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Translocations involving the mixed lineage leukemia (MLL/KMT2A) gene generally confer
poor prognosis in acute myeloid leukemia (AML) and display a large inter- and intratumor
heterogeneity’. By conducting a single cell RNA sequencing analysis (scRNA-seq), the
different developmental stages along the hematopoietic stem cell (HSC) to myeloid trajectory
can be resolved, which is relevant for self-renewal, interactions of leukemic cells with non-
malignant cells in the microenvironment and therapy resistance®®. However, information on
MLL-rearranged (MLL-r) cases of AML is scarce as previous scRNA-seq studies of AML by
van Galen et al.? and Slush et al.? include only one MLL-r patient each. In our previous work
we have described a novel MLL fusion with the enhancer of mRNA decapping 4 (EDC4)
gene (MLL-EDC4)® for which recently another case has been reported’.

Here, we dissected cell types and developmental stages in five AML patients by scRNA-seq
to compare the novel MLL-EDC4 translocation to MLL-MLLT3 and MLL-ELL fusions
(supplemental Table 1). Mononuclear cells were collected from peripheral blood or bone
marrow and subjected to scRNA-seq to yield 17,600 cells as described in further detail in the
Supplemental Information. Transcriptome features of the merged scRNA-seq data obtained
from the five patient samples were visualized by uniform manifold approximation and
projection (UMAP) and clustering (Figure 1A, B; supplemental Figure 1A, B). We then
annotated leukemic vs. non-malignant cells according to marker gene expression profiles
and validated the results with the chromosome ploidy computed from the scRNA-seq data
(Figure 1C). The scRNA-seq analysis revealed a significant intratumor heterogeneity of the
MLL-MLLT3 #2, MLL-MLLT3 #3 and MLL-ELL patients with two distinctive clusters (c1, c2)
of leukemic cells. In contrast, the MLL-EDC4 and MLL-MLLT3 #1 samples showed a more
homogeneous phenotype. Non-malignant cells determined by marker gene expression
clustered per cell type across all patients without further batch correction while leukemic
cells from each patient sample clustered individually.

We characterized the differentiation state of leukemic cells with an automated cell type
prediction approach using the Human Cell Atlas (HCA)® bone marrow dataset from eight
healthy donors as a training data set. Genes signatures and scores for the different cell
types were assigned based on the most expressed cell type markers from the HCA data
(Figure 1D-F; supplemental Figure 1C-E, supplemental Table 2). Leukemic cells with
MLL-EDC4 translocation represented a distinct leukemic cell cluster and were almost
exclusively classified as HSCs, multipotent progenitors (MPPs) or erythroblasts (ERPs),
which is in line with their CD34'/CD14~ FACS signature (supplemental Table 3). In
contrast, malignant cells from the common MLL-fusions presented a more differentiated
phenotype that unveiled a trajectory from myeloid progenitors to monocyte-like cells from
cluster 2 to 1 for MLL-MLLT3 #2, MLL-MLLT3 #3 and MLL-ELL (Figure 1D; supplemental
Figure 1F). Interestingly, a fraction of cells from cluster 2 of MLL-MLLT3 #3 stand out as it
displayed signatures of MPP (21%) and HSC (14%) cells (Figure 1E, F). The MLL-EDC4
patient showed elevated module scores for HSC- and MPP-genes, while no upregulation in
monocytic CD14+ related genes was evident (Figure 1E, F). This phenotype was also partly
present in cluster 2 of MLL-MLLT3 #3 as apparent from the bimodal distribution of the violin
plot and the low monocyte score of the whole cluster and in a minor fraction of cluster 2 from
MLL-ELL. In contrast, leukemic cells from MLL-MLLT3 #1 and #2 patients and cluster 1 of
MLL-MLLT3 #3 and MLL-ELL showed an almost opposite pattern. The analysis of the
microenvironment revealed monocytes with an unusual gene expression signature in MLL-
EDC4 that was characterized by expression of CD36, cathepsins and CLEC receptors
(supplemental Figure 1G)°.
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Next, we performed a differential gene expression analysis of gene sets and pathways for
the different MLL-r cases. Gene set enrichment analysis (GSEA) showed a downregulation
of myeloid leukocyte mediated immunity and activation and a dampened immune response
in the MLL-EDC4 positive leukemic cells. Pathways associated with MYC targets, interferon
alpha response, eukaryotic translation initiation or elongation and reactive oxygen species
(ROS) were upregulated (Figure 2A). The upregulation of various ribosomal proteins in
MLL-EDC4 positve AML may be linked to the malignant transformation of cells™.
Furthermore, the upregulation of ROS pathways has been shown to interfere with
hematopoiesis due to an increase in oxidative stress causing genomic instability’".
Transcriptomes of leukemic cells from the MLL-MLLT3 and MLL-ELL positive AML displayed
an upregulation of classical monocyte markers in contrast to MLL-EDC4 (Figure 2B).
Interestingly, the most differentially expressed gene in patient MLL-EDC4 positive cells was
lactate dehydrogenase B (LDHB), mediating the switch on the anaerobic glycolysis and
lactate production that could reflect a high proliferation rate of leukemic cells (Warburg
effect) and/or adaption to hypoxia ™.

