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Abstract  29 

The heterogeneity and evolution of AML blasts can render therapeutic interventions 30 
ineffective in a yet poorly understood patient-specific manner. To gain insight into the 31 
clonal heterogeneity of diagnosis (Dx) and relapse (Re) pairs, we employed whole-exome 32 
sequencing and single-cell RNA-seq to longitudinally profile two t(8;21) (AML1-ETO = 33 
RUNX1-RUNX1T1), and four FLT3-ITD AML cases.  34 

The single cell RNA data underpinned the tumor heterogeneity amongst patient blasts. The 35 
Dx-Re transcriptomes of high risk FLT3-ITD pairs formed a continuum from extensively 36 
changed in the absence of significantly mutational changes in AML-associated genes to 37 
rather similar Dx-Re pair of an intermediate risk FLT3-ITD. In one high risk FLT3-ITD pair, a 38 
pathway switched from an AP-1 regulated network in Dx to mTOR signaling in Re. The 39 
distinct AML1-ETO pairs comprise clusters that share genes related to hematopoietic stem 40 
cell maintenance and cell migration suggesting that the Re leukemic stem cell-like (LSC-41 
like) cells probably evolved from the Dx LSC-like cells.  42 

In summary, our study revealed a continuum from drastic transcriptional changes to 43 
extensive similarities between respective Dx-Re pairs that are poorly explained by the well-44 
established model of clonal evolution. Our results suggest alternative and currently 45 
unappreciated and unexplored mechanisms leading to therapeutic resistance and AML 46 
recurrence.  47 
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Introduction 48 

Acute myeloid leukemia (AML) is a malignancy of hematopoietic stem cells or early 49 
progenitors resulting from the accumulation of genetic aberrations that disturb key 50 
biological processes. Mutations may occur in myeloid progenitor populations, which confer 51 
self-renewal capacity to the progenitors1. In the past decades, numerous AML associated 52 
gene alterations have been identified that can be broadly grouped into four classes2. Class 53 
I comprises the mutations that activate signal transduction pathways and induce the 54 
proliferation or survival of HSPCs, such as FLT33,4, NRAS/KRAS5 and KIT6. Class II consists of 55 
mutations or fusions in genes coding for transcription factors that are required for 56 
hematopoietic maturation, like AML1-ETO (RUNX1-RUNX1T1)7 and CEBPA8. Class II 57 
aberrations happen during early hematopoiesis and initiate leukemia, while Class I 58 
aberrations take place in later stages and cause leukemia expansion. Class III consists of 59 
epigenetic regulators like IDH1/2, TET2, DNMT3A and ASXL1, whereas class IV consists of 60 
tumor suppressor genes, such as TP53.  61 

Despite that current chemotherapies efficiently induce complete remission, AML patients 62 
frequently suffer from relapse and have low overall 5-years survival rates9–11. Recurrence 63 
can emerge as a result of the expansion of pre-existing chemo-resistant subpopulations or 64 
by acquiring novel chemo-resistant subpopulations due to genomic altereations12. The 65 
advent of single-cell RNA sequencing provides revolutionary opportunities to assess the 66 
heterogeneity of cancer populations at the single-cell level and explore the transcriptional 67 
features of individual cell types, such as subpopulations contributing to the relapse. 68 
However, few longitudinal studies13,14 focused on analyzing pair-wise samples from AML 69 
patients, at first diagnosis and relapse. 70 

Here, we applied single-cell RNA sequencing to analyze dynamic changes of gene 71 
expression between AML samples at diagnosis and at relapse. We profiled 5 612 high-72 
quality cells at diagnosis and relapse from 6 AML patients, n=2 low risk cases with t(8;21) 73 
(AML1-ETO) , n=1 intermediate and n=3 high risk AML cases with FLT3-ITD. Whole-exome 74 
sequencing (WES) was used to study the acquired genomic mutational profile.  Our single 75 
cell RNA study uncovered extensive inter- and intra-heterogeneity amongst AML1-ETO and 76 
FLT3-ITD pairs at diagnosis (Dx) and relapse (Re). Our study provides novel insights into 77 
recurrence and unveisl vulnerabilities that could serve as new entry points for targeting 78 
relapse AMLs.  79 
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Methods 80 

