). Abnormally high 
numbers of white blood cells were observed in PB smears from CG2 recipients (Fig. 1H).  
 
The rationale for using FL cells to generate our models was based on the idea that due to the 
early disease onset observed in pediatric CBFA2T3-GLIS2 AMKL patients, the oncogenic 
fusion might require hematopoietic cells of fetal origin to drive transformation42. To assess 
whether BM HSPC could reproduce the leukemias obtained with FL cells, we transplanted 
lineage depleted BM or FL cells transduced with CG2. CG2 expression in either BM HSC or FL 
HSPC led to a moderately penetrant leukemia with CD41+ and CD61+ BM blasts (Supplemental 
Fig. 1E-F), suggesting that BM cells can also be used to generate murine models of CBFA2T3-
GLIS2 AMKL. Altogether, our data show that, as opposed to a previously published transgenic 
CG2-expressing model where most of the leukemia harbored an AML-like phenotype (Mac-
1+Gr-1+)10, retrovirus-mediated CG2 expression in mouse HSPC consistently induce a penetrant 
leukemia phenotypically similar to human AMKL (CD41+Mac-1-Gr-1-). In addition, the co-
expression of CG2 and oncogenic Nras increases leukemia aggressiveness by raising penetrance 
and decreasing latency without overtly affecting the AMKL phenotype, emphasizing its 
usefulness as a model of human AMKL, and enabling the identification of cooperating 
oncogenes. 
 
CG2-Driven Murine Leukemias Correlate with the Human AMKL Transcriptome 
 
We next evaluated the pertinence of using these models to elucidate molecular pathways 
involved in the human pathology by performing transcriptomic analyses of FL cells transduced 
with either CG2 or empty MIC vector. Within 2 days of transduction with CG2, the gene 
expression pattern of FL cells already displayed significant similarities to that of CBFA2T3-
GLIS2-expressing AMKL from different cohorts of pediatric patients (Fig. 2A, Supplemental 
Fig. 2A and Supplemental Table 2)5,6,9. Since the overall clinical and phenotypic characteristics 
of CG2-driven leukemias were equivalent in the presence or not of constitutively-activate Nras 
(Fig. 1), we compared gene expression signatures from CG2-Luc and CG2-Nras leukemic cells 
to determine whether more subtle molecular differences could be observed. Unsupervised 
clustering revealed analogous transcriptional signatures between the CG2-Luc and CG2-Nras 
leukemias in comparison to control MIC-Luc BM cells (Fig. 2B, Supplemental Fig. 2B and 
Supplemental Table 2). We then probed whether the presence of oncogenic Nras was affecting 
gene signatures related to human AMKL. We observed that both CG2-Luc and CG2-Nras 
leukemias showed a gene signature consistent with markers of human CBFA2T3-GLIS2-driven 
leukemia, as well as with megakaryoblast and stemness markers (Fig. 2C). Furthermore, gene 
expression profiles of CG2-driven leukemias showed enrichment of a previously published 
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expression signature from a transgenic mouse model of CBFA2T3-GLIS2 leukemia (Fig. 2D, 
Supplemental Fig. 2C)10, and correlated also with the gene profiles of AMKL patients as 
compared to AML (Fig. 2E)43. Single-sample gene set enrichment analysis (ssGSEA) confirmed 
that the gene signatures of CG2+ AMKL cells were consistent with MEP and common myeloid 
progenitor (CMP) signatures (Fig. 2F and G), while MIC-transduced BM cells were enriched 
with other lineages of multipotent progenitors (MPP), granulocyte/macrophage progenitors 
(GMP), and HSC signatures (Supplemental Fig. 2D, Supplemental Table 3)28, thus confirming 
the AMKL-like transcriptome inherent to the CG2-derived leukemias. Altogether, these results 
indicate that retroviral-based mosaic mouse models of CG2+ AMKL faithfully replicate human 
AMKL both phenotypically and transcriptionally, thereby providing a novel, robust platform to 
dissect the molecular mechanisms and potential therapeutic vulnerabilities of this disease. 
 
CBFA2T3-GLIS2-Positive Cells Exhibit Features of RAS-MAPK Pathway Activation 
 
We showed that activated RAS, which is known to cooperate with other leukemia-associated 
fusion proteins to promote AML24,44, increases penetrance and decreases latency of CG2-
dependent AMKL (Fig. 1). In light of our findings that CG2 expression is sufficient to generate 
AMKL, we further examined whether this oncogenic fusion could modulate a transcriptional 
signature associated with RAS-MAPK pathway activation. To enable the sorting of NrasG12D-
expressing FL cells, we replaced the luciferase cassette with a GFP cassette to generate a GFP-
IRES-NrasG12D bicistronic vector (along with a corresponding GFP-IRES-empty vector; MGI) 
(Supplemental Fig. 3A). We retrovirally co-transduced FL cells with mCherry and GFP vectors, 
encoding or not CG2 and NrasG12D, respectively, and then performed RNA-seq on 
mCherry+GFP+Kit+lin- (lin- defined as Gr1-CD3-B220-Ter119-) sorted cells. Consistent with 
analyses of the CG2+ murine leukemias expressing or not oncogenic Nras, CG2-transduced FL 
cells presented a similar gene expression signature in the presence or absence of NrasG12D (Fig. 
2B, Supplemental Fig. 3B and C). Furthermore, in both cases, GSEA revealed a transcriptional 
signature consistent with RAS-MAPK pathway activation (Supplemental Fig. 3D)45, suggesting 
that CBFA2T3-GLIS2 aberrantly contributes to the stimulation of this oncogenic pathway. 
 
GLIS2 Cooperates with Oncogenic Ras to Promote AMKL 
 
To determine the relative contribution of each partner of the CBFA2T3-GLIS2 fusion to the 
CG2-associated transcriptional signature, FL cells transduced with full-length human CBFA2T3, 
GLIS2, a DNA-binding deficient mutant of GLIS2 (GLIS2C265G)46, or CG2 were subjected to 
transcriptomic analyses. Unsupervised clustering of differentially expressed genes revealed 
striking similarities between the CG2 and GLIS2 transcriptomes (Fig. 3A and B). Only a few 
genes were consistently modulated by both CG2 and CBFA2T3 in FL cells, while GLIS2C265G 