The MLL-EDCA4 fusion showed a distinctive upregulation of genes known to have an impact
on cell-fate decision and cellular differentiation in hematopoiesis and endothelial-to-
hematopoietic transition (NPM1, CDK6, SOX4, GATA2, MYC, DACHL1) or leukemic stem cell
activation (FLT3, HOPX, HOXA9, RUNX1)"™" (Figure 2B). It is noted that transcription
factors (TFs) like SOX4, GATA2, MYC and RUNX1 are well established master regulators of
stem cell programs. These findings prompted us to systematically evaluate TF expression
and their activity based on target gene expression. Compared to the other fusions (Figure
2C), MLL-EDCA4 displayed an increased activity of interferon-related TFs such as STAT2 and
IRF9, of oncogenes MYC, MYB as well as other TFs like E2F4, ETS1, GATAL, NFYA,
POU2F1, SPI1, TAL1 that have been linked to stemness in hematopoietic cells?***?. Based
on this data, a network of interacting TFs was generated (Figure 2D). Unsupervised
clustering highlighted MYC as a central node in the network that is linked to many TFs as
first or second edge. MYC is known to play a crucial role in cell growth, proliferation and
tumorigenesis®. In addition, TF activity showed an upregulation of POU2F1 in MLL-EDC4
positive AML, which can function in cell growth control, cellular stress response, stem cell
identity and immune regulation®*. Finally, activity of hematopoietic key regulator RUNX1 was
high as inferred from the aberrant expression of its downstream targets UBB, PSNEL1,
ARID1B and KIAA0125 involved in differentiation of myeloid cells®.

In summary, our scRNA-seq analysis of MLL fusions in AML reveals variable degrees of
intratumor heterogeneity and differentiation stages. The MLL-EDC4 positive AML is
associated with a more primitive cell differentiation state compared to MLL-MLLT3 or MLL-
ELL. The uniqgue hematological progenitor-like cell type in our MLL-EDC4 case is evident
from an extensive upregulation of a network of transcription factors that are known to be
crucial for differentiation block and leukemic development. Furthermore, a fraction of
leukemic cells with an HSC/progenitor cell type in one cluster of the MLL-MLLT3 #3 sample
was detected, which points to a complex interplay of MLL fusion partner and the cell type
that develops the AML initiating translocation. It is well established that a more stem cell like
phenotype is highly relevant for prognosis and therapy response®°. Accordingly, it will be
important to extend the approach described here to a larger patient cohort to reveal the
relation between the developmental stage along the myeloid trajectory and clinical
parameters for different MLL fusions.
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Informed consent was obtained from all participants involved in the research reported in the
manuscript at the Department of Medicine | of University Freiburg Medical Center.
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Figure legends