 81 

AML samples and cell preparation 82 

We processed 6 paired Dx-Re bone marrow aspirates from adult AML patients, with AML1-83 
ETO (n=2 low risk cases) or FLT3-ITD (n=1 intermediate and n=3 high risk). Patients 84 
characteristics are summarized in Supplemental Table 1. CD33/CD34+ cells were sorted 85 

into 384-well plates and stored at -80℃. 86 

 87 

Single cell SORT-seq  88 

SORT-seq15 is based on the integration of single cell FACS sorting (Fluorescence-Activated 89 
Cell Sorter) with the CEL-Seq2 protocol16. Single cell libraries were paired-end sequenced 90 
on an Illumina NextSeq500 at an average depth of ~30M reads per library.  91 

 92 

Fusion genes detection 93 

To quantify the reads per gene and detect fusion genes from bulk RNA-Seq, sequence 94 
libraries were aligned to Gencode v37 reference genome version hg38 using STAR-Fusion 95 
v1.10.017 in 2-pass mode, with parameters --CPU 12 --FusionInspector validate --96 
examine_coding_effect --denovo_reconstruct. 97 

 98 

Whole-exome sequencing 99 

WES libraries were generated as previously described18. Diagnosis and relapse samples 100 
were compared with samples collected at CR (Complete Remission). 101 

 102 

Pseudo-time trajectory analysis 103 

We used Monocle319,20 for pseudo-time analysis with default parameters, to assess the 104 
trajectories within the pairs. We used the DEGs obtained from Seurat 3.019 to plot the 105 
dynamic changes of gene expression along the trajectories.  106 

 107 

Definition of leukemic stem cells and cycling genes 108 
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The 17-gene leukemic stem cell (LSC17) score was calculated based on the equation by Ng 109 
et al.21. Cell cycle phase scores were calculated using Seurat 3.0 function CellCycleScoring 110 
with default parameters.   111 

 112 

Results 113 

 114 

Whole exome- and gene fusion analysis points to limited clonal rearrangements between 115 
Dx and Re 116 

Clonal expansion and evolution is a major determinant of AML relapse22. To identify the 117 
genomic landscape at Dx and Re, we performed whole exome sequencing analysis (WES) 118 
and gene fusion detection based on bulk RNA-sequencing. We detected 4 up to 26 somatic 119 
mutations in the Dx and Re pairs (Figure 1A, Supplemental Table 2). This analysis confirmed 120 
the presence of an inframe insertion in the juxtamembrane domain (JMD) between amino 121 
acid 583 and 611 in all four patients diagnosed with FLT3-ITD as well as AML1-ETO fusion 122 
transcripts in the AML1-ETO patients (Figure 1A-B, Supplemental Table 2). Other AML-123 
associated somatic variants, such as NPM1, WT1, CEBPA, IDH1, NRAS and DNMT3A were 124 
detected for the FLT3-ITD patients, often in a patient-specifc manner. For both AML1-ETO 125 
patients, the WES analysis revealed a KIT mutation that is associated with poorer prognosis 126 
and increased risk of relapse23,24,25.  127 