had a limited effect on gene expression and clustered with empty MIC vector (Fig. 3A and B). 
Transcriptional signatures of CG2- and GLIS2-expressing cells both revealed a significant over-
representation of pathways involved in oncogenesis (e.g., IL2-STAT5 signaling, IL6-JAK-
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STAT3 signaling, apoptosis) (Fig. 3C)45,47. Due to strong similarities between the transcriptional 
programs triggered by CG2 and GLIS2, we tested the potential of GLIS2 to promote AMKL in 
vivo. The ability of GLIS2 to promote AMKL in vivo has not yet been evaluated. Of note, 
previous studies showed that GLIS2 enforces a megakaryocytic phenotype in murine HSPC but 
promoted only moderate in vitro self-renewal capacity as compared to CBFA2T3-GLIS25,7. 
Thus, we assumed that GLIS2 alone would be insufficient to induce AMKL. Since oncogenic 
Ras increased the penetrance of CG2-driven AMKL without altering the phenotype, we 
hypothesized that NrasG12D may cooperate with GLIS2 to induce AMKL in vivo. FL cells 
expressing CBFA2T3, GLIS2, or both GLIS2 and NrasG12D were transplanted into lethally 
irradiated WT recipients and monitored for leukemia onset. CBFA2T3 alone provoked an 
aggressive and penetrant leukemia reminiscent of an immature AML phenotype; mCherry+ BM 
cells predominantly expressed Mac-1 and Gr-1 but not CD41 (100% penetrance; Fig. 3D and E). 
While GLIS2 alone could not induce leukemia, concomitant expression of GLIS2 and NrasG12D 
induced CD41+ AMKL (33% penetrance) (Fig. 3D and E), and leukemic GLIS2-Nras mice had 
enlarged spleens (Fig. 3F). These data suggest that the GLIS2-dependent transcriptional program 
contributes to the AMKL disease phenotype. Notably, GLIS2 recipients that did not develop 
leukemia also displayed less than 1% chimerism in the BM 6 months post-transplantation (Fig. 
3F), suggesting either a poor engraftment of GLIS2-expressing FL cells, or lack of sustained 
proliferation of engrafted cells. Interestingly, PB cells expressing GLIS2 (with or without 
NrasG12D) displayed increased megakaryocytic lineage markers CD41 and CD61, similar to those 
expressing CG2 25 days post-transplantation (Fig. 3G). Taken together, these data suggest a 
significant contribution from GLIS2 in the transcriptome and phenotype of CBFA2T3-GLIS2-
driven AMKL.  
  
 
Pro- and Anti-Apoptotic Gene Modulation by CBFA2T3-GLIS2 and GLIS2 
 
Among the gene sets controlled by CBFA2T3-GLIS2 and GLIS2 (Fig. 3C), genes associated 
with hallmarks of apoptosis were altered in HSPC expressing either CBFA2T3-GLIS2 or GLIS2 
(Fig. 4A). Transcript levels of numerous apoptosis-related genes in FL cells were regulated upon 
expression of either CBFA2T3-GLIS2 or GLIS2, but not following expression of GLIS2C265G, 
CBFA2T3 or empty vector (MIC). More specifically, both GLIS2- and CBFA2T3-GLIS2-
expressing FL cells, but not CBFA2T3- or GLIS2C265G-transduced cells, displayed increased 
expression of anti-apoptotic Bcl2, Bcl2l1 (Bcl-xL), Bcl2l2 (Bcl-w) and Mcl1, and of pro-
apoptotic Bim, Bik, Bok, and Noxa1 (Fig. 4B). Overall, a pronounced overlap in the apoptotic 
gene signature exists between FL cells expressing CBFA2T3-GLIS2 and GLIS2, but not 
CBFA2T3, suggesting that such genes might be transcriptional targets of GLIS2 (Fig. 4B). In 
addition to their transcriptional regulation, higher protein levels of Mcl1, Bcl-2, Bcl-xL and Bim 
was observed in FL cells expressing CBFA2T3-GLIS2 (Fig. 4C). To evaluate whether CG2-
driven AMKL exhibits a similar overall increase in apoptosis-related gene expression, we 
isolated BM from sick CG2-Luc and CG2-Nras mice and sorted premature leukemic 
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megakaryoblasts for RNA-seq analysis. CG2-dependent AMKL, in the presence or absence of 
activated Ras, showed increased expression of pro- and anti-apoptotic genes as compared to WT 
premature megakaryoblasts (Fig. 4D). Anti-apoptotic Bcl2l1 and Bcl2 expression was generally 
increased in CG2-expressing blasts when compared to normal WT blasts. The dysregulation of 
pro- and anti-apoptotic proteins in primary human AMKL samples was also investigated.  We 
used a proteomic approach to assess BCL-2 family members in CBFA2T2-GLIS2+ AMKL, 
which revealed increased protein levels of anti-apoptotic BCL-2 in CBFA2T3-GLIS2+ pediatric 
AMKL as compared to normal megakaryoblasts (Fig. 4E). Furthermore, transcript levels of 
BCL2 are significantly upregulated in CBFA2T3-GLIS2+ patient samples as compared to AMKL 
driven by other fusion proteins (Fig. 4F), suggesting that BCL-2 is preferentially increased in 
patients harboring CBFA2T3-GLIS2, but does not constitute a general hallmark of pediatric 
AMKL. 
 
GLI1 and GLI2 are reported to induce the transcription of BCL2 through promoter activation48-50, 
and CBFA2T3-GLIS2 may bind to the super-enhancer region of BCL27. As such, we 
hypothesized that CBFA2T3-GLIS2 could regulate BCL2 in AMKL cells. To investigate 
whether endogenous CBFA2T3-GLIS2 modulates the expression of BCL2, we designed specific 
guide RNAs (sgRNA) targeting GLIS2 to achieve CRISPR-mediated gene knock-out in 
CBFA2T3-GLIS2-expressing AMKL cell lines. Two different sgRNAs significantly decreased 
the levels of endogenous CBFA2T3-GLIS2 protein in M07e AMKL cells (Fig. 4G). In addition, 
CRISPR-mediated depletion of CBFA2T3-GLIS2 resulted in reduced mRNA levels of (i) known 
GLIS2 transcriptional target BMP251, and also of (ii) putative CBFA2T3-GLIS2 targets ID1 and 
ERG (Fig. 4H)5,7. Strikingly, GATA1 expression, a gene involved in megakaryocyte homeostasis 
and negatively regulated by CBFA2T3-GLIS27, was increased >20-fold following GLIS2-
specific sgRNA expression, further confirming the impairment of CBFA2T3-GLIS2 function 
(Fig. 4H). Moreover, reduced expression of BCL2 (BCL2α), with a concomitant increase in 
BBC3 (PUMA) and BCL2L11 (BIM) levels was observed upon CRISPR-mediated depletion of 
endogenous CBFA2T3-GLIS2 (Fig. 4I). Altogether, these results suggest that CBFA2T3-GLIS2 
and/or GLIS2 triggers a transcriptional program that might prime AMKL blasts for apoptosis. 
 