Figure 1. Intratumor heterogeneity and cell type assignment of MLL-r samples.
(A) UMAP embedding of all AML samples colored by patient. (B) UMAP embedding colored
by cell types determined from marker gene expression. AML cells form separate clusters for
each patient whereas non-malignant cell types from different samples cluster together. (C)
UMAP embedding colored by ploidy with AML cells annotated as aneuploid (red) and
microenvironment cells as diploid (cyan). (D) UMAP embedding of AML cells colored by cell
type prediction with SingleR according to the HCA as reference data set. (E) Pie charts of
predicted cell type composition for AML cell clusters. (F) Violin plots of myeloid cell signature
module scores according to supplemental Table 2 for AML cell clusters. c1, cluster1; c2,
cluster2; HSC, hematopoietic stem cell; MPP, multipotent progenitor; GMP, granulocyte-
monocyte progenitor; preDC, pre-dendritic cell; cDC2, type 2 conventional dendritic cell;
Mono, CD14+ monocytes.

Figure 2. Gene expression and transcription factor activity in MLL-EDC4 compared to
other MLL-r cases. (A) Enriched gene sets in up- and down-regulated genes of MLL-EDC4
AML cells compared to all other AML cells visualized as dot plots. Gene sets from Hallmark,
Reactome and GO:BP were used. (B) Clustered single-cell transcriptomic heatmap of the
most differentially expressed genes between AML cell clusters (C) Heatmap of transcription
factor activities for AML cells based on scRNA-seq data. (D) Transcription factor network
colored by transcription factor activity.
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Supplemental Methods

Sample acquisition and clinical data

The study complied with all relevant ethical regulations for working with patients and patient
samples in accordance with the Declaration of Helsinki. Informed consent was obtained from
all participants. The samples were enriched for mononuclear cells (MNCs) via ficoll-hypaque
and depleted from CD3" cells via autoMACS (Miltenyi Biotec) as described previously’.

Droplet-based scRNA-seq

Single-cell RNA sequencing was performed with PBMCs and BMNCs on the Chromium
platform with the single cell 3’ library and gel bead kit v2 (10x Genomics). Approximately 8,000
cells per sample were loaded and libraries were generated according to the manufacturer’s
protocol. The sequencing-ready library was cleaned up with SPRI-select beads (Beckman
Coulter) and sequenced by the DKFZ Core Facility on the Illumina NovaSeq 6000 platform
with S1 flow cell and paired-end sequencing with 26 and 96 bp read length.

Preprocessing and quality control of scRNA-seq data

Preprocessing of the scRNA-seq data was performed using Cell Ranger version 3.1.0 (10x
Genomics). Each sample was aligned to the human reference genome assembly “refdata-
cellranger- GRCh38-1.2.0_premrna” using the Cell Ranger command count. The scRNA-seq
data are available as read count matrices at the Zenodo open repository at
http://www.doi.org/10.5281/zenodo.7832876. Raw expression data were then loaded into R
version 4.0.2 and analyzed using the Seurat package?® version 4.0.0 with the parameters
suggested by the developers. Specifically, single-cell profiles with less than 500 detected
genes (indicating a dying cell or no cell in a droplet), more than 3000 detected genes
(indicating cell doublets), or more than 15% of UMIs derived from mitochondrial genes were
discarded. Additionally, cells with a doublet score >0.4 calculated via the Python package
Scrublet® were removed using following parameters: sim_doublet_ratio = 2; n_neighbors = 30;
expected _doublet rate = 0.1.

For comparison of leukemic cells with healthy hematopoietic progenitors, bone marrow
scRNA-seq raw-count data collected from eight healthy individuals (census of immune cells)
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were downloaded from the HCA data portal®. This dataset was generated on the Chromium
platform with the same single cell 3' reagent v2 chemistry as used for our experiments. For
compatibility Gene symbols of the HCA dataset were converted from GENCODE v27 to v28.