Next, to identify clonal rearrangements that may have led to disease relapse, we screened 128 
for somatic mutations with a significantly altered variant allele frequency (VAF) between 129 
Dx and Re (VAF ≥ 0.2 and p < 0.05, Fisher’s exact test; methods). For patient s232, WES and 130 
PCR analysis revealed two distinct FLT-ITD mutations in Dx sample, one of which one was 131 
lost at Re (p=1.0 x 10-3; Fisher’s exact test; Figure 1A, Supplemental Table 2). WES analysis 132 
further revealed the presence of 4bp insertion in NPM1 (mutation type A26) at Dx, that was 133 
decreased at Re (p=8.2 x 10-3) as well as a lowly abundant missense mutation in the NRAS 134 
gene at Dx (VAF=0.087) that was not detected at Re (VAF=0; p=2.0 x 10-4; Figure 1C). For 135 
patient s2275, the WES data showed considerably shorter tandem duplications at relapse 136 
compared to diagnosis (p = 4.6 x 10-41), which were confirmed by PCR (Supplemental Table 137 
3) as well as the presence of NUP98-NSD1 fusion transcripts at Dx and Re. We further 138 
detected a 4bp insertion in NPM1 and a missense mutation in DNMT3A that are retained 139 
between Dx and Re in patient s292. For patient s3432, WES and PCR showed a retention of 140 
the FLT3-ITD, both in the insertion location and allelic ratio. Somatic mutations in FAT3 141 
(VAF= 0.238, p = 4.3 x 10-8), ITGB7 (VAF= 0.165, p = 1.32 x 10-6 ), UBA2 (VAF = 0.117, p=6.32 142 
x 10-3) and SLC4A3 (VAF = 0.135, p= 6.6 x 10-3) were significantly gained in the Re sample 143 
(Figure 1C and Supplemental Table 2). Two distinct KIT mutations (VAF = 0.325; VAF = 144 
0.138, respectively) were detected in patient s914 at Dx, both of which were significantly 145 
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reduced at Re (p < 4.7 x 10-7). Finally, other somatic mutations that have not been 146 
implicated with AML in the Catalogue of Somatic Mutations in Cancer27 (COSMIC), were 147 
lost or gained in all pairs (Figure 1C; methods). 148 

To summarize, we confirmed the presence of FLT3-ITDs and AML1-ETO in four and two 149 
patients respectively. Additional somatic aberrations in AML-associated genes were 150 
patient-specific. FLT3-ITD mutations were altered in two patients and in one patient, one 151 
of the two FLT3-ITD mutations was lost at Re. For patient s232, a NPM1 mutation was 152 
detected at Dx, but lost at Re. Finally, we observed a significant reduction in two distinct 153 
KIT mutations in patient s914 between Dx and Re.  154 

 155 

Single cell transcriptomics reveals distinct AML-phenotypes at Dx and Re 156 

Next, to better understand the transcriptional phenotypes, their differences and possible 157 
mechanisms that led to disease progression, we profiled bone marrow cells obtained at Dx 158 
and after Re using single cell transcriptomics. In brief, single CD33+ or CD34+ bone marrow 159 
cells were FACS-sorted into 384-well plates following the SORT-seq method15 we acquired 160 
5 612 single cell profiles, in which  4 129 unique transcripts from 1 678 genes were detected 161 
on average (Supplemental Figure 1A, methods). 162 

After normalization, cells were clustered and visualized using the uniform manifold 163 
approximation and projection28 (UMAP). AML1-ETO vs FLT3-ITD samples are separated by 164 
UMAP1 and Dx-Re pairs cluster relatively close together (Figure 2A-B). Nevertheless, 165 
considerable heterogeneity between and within pairs exists (Figure 2B). Strikingly, Dx-Re 166 
cells of FLT3-ITD patient s232 cluster in close proximity suggesting minor phenotypic and 167 
molecular alterations, eventhough this patient lost NPM1 and NRAS mutation at Re. In 168 
contrast, Dx cells of patient s3432 are completely separated from Re cells, athough one 169 
mutation in the FAT3 gene was detected in Re (VAF=0.238) (Supplemental Table 2). 170 
Similarly, the Dx and Re cells of AML1-ETO patient s220 constitute distinct clusters, but 171 
only gained mutations in genes that are not associated with AML (Figure 1C). 172 
Unexpectedly, patient s914 had a significant loss of two KIT mutations between Dx 173 
(VAF=0.325 and 0.138) and Re (VAF= 0.097 and 0) that resulted in relatively small 174 
transcriptional alterations. 175 

To further verify the quality of our single cell data, we looked for gene signatures that 176 
discriminated AML1-ETO or FLT3-ITD patients. These signatures include well-established 177 
AML1-ETO markers, like upregulation of the transcriptional co-repressor RUNX1T1 (aka 178 
ETO), the transcription factor POU4F129 and the myeloid differentiation protein MPO30 179 
(Figure 2C, top). FLT3-ITD samples on the other hand are characterized by VIM, ANXA1, 180 
MSI2, LAPTM5. Other genes tend to be overexpressed only in a subset of the samples: HLA 181 
genes are overexpressed in AML1-ETO patient s220, but not in s914. In the FLT3-ITD 182 
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samples, HOXA5 and HOXB3 genes that are overexpressed in NPM1-mutated AML31, 183 
appear overexpressed in a patient-specific manner (Figure 2C, bottom). Closer inspection 184 
of these and other NPM1-marker genes showed that these genes are indeed signicantly 185 
higher expressed in the FLT3-ITD samples with an additional NPM1 mutation (NPM1mut) 186 
compared to NPM1WT samples (FC > 1.5 and p < 6.0 x 10-15; Figure 2D). Notably, HOX-genes 187 
are also highly expressed in FLT3-ITD patient s2275. In these samples, we detected a 188 
NUP98-NSD1 fusion gene that  is characterized by upregulation of HOXA and HOXB genes32 189 
(Figure 2D).  190 