CBFA2T3-GLIS2-Expressing Cells Are Sensitive to BH3 Mimetics 
 
Human and murine cells expressing CBFA2T3-GLIS2 express higher levels of anti-apoptotic 
BCL-2 as well as pro-apoptotic BAX, BIM and BAD (Fig. 4A-F). This profile is consistent with 
a cellular state of apoptotic priming, during which cells might be sensitive to BH3 mimetics52,53. 
To assess this possibility, we treated human CBFA2T3-GLIS2+ cell lines with venetoclax (ABT-
199) or navitoclax (ABT-263), specific inhibitors of BCL-2 or both BCL-2 and BCL-xL, 
respectively54,55. M07e and RS-1 cells were unaffected by ABT-199(EC50>10µM), but sensitive 
to ABT-263 (EC50= 0.80 and 0.94µM, respectively), suggesting that BCL-xL and BCL-2 are both 
key players modulating survival in these cells (Fig. 5A, B). WSU-AML cells showed striking 
sensitivity to both inhibitors (EC50<150nM)(Fig. 5A, B). 
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We assessed the sensitivity of cells isolated from patient-derived xenografts to BH3 mimetics. 
ABT-263 (EC50<500nM) was significantly more potent than ABT-199 (EC50>10µM) at inducing 
apoptosis in cells isolated from patient-derived CBFA2T3-GLIS2+ xenografts (PDX; patients 
M7012 and M7014)(Fig. 5C)5,38. We then evaluated the in vivo efficacy of ABT-263 using this 
AMKL PDX model. Treatment with ABT-263 significantly prolonged survival compared to 
vehicle, with mice showing a median survival of 42 days versus 36 days, respectively (Fig. 5D). 
Also, ABT-263 strikingly reduced tumor burden, indicated by a significant decrease in human 
blasts in the peripheral blood (Fig. 5E). Taken together, observations from primary murine 
hematopoietic cells and CG2-driven leukemias, including human patient samples, are consistent 
with a cellular state of apoptotic priming in CBFA2T3-GLIS2+ AMKL, while the increased 
sensitivity to navitoclax further encourage the notion of a dependency on both BCL-xL and 
BCL-2 for survival of these cells.  
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Discussion 

Pre-clinical models that reliably reflect the molecular and phenotypical features of specific AML 
subtypes are necessary for the identification and testing of novel therapeutic strategies23. In the 
present study, we generated mouse models of AMKL driven by CBFA2T3-GLIS2 that shared 
striking similarities to the corresponding human leukemia40. Importantly, unlike a previously 
described inducible transgenic CBFA2T3-GLIS2 mouse model displaying an AML-skewed 
profile10, the retrovirus-based models we generated gave rise to, with high penetrance, leukemia 
with a consistent CD41+ AMKL phenotype. Of note, GLIS2, alone or fused to CBFA2T3, 
mediated the expression of megakaryoblast-specific genes in vitro and in vivo. Furthermore, we 
provide evidence that GLIS2, which alone is unable to transform HSPC in vivo, acts as an 
oncogene when co-expressed with activated Nras to promote the development of spontaneous 
AMKL phenotypically similar to CBFA2T3-GLIS2 AMKL. This suggests that GLIS2 
constitutes an important driver of leukemogenesis in AMKL. Indeed, we revealed that 
CBFA2T3-GLIS2 and GLIS2 modulate the BCL2 family proteins Bcl2, Puma1, and Bim, 
consistent with apoptotic priming. BH3 mimetic treatment of CBFA2T3-GLIS2-driven murine 
AMKL cells and PDX cells revealed a striking sensitivity towards the BCL-2/BCL-xL dual 
inhibitor navitoclax, both in vitro and in vivo. These results suggest that navitoclax may 
efficiently treat AMKL pediatric patients harboring the CBFA2T3-GLIS2 gene fusion. 
 
One exceptional feature of the CBFA2T3-GLIS2 fusion is the dominant role for GLIS2 in 
driving the megakaryocytic phenotype. The actual cooperation between GLIS2 and activated 
Nras to generate AMKL is reminiscent of the “Multistep pathogenesis of AML” model proposed 
by Kelly and Gilliland56. In this model, class I mutations such as activated Ras may facilitate the 
development of GLIS2+ AMKL by promoting survival, proliferation and competitiveness of 
transplanted HSPC57. On the other hand, the capacity of GLIS2 to modulate the expression of 
anti-apoptotic genes while promoting self-renewal in HSPC5 suggests it may act as a class II 
oncogene. Notably, all of the CG2-Nras leukemias consistently displayed a luciferase signal 
which increased over time, in accordance with the fact that oncogenic Nras increases short- and 
long-term competitiveness in transplantation experiments58,59. CBFA2T3-GLIS2, which was 
sufficient to engage a Ras-associated transcriptional signature, presumably acts as both a class I 
and II oncogene, bypassing tumor-suppressor pathways, and acquiring the potential to produce 
aggressive AMKL in a single hit. This idea is supported by the paucity of hotspot mutations co-
occurring with CBFA2T3-GLIS26, and by the early age at which children present symptoms of 
AMKL42. Importantly, NrasG12D accelerated the development of, and reduced the overall survival 
associated with CBFA2T3-GLIS2-driven leukemias, without affecting the phenotype. This is 
consistent with previous reports showing that activated Nras cooperates with other fusion 
proteins in human AML24,44, or with loss of Trp53 and Nf1 tumor suppressor genes, in a similar 
fashion60,61. 

Additionally, our results demonstrated that human AMKL cell lines and murine HSPC as well as 
mouse and human leukemic cells expressing CBFA2T3-GLIS2 exhibit increased expression of 
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BCL-2 family proteins in a manner indicative of apoptotic priming52,53. We suggest that 
CBFA2T3-GLIS2-driven leukemic cells are particularly sensitive to navitoclax and less so to 
venetoclax. Indeed, despite previous observations generating considerable optimism, venetoclax 
has shown limited effectiveness when used alone, particularly against relapsed or refractory 
AML62. Navitoclax, a potent BH3 mimetic and dual inhibitor of BCL-2/BCL-xL, is a promising 
drug for the treatment of leukemias55,63; nonetheless, the side effects of this drug, including 
anemia and thrombocytopenia, reduce its therapeutic utility64. Based on the structure of 
navitoclax, the reverse-engineered venetoclax, which specifically targets BCL-2 while having 
low affinity for BCL-xL, demonstrated reduced toxicity towards platelets in vivo and is generally 
well tolerated in AML patients54,65-68. Based on previous reports, a protective role for BCL-2 in 
cells from the megakaryocytic lineage is somewhat unexpected54,69,70. Assuming that BCL-2 is 
acting as the primary anti-apoptotic protein in CBFA2T3-GLIS2+ AMKL, venetoclax should 
have been at least as potent as navitoclax in inducing AMKL cell death. However, venetoclax 
induced only a weak apoptotic response (less than 50%) in human cell lines and PDX cells, 
while navitoclax efficiently promoted cell death at lower concentrations. Consequently, it is 
tempting to speculate that, in CBFA2T3-GLIS2+ AMKL cells, both BCL-2 and BCL-xL together 
may provide protection against apoptosis induced by BH3 mimetics. Accordingly, the absence of 
either BCL-xL or BCL-2 alone does not affect megakaryoblast or platelet survival, suggesting 
that their anti-apoptotic function may be complementary69,71-73. As such, AMKL cells expressing 
CBFA2T3-GLIS2 may be more sensitive to navitoclax because of i) their increased BCL-2 
expression and ii) the inherent dependency of megakaryoblasts on BCL-xL to prevent apoptosis. 
The prominent role of BCL-xL in normal megakaryocyte biology combined with our data 
suggests navitoclax may serve as a superior BH3 mimetic in AMKL patients. 