Analysis of scRNA-seq data

Data of all samples was merged and ~17,600 single cell transcriptomes passed quality control
criteria. Regularized negative binomial regression was used to normalize UMI count data using
sctransform®. The number of UMIs per cell and the percent of mitochondrial reads per cell
were regressed out using Seurat’s standard analysis workflow. Data was integrated using
canonical correlation analysis (CCA) available in Seurat package. Principal component
analysis (PCA) was conducted using the top 3,000 variable genes. 30 and 15 principal
components as determined by an elbow plot were used for downstream analysis of non-
integrated and integrated data, respectively. K-nearest neighbor (KNN) graph of cells was
calculated and used for Louvain-based clustering to assign cells to clusters. Low-dimensional
embeddings of non-integrated as well as integrated data were computed using UMAP.

Cell type specific marker genes such as CD3D, MS4A1, NKG7, HBB and CD14 were clearly
detectable in the scRNA-seq data, enabling a robust marker-based assignment of non-
malignant cell identities. Cell clusters with transcriptomic signatures that could not be assigned
as microenvironment were labelled as leukemic cells. There leukemic cell state was confirmed
by their aneuploidy, which was computed with the R package copyKat® for each sample
individually using the non-malignant cell types monocytes, T-cell and NK-cell as diploid
reference. Differentially expressed genes between groups of cells were identified using
Wilcoxon Rank Sum test (pagj < 0.05, log2FoldChange > 0.1) using the FindMarkers function
in Seurat. Gene set enrichment analysis was performed with the hypeR R package’. Cell type
prediction of leukemic cells was determined via SingleR® using a down-sampled HCA data set
(~1000 cells per cell type) and associated cell identity labels as training data set. Module
scores for HSC- to CD14 monocyte-like transcriptional profiles were calculated via
AddModuleScore from Seurat and using a signature gene list derived from the HCA data set
(supplemental Table 2). Pseudotime inference was conducted via Slingshot®.

Transcription factor activity was inferred from scRNA-seq data using the DoRothEA package'®
with the statistical method VIPER'. Only regulons with confidence levels A and B were used.
A list of transcription factors that were also regulated by each other was imported into
Cytoscape' and the transcription factors were colored based on DoRothEAs calculated
activity levels.
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Figure S1. Cell type annotation and transcriptional characterization of microenvironment.
(A) UMAP embedding colored by expression of cell type specific markers for AML patients.
(B) Comparison of MLL-EDC4 replicate 1 from our previous scRNA-seq analysis'® with the new data
acquired here (replicate 2). Left, non-integrated data. The raw expression profiles of the replicates are
separated due to confounding technical factors. Right, integrated data. Highly similar distributions of
the gene expression profiles are obtained, which demonstrates the reliability of our scRNA-seq protocol.
(C) Integrated scRNA-seq data set of all five AML patients. Blasts from the MLL-EDC4 sample still form
a distinct cluster (AML c3) that is separated from the other samples. (D) UMAP embedding colored by
expression of HOXA9 and MEIS1 for the different samples. Both markers show their strongest
simultaneous expression in MLL-EDC4 and in MLL-MLLT3 #3 c2, which supports the presence of
HSC/MPP like cells in the corresponding clusters’. (E) Heatmap of label scores from cell type
prediction for clustered AML cells. MPP, multipotent progenitor; GMP, granulocyte-monocyte
progenitor; preDC, pre-dendritic cell; cDC2, type 2 conventional dendritic cell; prMono, promonocyte;
Mono CD14, CD14* monocytes; Mono CD16, CD16* monocytes. (F) UMAP embeddings of MLL-MLLT3
#2 and #3 and MLL-ELL leukemic cells colored according to predicted cell types. Black lines indicate
pseudotime trajectories. (G) Clustered single-cell transcriptomic heatmap of differentially expressed
genes in MLL-EDC4 monocytes vs. other non-malignant cells in the microenvironment. The monocyte-
like cells from MLL-EDC4 were unusual with respect to expression of CD36, cathepsins and CLEC
receptor.
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Supplemental Table S1. Patient information and scRNA-seq data