Overall, comprehensive immunophenotypic, transcriptomic, and molecular analysis of our CG2-
driven mouse models of AMKL provided novel insights into the critical contribution of GLIS2 
as a partner in the CBFA2T3-GLIS2 oncogenic fusion, and that the cells expressing this fusion 
likely take advantage of BCL-2 and BCL-xL for protection against apoptosis. Our results support 
clinical consideration of navitoclax in the treatment of pediatric patients with CBFA2T3-GLIS2+ 
AMKL for which there is currently limited therapeutic options and a poor prognosis associated 
with this disease. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 19, 2022. ; https://doi.org/10.1101/2022.12.16.520129doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.16.520129
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

Acknowledgements 

 
The authors would like to thank Barry Cole and members of the Cole Foundation for their 
continuous support and for their efforts in promoting research in the fields of pediatric and young 
adult leukemia and lymphomas in Montréal, Qc (Canada). This work was supported by transition 
grants from the Cole Foundation (F.A.M., H.J.M., J.-S.D., F.E.M., L.H.), and operating grants 
from the Canadian Institutes of Health Research (PJT-156133; F.A.M., H.J.M., J.-S.D., E.A.D.), 
the Canadian Cancer Society-Quebec Division/Mont Gabriel Summit Research Fund/Cole 
Foundation (#705480; F.A.M., H.J.M., J.-S.D., E.A.D.), the Fondation de l'Hôpital 
Maisonneuve-Rosemont / Défi Vélo 2016 (F.A.M. and E.A.D.), and the Cancer Research 
Society (#25350; F.A.M. and L.H.). F.A.M. holds the Canada Research Chair in Epigenetics of 
Aging and Cancer. H.J.M., L.H. and J.S.D. hold career awards from the Fonds de Recherche du 
Québec - Santé (FRQS). M.N. obtained post-doctoral fellowships from the FRQS and the Cole 
Foundation. C-É.L-G., C.C., and K.B. were supported by post-doctoral fellowships from the 
Cole Foundation. C.S. obtained PhD studentships from the Cole Foundation, FRQS and Hydro-
Québec.  

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 19, 2022. ; https://doi.org/10.1101/2022.12.16.520129doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.16.520129
http://creativecommons.org/licenses/by-nc-nd/4.0/


 18 

Authors’ contributions 

Conceptualization: M. Neault, C. Capdevielle, C.É. Lebert-Ghali, H.J. Melichar and F.A. 
Mallette 
Data curation: M. Neault, C.É. Lebert-Ghali, M. Fournier, H.J. Melichar and F.A. Mallette 
Formal Analysis: M. Neault, C.É. Lebert-Ghali, C. Capdevielle, M. Fournier, A. Obermayer, C. 
Sawchyn, J.S. Delisle, T.I. Shaw, T.A. Gruber, H.J. Melichar and F.A. Mallette 
Funding acquisition: J.S. Delisle, E.A. Drobetsky, L. Hulea, H.J. Melichar and F.A. Mallette 
Investigation: M. Neault, C.É. Lebert-Ghali, C. Capdevielle, M. Fournier, E.A.R. Garfinkle, K. 
Nguyen, B. Assaf, T.A. Gruber, H.J. Melichar and F.A. Mallette 
Methodology: M. Neault, C.É. Lebert-Ghali, C. Capdevielle, M. Fournier, A. Cotton, K. Boulay, 
F.E. Mercier, J.S. Delisle, E.A. Drobetsky, L. Hulea, J. Zuber, T.A. Gruber, H.J. Melichar and 
F.A. Mallette 
Project administration: H.J. Melichar and F.A. Mallette 
Resources: T.I. Shaw, T.A. Gruber, H.J. Melichar and F.A. Mallette 
Software: M. Fournier, A. Obermayer, C. Sawchyn and T.I. Shaw 
Supervision: E.A. Drobetsky, H.J. Melichar and F.A. Mallette 
Validation: M. Neault, C.É. Lebert-Ghali, C. Capdevielle, M. Fournier, L. Hulea, H.J. Melichar 
and F.A. Mallette 
Visualization: M. Neault, C.É. Lebert-Ghali, C. Capdevielle, M. Fournier, A. Obermayer 
Writing – original draft: M. Neault, H.J. Melichar and F.A. Mallette 
Writing – review & editing: M. Neault, C.É. Lebert-Ghali, C. Capdevielle, M. Fournier, K. 
Boulay, J.S. Delisle, E.A. Drobetsky, L. Hulea, T.I. Shaw, J. Zuber, T.A. Gruber, H.J. Melichar 
and F.A. Mallette 
 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 19, 2022. ; https://doi.org/10.1101/2022.12.16.520129doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.16.520129
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

References 
 
1. Athale UH, Razzouk BI, Raimondi SC, et al. Biology and outcome of childhood acute 
megakaryoblastic leukemia: a single institution's experience. Blood. 2001;97(12):3727-3732. 
2. Creutzig U, Reinhardt D, Diekamp S, Dworzak M, Stary J, Zimmermann M. AML patients with 
Down syndrome have a high cure rate with AML-BFM therapy with reduced dose intensity. Leukemia. 
2005;19(8):1355-1360. 
3. Barnard DR, Alonzo TA, Gerbing RB, Lange B, Woods WG, Children's Oncology G. Comparison of 
childhood myelodysplastic syndrome, AML FAB M6 or M7, CCG 2891: report from the Children's 
Oncology Group. Pediatr Blood Cancer. 2007;49(1):17-22. 
4. O'Brien MM, Cao X, Pounds S, et al. Prognostic features in acute megakaryoblastic leukemia in 
children without Down syndrome: a report from the AML02 multicenter trial and the Children's 
Oncology Group Study POG 9421. Leukemia. 2013;27(3):731-734. 
5. Gruber TA, Larson Gedman A, Zhang J, et al. An Inv(16)(p13.3q24.3)-Encoded CBFA2T3-GLIS2 
Fusion Protein Defines an Aggressive Subtype of Pediatric Acute Megakaryoblastic Leukemia. Cancer 
Cell. 2012;22(5):683-697. 
6. de Rooij JD, Branstetter C, Ma J, et al. Pediatric non-Down syndrome acute megakaryoblastic 
leukemia is characterized by distinct genomic subsets with varying outcomes. Nat Genet. 
2017;49(3):451-456. 
7. Thirant C, Ignacimouttou C, Lopez CK, et al. ETO2-GLIS2 Hijacks Transcriptional Complexes to 
Drive Cellular Identity and Self-Renewal in Pediatric Acute Megakaryoblastic Leukemia. Cancer Cell. 
2017;31(3):452-465. 
8. Thiollier C, Lopez CK, Gerby B, et al. Characterization of novel genomic alterations and 
therapeutic approaches using acute megakaryoblastic leukemia xenograft models. J Exp Med. 
2012;209(11):2017-2031. 
9. Smith JL, Ries RE, Hylkema T, et al. Comprehensive Transcriptome Profiling of Cryptic CBFA2T3-
GLIS2 Fusion-Positive AML Defines Novel Therapeutic Options: A COG and TARGET Pediatric AML Study. 
Clin Cancer Res. 2020;26(3):726-737. 
10. Lopez CK, Noguera E, Stavropoulou V, et al. Ontogenic Changes in Hematopoietic Hierarchy 
Determine Pediatric Specificity and Disease Phenotype in Fusion Oncogene-Driven Myeloid Leukemia. 
Cancer Discov. 2019;9(12):1736-1753. 
11. de Rooij JD, Masetti R, van den Heuvel-Eibrink MM, et al. Recurrent abnormalities can be used 
for risk group stratification in pediatric AMKL: a retrospective intergroup study. Blood. 
2016;127(26):3424-3430. 
12. Gamou T, Kitamura E, Hosoda F, et al. The partner gene of AML1 in t(16;21) myeloid 
malignancies is a novel member of the MTG8(ETO) family. Blood. 1998;91(11):4028-4037. 
13. Fischer MA, Moreno-Miralles I, Hunt A, Chyla BJ, Hiebert SW. Myeloid translocation gene 16 is 
required for maintenance of haematopoietic stem cell quiescence. EMBO J. 2012;31(6):1494-1505. 
14. Steinauer N, Guo C, Huang C, et al. Myeloid translocation gene CBFA2T3 directs a relapse gene 
program and determines patient-specific outcomes in AML. Blood Adv. 2019;3(9):1379-1393. 
15. Goardon N, Lambert JA, Rodriguez P, et al. ETO2 coordinates cellular proliferation and 
differentiation during erythropoiesis. EMBO J. 2006;25(2):357-366. 
16. Schuh AH, Tipping AJ, Clark AJ, et al. ETO-2 associates with SCL in erythroid cells and 
megakaryocytes and provides repressor functions in erythropoiesis. Mol Cell Biol. 2005;25(23):10235-
10250. 
17. Leung A, Ciau-Uitz A, Pinheiro P, et al. Uncoupling VEGFA functions in arteriogenesis and 
hematopoietic stem cell specification. Dev Cell. 2013;24(2):144-158. 
18. Chyla BJ, Moreno-Miralles I, Steapleton MA, et al. Deletion of Mtg16, a target of t(16;21), alters 
hematopoietic progenitor cell proliferation and lineage allocation. Mol Cell Biol. 2008;28(20):6234-6247. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 19, 2022. ; https://doi.org/10.1101/2022.12.16.520129doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.16.520129
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

19. Lutterbach B, Sun D, Schuetz J, Hiebert SW. The MYND motif is required for repression of basal 
transcription from the multidrug resistance 1 promoter by the t(8;21) fusion protein. Mol Cell Biol. 
1998;18(6):3604-3611. 
20. Zhang F, Jetten AM. Genomic structure of the gene encoding the human GLI-related, Kruppel-
like zinc finger protein GLIS2. Gene. 2001;280(1-2):49-57. 
21. Li B, Rauhauser AA, Dai J, et al. Increased hedgehog signaling in postnatal kidney results in 
aberrant activation of nephron developmental programs. Hum Mol Genet. 2011;20(21):4155-4166. 
22. Inaba H, Zhou Y, Abla O, et al. Heterogeneous cytogenetic subgroups and outcomes in childhood 
acute megakaryoblastic leukemia: a retrospective international study. Blood. 2015;126(13):1575-1584. 
23. Levine RL. Molecular pathogenesis of AML: translating insights to the clinic. Best Pract Res Clin 
Haematol. 2013;26(3):245-248. 
24. Zuber J, Radtke I, Pardee TS, et al. Mouse models of human AML accurately predict 
chemotherapy response. Genes Dev. 2009;23(7):877-889. 
25. Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries for CRISPR 
screening. Nat Methods. 2014;11(8):783-784. 
26. Neault M, Mallette FA, Richard S. miR-137 Modulates a Tumor Suppressor Network-Inducing 
Senescence in Pancreatic Cancer Cells. Cell Rep. 2016;14(8):1966-1978. 
27. Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 
2013;29(1):15-21. 
28. Dang J, Nance S, Ma J, et al. AMKL chimeric transcription factors are potent inducers of 
leukemia. Leukemia. 2017. 
29. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq 
data with DESeq2. Genome Biol. 2014;15(12):550. 
30. Barbie DA, Tamayo P, Boehm JS, et al. Systematic RNA interference reveals that oncogenic KRAS-
driven cancers require TBK1. Nature. 2009;462(7269):108-112. 
31. Larson JD, Kasper LH, Paugh BS, et al. Histone H3.3 K27M Accelerates Spontaneous Brainstem 
Glioma and Drives Restricted Changes in Bivalent Gene Expression. Cancer Cell. 2019;35(1):140-155 
e147. 
32. Obermayer A, Dong L, Hu Q, et al. DRPPM-EASY: A Web-Based Framework for Integrative 
Analysis of Multi-Omics Cancer Datasets. Biology (Basel). 2022;11(2). 
33. Wen J, Rusch M, Brady SW, et al. The landscape of coding RNA editing events in pediatric cancer. 
BMC Cancer. 2021;21(1):1233. 
34. Anders S, Pyl PT, Huber W. HTSeq--a Python framework to work with high-throughput 
sequencing data. Bioinformatics. 2015;31(2):166-169. 
35. Radtke I, Mullighan CG, Ishii M, et al. Genomic analysis reveals few genetic alterations in 
pediatric acute myeloid leukemia. Proc Natl Acad Sci U S A. 2009;106(31):12944-12949. 
36. Meyer SC, Levine RL. Molecular pathways: molecular basis for sensitivity and resistance to JAK 
kinase inhibitors. Clin Cancer Res. 2014;20(8):2051-2059. 
37. Malinge S, Ragu C, Della-Valle V, et al. Activating mutations in human acute megakaryoblastic 
leukemia. Blood. 2008;112(10):4220-4226. 
38. Drenberg CD, Shelat A, Dang J, et al. A high-throughput screen indicates gemcitabine and JAK 
inhibitors may be useful for treating pediatric AML. Nat Commun. 2019;10(1):2189. 
39. Tyner JW, Tognon CE, Bottomly D, et al. Functional genomic landscape of acute myeloid 
leukaemia. Nature. 2018;562(7728):526-531. 
40. Heyer J, Kwong LN, Lowe SW, Chin L. Non-germline genetically engineered mouse models for 
translational cancer research. Nat Rev Cancer. 2010;10(7):470-480. 
41. Eidenschink Brodersen L, Alonzo TA, Menssen AJ, et al. A recurrent immunophenotype at 
diagnosis independently identifies high-risk pediatric acute myeloid leukemia: a report from Children's 
Oncology Group. Leukemia. 2016;30(10):2077-2080. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 19, 2022. ; https://doi.org/10.1101/2022.12.16.520129doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.16.520129
http://creativecommons.org/licenses/by-nc-nd/4.0/