Patient/MLL | MLL-EDC4 MLL-MLLT3 MLL-MLLT3 MLL-MLLT3 MLL-ELL
fusion #1 #2 #3
Sex / age F / 56 years F /28 years F / 58 years F / 64 years F /57 years
AML type Secondary t-AML after De-novo AML, | tAML after t-AML after
AML evolving | RCTx for no MDS RCTx for RCTx for
from MDS, no | Hodgkin phase breast and ovarian
prior CTx lymphoma, no CTx for cancer, no
MDS phase ovarian MDS phase
cancer, no
MDS phase
Prior AML Decitabine None None None None
treatment
Timepoint of | Before 4th Diagnosis Diagnosis Diagnosis Diagnosis
cell sampling | cycle of
decitabine
Karyotype 46,XX,t(11;16) | 46,XX,t(9;11) | 46,XX,t(9;11) | 46,XX,t(9;11) | 46,XX,t(11;19)
(323,922) (p22,23)[10] | (P22;923) (p22; 423)[6) | (423;p13)
[12]; 46, XX[8] 47,XX, idem,
+21[14]
Cell source PBMCs, CD3* | BMNCs BMNCs BMNCs PBMC
cell depleted
% blasts 90 78 95 59 57
% nuclei MLL | 85 90 95 90 82
fusion (FISH)
Clinical Diagnosis 11/ | Induction Induction Induction Induction
course 2012, start chemotherapy | chemotherapy | chemotherapy | chemotherapy
decitabine 05/ | 01/2016, CR 01/2015, CR 06/2014, CR 11/2012, CR
2013, SD until | 02/2016, 03/2015, 09/2014, 11/2012,
progression HSCT HSCT 03/ relapse 02/ HSCT 02/
and exitus 04/2016, alive | 2015, alive in | 2015, last 2013, last
letalis 02/2014 | in remission remission seen alive 02/ | seen alive 08/
(04/2023) (05/2023) 2015 2022
scRNA-seq 3255 1766 3464 3917 5154
cell number
scRNA-seq 951 624 856 1181 1225
genes/cell
(median)

Demographic, clinical, molecular, and diagnostic information for all samples in this study. CTx,
chemotherapy; RCTx, radio-chemotherapy; HSCT, hematopoietic stem cell transplantation; MDS,
myelodysplastic syndrome; t-AML, therapy-related AML. PBMCs, peripheral blood mononuclear cells;
BMNCs, bone marrow mononuclear cells; CR, complete remission; SD, stable disease. Clinical
presentation of MLL-EDC4: Initial disease course marked by typical MDS features without blast
expansion, which is absent in MLL-r. This was followed by grade 2 bone marrow fibrosis, and
erythrocyte transfusion dependence for 8 months, until progression to secondary AML occurred.
Notably, the AML course was overall indolent (“smoldering”), thus necessitating only limited and
intermittent low-dose treatment measures (decitabine, hydroxyurea), over a period of 10 months.
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Supplemental Table S2. Single cell derived gene signatures