 21 

42. Crispino JD, Le Beau MM. BMP meets AML: induction of BMP signaling by a novel fusion gene 
promotes pediatric acute leukemia. Cancer Cell. 2012;22(5):567-568. 
43. Ross ME, Mahfouz R, Onciu M, et al. Gene expression profiling of pediatric acute myelogenous 
leukemia. Blood. 2004;104(12):3679-3687. 
44. Hyrenius-Wittsten A, Pilheden M, Sturesson H, et al. De novo activating mutations drive clonal 
evolution and enhance clonal fitness in KMT2A-rearranged leukemia. Nat Commun. 2018;9(1):1770. 
45. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. The Molecular 
Signatures Database (MSigDB) hallmark gene set collection. Cell Syst. 2015;1(6):417-425. 
46. Vasanth S, ZeRuth G, Kang HS, Jetten AM. Identification of nuclear localization, DNA binding, and 
transactivating mechanisms of Kruppel-like zinc finger protein Gli-similar 2 (Glis2). J Biol Chem. 
2011;286(6):4749-4759. 
47. Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment analysis: a knowledge-based 
approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A. 
2005;102(43):15545-15550. 
48. Regl G, Kasper M, Schnidar H, et al. Activation of the BCL2 promoter in response to 
Hedgehog/GLI signal transduction is predominantly mediated by GLI2. Cancer Res. 2004;64(21):7724-
7731. 
49. Bigelow RL, Chari NS, Unden AB, et al. Transcriptional regulation of bcl-2 mediated by the sonic 
hedgehog signaling pathway through gli-1. J Biol Chem. 2004;279(2):1197-1205. 
50. Han ME, Lee YS, Baek SY, Kim BS, Kim JB, Oh SO. Hedgehog signaling regulates the survival of 
gastric cancer cells by regulating the expression of Bcl-2. Int J Mol Sci. 2009;10(7):3033-3043. 
51. Attanasio M, Uhlenhaut NH, Sousa VH, et al. Loss of GLIS2 causes nephronophthisis in humans 
and mice by increased apoptosis and fibrosis. Nat Genet. 2007;39(8):1018-1024. 
52. Letai AG. Diagnosing and exploiting cancer's addiction to blocks in apoptosis. Nat Rev Cancer. 
2008;8(2):121-132. 
53. Ni Chonghaile T, Sarosiek KA, Vo TT, et al. Pretreatment mitochondrial priming correlates with 
clinical response to cytotoxic chemotherapy. Science. 2011;334(6059):1129-1133. 
54. Souers AJ, Leverson JD, Boghaert ER, et al. ABT-199, a potent and selective BCL-2 inhibitor, 
achieves antitumor activity while sparing platelets. Nat Med. 2013;19(2):202-208. 
55. Tse C, Shoemaker AR, Adickes J, et al. ABT-263: a potent and orally bioavailable Bcl-2 family 
inhibitor. Cancer Res. 2008;68(9):3421-3428. 
56. Kelly LM, Gilliland DG. Genetics of myeloid leukemias. Annu Rev Genomics Hum Genet. 
2002;3:179-198. 
57. Li Q, Bohin N, Wen T, et al. Oncogenic Nras has bimodal effects on stem cells that sustainably 
increase competitiveness. Nature. 2013;504(7478):143-147. 
58. Wang J, Kong G, Liu Y, et al. Nras(G12D/+) promotes leukemogenesis by aberrantly regulating 
hematopoietic stem cell functions. Blood. 2013;121(26):5203-5207. 
59. Wang J, Liu Y, Li Z, et al. Endogenous oncogenic Nras mutation promotes aberrant GM-CSF 
signaling in granulocytic/monocytic precursors in a murine model of chronic myelomonocytic leukemia. 
Blood. 2010;116(26):5991-6002. 
60. Cutts BA, Sjogren AK, Andersson KM, et al. Nf1 deficiency cooperates with oncogenic K-RAS to 
induce acute myeloid leukemia in mice. Blood. 2009;114(17):3629-3632. 
61. Zhang J, Kong G, Rajagopalan A, et al. p53-/- synergizes with enhanced NrasG12D signaling to 
transform megakaryocyte-erythroid progenitors in acute myeloid leukemia. Blood. 2017;129(3):358-370. 
62. Konopleva M, Letai A. BCL-2 inhibition in AML: an unexpected bonus? Blood. 
2018;132(10):1007-1012. 
63. U.S. Food and Drug Administration. FDA approves venetoclax for CLL or SLL, with or without 17 p 
deletion, after one prior therapy; 2018. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 19, 2022. ; https://doi.org/10.1101/2022.12.16.520129doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.16.520129
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

64. Ashkenazi A, Fairbrother WJ, Leverson JD, Souers AJ. From basic apoptosis discoveries to 
advanced selective BCL-2 family inhibitors. Nat Rev Drug Discov. 2017;16(4):273-284. 
65. Vandenberg CJ, Cory S. ABT-199, a new Bcl-2-specific BH3 mimetic, has in vivo efficacy against 
aggressive Myc-driven mouse lymphomas without provoking thrombocytopenia. Blood. 
2013;121(12):2285-2288. 
66. Peirs S, Matthijssens F, Goossens S, et al. ABT-199 mediated inhibition of BCL-2 as a novel 
therapeutic strategy in T-cell acute lymphoblastic leukemia. Blood. 2014;124(25):3738-3747. 
67. Chonghaile TN, Roderick JE, Glenfield C, et al. Maturation stage of T-cell acute lymphoblastic 
leukemia determines BCL-2 versus BCL-XL dependence and sensitivity to ABT-199. Cancer Discov. 
2014;4(9):1074-1087. 
68. Konopleva M, Pollyea DA, Potluri J, et al. Efficacy and Biological Correlates of Response in a 
Phase II Study of Venetoclax Monotherapy in Patients with Acute Myelogenous Leukemia. Cancer 
Discov. 2016;6(10):1106-1117. 
69. Debrincat MA, Pleines I, Lebois M, et al. BCL-2 is dispensable for thrombopoiesis and platelet 
survival. Cell Death Dis. 2015;6:e1721. 
70. Roberts AW, Davids MS, Pagel JM, et al. Targeting BCL2 with Venetoclax in Relapsed Chronic 
Lymphocytic Leukemia. N Engl J Med. 2016;374(4):311-322. 
71. Josefsson EC, James C, Henley KJ, et al. Megakaryocytes possess a functional intrinsic apoptosis 
pathway that must be restrained to survive and produce platelets. J Exp Med. 2011;208(10):2017-2031. 
72. Kodama T, Hikita H, Kawaguchi T, et al. Mcl-1 and Bcl-xL regulate Bak/Bax-dependent apoptosis 
of the megakaryocytic lineage at multistages. Cell Death Differ. 2012;19(11):1856-1869. 
73. Debrincat MA, Josefsson EC, James C, et al. Mcl-1 and Bcl-x(L) coordinately regulate 
megakaryocyte survival. Blood. 2012;119(24):5850-5858. 

 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 19, 2022. ; https://doi.org/10.1101/2022.12.16.520129doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.16.520129
http://creativecommons.org/licenses/by-nc-nd/4.0/


p<0.0001

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

10
5

10
4

10
3

-10
3

0

CG2-LucMIC-NrasMIC-Luc CG2-Nras

Mac-1

G
r-
1

CD41

C
D
61

CD41

c-
K
it

30.4

3.6

0.9

32.2

1.8

3.5

2.5

43.5

18.8

1.1

78.3

9.0

0

50

100

MI
C-
Lu
c

MI
C-
Nr
as

CG
2-
Lu
c

CG
2-
Nr
as

%
of
M
ac
-1
+ G
r-
1+
ce
lls
in
B
M

25

75

0

25

50

75

100

MI
C-
Lu
c

MI
C-
Nr
as

CG
2-
Lu
c

CG
2-
Nr
as

%
of
C
D
41
+
ce
lls
in
B
M

G

FIGURE 1. Mosaic AMKL Mouse Models Phenocopy Pediatric Human AMKL.

A

E

0.0

0.5

1.0

1.5

2.0

2.5

S
P
w
ei
gh
t(
g)

MI
C-
Lu
c

MI
C-
Nr
as

CG
2-
Lu
c

CG
2-
Nr
as

0

25

50

75

100

%
of
m
C
he
rr
y+
ce
lls
in
B
M

MI
C-
Lu
c

MI
C-
Nr
as

CG
2-
Lu
c

CG
2-
Nr
as

H
C

MIC-Nras
(4/20)

CG2-Luc
(20/50)

CG2-Nras
(26/40)

MIC-Luc
(1/21)

Latency (days PT)

Le
uk
em
ia
-f
re
e
su
rv
iv
al
(%
)

D

0 50 100 150 200
0

25

50

75

100

14 28 42 56Days PT :

S
P
LE
E
N

P
B

CG2-LucMIC-NrasMIC-Luc CG2-Nras

H
&
E

FA
C
TO
R
V
III

H

3'LTRLuciferase5'LTR IRES NrasG12DΨ+

3'LTRLuciferase5'LTR IRESΨ+

Ψ+5'LTR CBFA2T3-GLIS2 mCherryIRES 3'LTR

Ψ+5'LTR mCherryIRES 3'LTRMIC

CG2

Luc

Nras

mCherry
+luciferase
vectors

sorting of
mCherry+

cells

Leukemia monitoring
E13.5-14.5
FLcells

1e6 cells

8 Gy
B

F

p=0.0128

p=0.0041

p=0.1360 p=0.0127

p=0.0140

p=0.9240

p=0.5527

p=0.1962

p=0.0151

p=0.9751

p<0.0001

p<0.0001

p=0.5602

p<0.0001
p=0.6588

p<0.0001
p=0.3493

p=0.0022

p=0.9999

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 19, 2022. ; https://doi.org/10.1101/2022.12.16.520129doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.16.520129
http://creativecommons.org/licenses/by-nc-nd/4.0/