HSC MPP GMP 2:"3:‘2 Pre DC cDC1

AVP SPINK2 MPO S100A12 | STMN1 HLA-DPA1
RPS4X IGLLA PRTN3 S100A9 | TUBA1B HLA-DPB1
RPL5 NPM1 ELANE S100A8 | IGLL1 HLA-DRB1
EIF3E TUBATB | AZU1 CXCL8 | TUBB CD74
SPINK2 HSP90AB1 | CTSG TYROBP | SOX4 HLA-DQAT
HSP90AB1 | LDHB PRSS57 VCAN PLACS HLA-DQB1
NPM1 EEF1B2 | CLEC11A | DUSP1 IRF8 HLA-DRA
RPL31 STMNA H2AFZ FOS C120rf75 HLA-DRB5
RPS6 RPLPO CALR FCN1 HMGB1 CPVL
EEF1B2 | RPL5 PLACS S100A6 | ACTG1 CST3
RPLPO HNRNPA1 | STMN1 NEAT1 HISTIH4C | SNX3
RPL3 PRSS57 | IGLL1 CD14 ITM2C Clorf54
RPS3 RPSA AC020656.1 | CTSS HMGN2 IRF8
HINT1 TUBB RNASE2 FTL SRP14 ID2
FAM30A | HINTA RPS18 NFKBIA | UBB RGS10
EEF2 RPS4X NUCB2 NAMPT | HMGNA1 TMSBA4X
RPL10A | NUCB2 HSP90B1 | ZFP36L1 | HMGB2 HLA-DMA
ZFAST HIST1H4C | RPS19 S100A4 | HNRNPA1 | DNASEIL3
RPS18 RPS5 DUT SLC2A3 | H2AFZ S100A10
PRDX1 RPL7A AREG G0S2 SPINK2 HLA-DQA2
RPSA RPL3 FABP5 RGS2 SCT TUBA1B
RPS5 RPS3 RPLP1 CSTA PCLAF CLECO9A
RPL7A ENO1 LDHB CD74 CPNE3
NOP53 GYPC NPM1 PLD4 ACTB
RACK1 RPS6 HSPB1 NUCB2 ACTG1
RPL15 C1QTNF4 | RPL35 HSP90AA1 | ARPC2
RPS2 PRDX1 RPS21 ';'NRNPAZB LMNA
ANKRD28 | RPL4 RPL36 TCF4 LSP1
RPSS EIF3E RPS23 SLC25A5 | Clorf162
C6orfd8 | SMIM24 | HMGNA LDHB TXN
HOPX HMGB1 CST7 RPSA PPA1
LDHB RPS18 MS4A3 SEC61B GSTP1
SNHGB8 RPL10A CCDC50 TAGLN2
CD164 HSPY0AAT NPM1 PSMBO
RPS23 DUT PLP2 HLA-C
RPL4 HMGAT PPIB PPT1
RPS12 UBB NUCKS1 EEF1B2
HNRNPA1 | EEF2 SEPT6 HLA-DMB
RPL30 BTF3 PCNA NAP1L1

Gene signatures of healthy bone marrow donors from HCA were generated by differential gene
expression analysis. These signatures were used to calculate module scores for feature expression
programs in single cells.
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Supplemental Table S3. Flow Cytometry

Progenitor like cell type of an MLL-EDC4 fusion in acute myeloid leukemia

Patient/MLL | MLL-EDC4 MLL-MLLT3 MLL-MLLT3 | MLL-MLLT3 MLL-ELL
fusion #1 #2 #3
Peripheral 4% CD117+ 2% CD19+/ ~85% CD33+ | 37% CD34+ 10% CD34+/
blood flow cells; partial CD20+ cells; cells; negative | cells; partial CD117+ cells;
cytometry co-expression | negative for for CD34, co-expression | 35% CD14+
of CD5, CD10, CD117; CD14 | of CD13, with negativity
myeloperoxid | CD200, not tested. CD117 (60%) | for CD34/
ase (20%); CD34, and CD33 CD117.
negative for CD117; CD14 (33%);
CD14, CD3, not tested. negative for
CD19, CD34. for CD3, CD7,
CD19, CD20,
CD79a, MPO;
CD14 not
tested.

Bone marrow

25% CD117+

65% CD14+

85% CD33+

40% CD117+

95% CD33+

flow with cells, positive | cells dis- cells, positive | cells with
cytometry coexpression | for CD4, played in for CD13, projection in
of CD13i.c.,, CD11b, monocyte CD45, blast cell gate,
CD33i.c,, CD11c, CD13, | gate, positive | partially negative for
CD33s (65%), | CD15, CD33, | for CD4, positive for CD2, CD3,
CD34 (65%), | CD38,CD45, | CD11c, CD15, | CD38, CD34, | CD5, CD7,
CD45 (50%), | CD64, CD38, CD45 | CD86, CD33, | CD13, CD14,
CD13s (55%), | lysozyme and | lo, CD64 and | HLA-DR and CD19, CD20,
CD64 (50%), | HLA-DR; HLA- DR; MPO. CD34, CD56,
CXCR4 (45%) | partially partially posi- | Negative for CD65,
and MPO positive for tive for lyso- CD1a, CD2, CD79a,
(20%). CD86 (75%); | zyme (85%), CDg3, CD5, CD117 and
Negative for negative for CD11b (85%), | CD7, CD10, TdT
CD7, CD14, CD2, CD3i.c., | CD86 (80%), | CD11c, CD14,
CD15, CD56, | CD5, CD7, CD13i.c. CD15, CD19,
CD79a, CD3 CD19, CD34, | (70%), CD13 | CD20, CD56,
and CD19. CD56, CD65, | (35%), CD14 | CD65,
CD79a, (30%), CD56 | CD79a,
CD117 and (25%), CDe5 | CD200,
MPO (25%) and Mo7.1, TdT
MPO (10%). and Lysozyme
Negative for
CD2, CDh3i.c.,
CD5, CD7,
CD19, CD34,
CD79a and
CD117
Blood cell >80% blasts 5% blasts, 92% 54% blasts, 57% mono-
differential 75% pro- monoblasts, 5% mono- blasts/pro-
monocytes/ 8% erythro- cytes monocytes,
monocytes blasts 27% mono-
cytes




Schuster et al. Progenitor like cell type of an MLL-EDC4 fusion in acute myeloid leukemia

Supplemental references

1. Stosch JM, Heumuller A, Niemoller C, et al. Gene mutations and clonal architecture in
myelodysplastic syndromes and changes upon progression to acute myeloid leukaemia and
under treatment. Br J Haematol. 2018;182(6):830-842.

2. Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial reconstruction of single-cell
gene expression data. Nat Biotechnol. 2015;33(5):495-502.

3. Wolock SL, Lopez R, Klein AM. Scrublet: Computational Identification of Cell Doublets in
Single-Cell Transcriptomic Data. Cell Syst. 2019;8(4):281-291 e289.

4. Regev A, Teichmann SA, Lander ES, et al. The Human Cell Atlas. Elife. 2017;6.

5. Hafemeister C, Satija R. Normalization and variance stabilization of single-cell RNA-seq
data using regularized negative binomial regression. Genome Biol. 2019;20(1):296.

6. Gao R, Bai S, Henderson YC, et al. Delineating copy number and clonal substructure in
human tumors from single-cell transcriptomes. Nat Biotechnol. 2021;39(5):599-608.

7. Federico A, Monti S. hypeR: an R package for geneset enrichment workflows.
Bioinformatics. 2020;36(4):1307-1308.

8. Aran D, Looney AP, Liu L, et al. Reference-based analysis of lung single-cell sequencing
reveals a transitional profibrotic macrophage. Nat Immunol. 2019;20(2):163-172.

9. Street K, Risso D, Fletcher RB, et al. Slingshot: cell lineage and pseudotime inference for
single-cell transcriptomics. BMC Genomics. 2018;19(1):477.

10. Garcia-Alonso L, Holland CH, Ibrahim MM, Turei D, Saez-Rodriguez J. Benchmark and
integration of resources for the estimation of human transcription factor activities. Genome
Res. 2019;29(8):1363-1375.

11. Alvarez MJ, Shen Y, Giorgi FM, et al. Functional characterization of somatic mutations in
cancer using network-based inference of protein activity. Nat Genet. 2016;48(8):838-847.

12. Shannon P, Markiel A, Ozier O, et al. Cytoscape: a software environment for integrated
models of biomolecular interaction networks. Genome Res. 2003;13(11):2498-2504.

13. Becker H, Greve G, Kataoka K, et al. Identification of enhancer of mMRNA decapping 4 as
a novel fusion partner of MLL in acute myeloid leukemia. Blood Adv. 2019;3(5):761-765.

14. Collins CT, Hess JL. Deregulation of the HOXA9/MEIS1 axis in acute leukemia. Curr Opin
Hematol. 2016;23(4):354-361.



	Schuster-2023-Blood Advances_2
	Cover Page
	Article File
	Figure 1
	Figure 2