 23 

Figure 1. Mosaic AMKL Mouse Models Phenocopy Pediatric Human AMKL.  
A. MSCV-based retroviral vectors were designed to be co-transduced in mouse FL cells. The 
mCherry fluorescent protein construct expresses CBFA2T3-GLIS2 or not, and the Photinus 
pyralis “firefly” luciferase construct co-expresses NrasG12D or not. B. CD45.1/45.2-double 
positive FL cells were co-transduced with a combination of mCherry and luciferase constructs, 
and mCherry-expressing cells were sorted 48h post-transduction. Lethally irradiated (8Gy) mice 
were transplanted with 1e6 mCherry+ cells and subsequently monitored for AMKL markers. C. 
Kaplan-Meier plot showing the percentage of leukemia-free survival from each vector 
combination group over time. Numbers represent leukemic mice over the total number of mice in 
each group. Statistical significance was measured by the log-rank test (Mantel-Cox). D. 
Bioluminescent imaging of primary recipient mice 14-, 28-, 42- and 56-days following 
transplantation; representative images. E. Spleen weight and percentage of mCherry+ cells 
recovered from the BM at time of sacrifice. F, G. Representative flow cytometry plots (F) and 
quantification of flow cytometry markers (G) from mCherry+ BM cells at the time of sacrifice. 
H. Representative images of spleen from MIC controls and CG2 leukemic mice with 
corresponding spleen sections stained with hematoxylin and eosin or anti-factor VIII antibody. 
Black scale bar = 1mm (magnification 2.5x), white scale bar = 100µm (magnification 20x). PB 
smears (original magnification 1000x) stained with Wright-Giemsa. 
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Figure 2. Transcriptional Profiles of CBFA2T3-GLIS2-Induced Murine Leukemias 
Correlate with Human AMKL.  
A. GSEA of differential gene expression in FL cells expressing CBFA2T3-GLIS2 (CG2) vs 
control (MIC) for gene sets comprising genes upregulated in CBFA2T3-GLIS2+ patients vs 
fusion-negative AMKL5,6 or AML9. FL cells were sorted for mCherry+cKit+Lin- (Gr-1-, B220-, 
CD3-, Ter119-, Mac-1+) expression. B. Unsupervised hierarchical clustered heatmap of 
differentially expressed genes (5000 most significant p-values; Z-score) in mCherry+-sorted BM 
cells from MIC-Luc, CG2-Luc and CG2-Nras mice at sacrifice. MIC-Luc was used as a control. 
C. Heatmap of differential expression data from (B) of genes that are differentially expressed in 
patients with CBFA2T3-GLIS2 AMKL as well as markers indicative of megakaryoblasts and 
hematopoietic stemness. D, E. GSEA of differential expression data from (B) for gene sets 
containing genes upregulated upon doxycycline induced expression of CBFA2T3-GLIS2 in FL 
HSPC vs WT BM HSC (D)10 and signature genes from AMKL (AML-M7; FAB classification) 
vs other AML subtypes (E)43. F. Heatmap of myeloid lineage signature scores of data from (B), 
calculated by single-sample GSEA from previously published gene signatures from flow-sorted 
mouse hematopoietic stem cell (HSC), granulocyte-monocyte progenitors (GMP), multipotent 
common myeloid progenitor (CMP), megakaryocyte-erythroid progenitor cell (MEP), and 
multipotent progenitors (MPP)28. G. Corresponding GSEA from (F) showing enrichment in 
MEP signature from CBFA2T3-GLIS2+ leukemias. 
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Figure 3. GLIS2 Cooperates with Oncogenic Ras and Drives the Megakaryocytic Identity 
of Leukemic Blasts. 
A. Unsupervised hierarchical clustered heatmap of differentially expressed genes (5000 most 
significant p-values; Z-score) upon expression of CBFA2T3-GLIS2 (CG2), full-length GLIS2 
(G2), full-length CBFA2T3 (C), and GLIS2C265G (G2m) compared to MIC empty vector control 
in FL cells. FL cells were sorted for mCherry+cKit+Lin- (Gr-1-, B220-, CD3-, Ter119-, Mac-1+) 
expression. B, C. Principal component analysis (PCA) of the gene expression profiles (B) and 
bar graph representing hallmark gene sets45 significantly overlapping with gene signatures from 
RNA-seq data described in (A). D. Kaplan-Meier plot showing the percentage of leukemia-free 
survival from CBFA2T3, GLIS2 or GLIS2-Nras recipients over time. Numbers represent the 
leukemic mice over the total number of mice in each group. Statistical significance was 
measured by the log-rank test (Mantel-Cox) using GLIS2 as a control. E. Quantification of flow 
cytometry markers from mCherry+ BM cells at time of sacrifice. F. Spleen weight and 
percentage of mCherry+ cells recovered in BM at the time of sacrifice. G. Representative flow 
cytometry histograms plots of markers from mCherry+ PB cells 25 days after transplantation. 
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Figure 4. Regulation of Pro- and Anti-Apoptotic Gene by GLIS2 and CBFA2T3-GLIS2.  
A. GSEA plot of expression data obtained from FL cells transduced with CBFA2T3-GLIS2 or 
GLIS2 showing enrichment of a published apoptosis gene signature45. B. Heatmap of 
differentially expressed genes related to apoptosis from RNA-seq data from FL cells expressing 
CG2, GLIS2, CBFA2T3, and GLIS2C265G compared to MIC empty vector control. Increased 
expression (red), decreased expression (blue). C. FL cells were transduced with empty MIC or 
CBFA2T3-GLIS2 virions and incubated for 48h. Total cell lysates were immunoblotted with 
anti-Glis2, anti-Mcl1, anti-Bcl-2, anti-Bcl-xL and anti-Bim antibodies. Anti-pan-actin antibody 
was used to control for equivalent loading. Representative of two independent experiments. D. 
Heatmap of differentially expressed genes related to apoptosis from BM cells of leukemic CG2-
Luc or CG2-Nras mice. Cells were sorted for mCherry+CD41+cKit+Lin- (Gr-1-, B220-, CD3-, 
Ter119-, Mac-1+) expression 48h post-transduction; RNA was extracted and subjected to 
genome-wide RNA sequencing. WT controls consist of C57BL/6 BM cells sorted for 
CD41+cKit+Lin- (Gr-1-, B220-, CD3-, Ter119-, Mac-1+). Increased expression (red), decreased 
expression (blue). E. Relative levels of apoptosis-related proteins between patient samples 
harboring the CBFA2T3-GLIS2 fusion and normal megakaryoblasts (megaK). Each sample had 
two replicates and proteins were quantified by tandem mass tag labeling and mass spectrometry. 
F. Expression levels of BCL2 from pediatric AMKL patients with CBFA2T3-GLIS2 or other 
genetic subtypes of AMKL. Data from GSE35203 5. G. M07e cells were transduced with virions 
encoding GFP, hCas9, and sgRNAs targeting the AAVS1 locus or GLIS2 (sgGLIS2_1 and _2). 
Cells were sorted for GFP expression 7-8 days after transduction, and total cell lysates were 
immunoblotted with anti-CBFA2T3 antibody. Anti-α-tubulin was used to control for equivalent 
loading. Representative of three independent experiments. H. Expression levels of putative 
transcriptional targets of CBFA2T3-GLIS2 and of (I) apoptosis genes were quantified by real-
time qPCR in M07e cells from (G). Values were normalized to the geometric mean of ACTB and 
PPIA values. Data are shown as mean ± s.d. (n = 3).  
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Figure 5. CBFA2T3-GLIS2-Expressing Leukemic Cells Are Sensitive to BH3 Mimetics.  
Cellular apoptosis and EC50 values for AMKL cell lines (M07e, RS1 and WSU-AML) treated 
with ABT-199 (A) or ABT-263 (B) at increasing doses for 72h. Data are shown as mean ± s.d. 
(n = 3). C. Dose-response of PDX-derived cells from two different pediatric patients (M7012 and 
M7014) treated 72h with ABT-199 or ABT-263. Annexin V+ cells were analysed by flow 
cytometry. Data are shown as mean ± s.d. (n = 3). Statistical significance of ABT-199 vs ABT-
263 response was established by unpaired t-test for two group comparisons and defined as 
****p<0.0001, ***p<0.001, **p<0.01, ns;p≥0.01. D. Kaplan-Meier plot showing the percentage 
of leukemia-free survival from vehicle vs ABT-263-treated NSG-SGM3 mice transplanted with 
M7012 PDX cells, over time. Statistical significance was measured by the log-rank test (Mantel-
Cox), n=5. Upward ticks correspond to days of treatment; a white arrow corresponds to 
peripheral blood analysis (day 39 post-transplantation). E. Quantification of mCD45-hCD56+ 
cells from peripheral blood 39 days post-transplantation, or at sacrifice (if under 39 days post-
transplantation). 
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