In summary, single cell transcriptomics showed distinct clustering of AML1-ETO vs FLT3-191 
ITD patients. Differential analysis confirmed upregulation of well-established marker genes 192 
as well as elevated expression of HOX genes in NPM1mut and the NUP98-NSD1 positive FLT3-193 
ITD samples. On a global level,  the transcriptional changes between Dx and Re are poorly 194 
explained by mutations in coding regions of AML-associated genes. To gain a deeper 195 
understanding of the mechanisms underlying these changes, we subsequently performed 196 
an indepth analysis of Dx-Re pairs per AML-subtype and in a patient-specific setting. 197 

 198 

Dx-Re transcriptomic changes are patient specific 199 

Given this high intra- and inter-patient heterogeneity, we focused on the Dx-Re differences 200 
per patient in the remainder of this study. For this, we separated the UMAPs of the FLT3-201 
ITD and AML1-ETO patients (Figure 3A-B) and computed the differentially expressed genes 202 
between the Dx-Re pairs per patient. This analysis reinforced the notion that the 203 
differences in transcription between Dx and Re are highly patient specific (Supplemental 204 
Figure 1B-C, Figure 3C-D).  205 

The FLT3-ITD patients show a modest separation between the Dx and Re samples of patient 206 
s232 (Figure 3A). Cluster analysis revealed two clusters at diagnosis (cluster 1-2) and one 207 
at relapse (cluster 3, Supplemental Figure 2A). Re cells lost expression of members of the 208 
AP-1 transcription factor, like FOS, FOSB and ATF3 that were highely expressed in Dx cluster 209 
1 (Supplemental Figure 2B). Gene ontology (GO) analysis confirmed significant loss of 210 
expression for these and other genes involved in AP-1/ATF-2 related transcription at Re 211 
(Supplemental Figure 2C). Furthermore, we evaluated the expression level of genes 212 
involved in PI3K/AKT/mTORC pathway, in which mTORC1 controls ribosomal biogenesis 213 
and protein translation33. We found the targets of mTORC1, like RPS6KB1 and EIF4E, were 214 
differentially expressed in Re (Supplemental Figure 2D), suggesting a pathway shift from 215 
AP-1 to mTORC1. Besides, we observed the upregulation of the upstream K/NRAS genes in 216 
Re, which may be markers for diagnosis/ prognosis and treatment target. 217 

The UMAP for patient s292 showed 3 distinct clusters (Supplemental Figure 3A). DEG 218 
between Dx clusters 1 and 2 revealed IDH1, an enzyme in the TCA cycle, and RAB31 219 
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involved in membrane fusion and exocytosis in clusters 1 , whereas MPO and PROM1, 220 
markers for GMP cells, are differentially expressed in cluster2 (Supplemental Figure 3B-C). 221 
Cells in cluster 3 originate from the Re sample and overexpressed genes like DDIT434, 222 
PIM335 and CD7436 were previously associated with poor prognosis (Supplemental Figure 223 
3B). GO analysis indicated regulation of cell death and apoptotic process terms in cluster 3 224 
(Supplemental Figure 3C). For patient s2275, the single cell expression analysis detected 5 225 
clusters. Cluster 1 mainly originated from Dx cells, whereas cluster 5 almost entirely 226 
consisted of Re cells. Clusters 2-4 however were a mixture between Dx and Re cells 227 
(Supplemental Figure 4A-B). DEGs revealed few differences between cluster 1 and 5, such 228 
as RNU4ATAC and RYBP involved in RNA biosynthesis and metabolics that are differential 229 
expressed in cluster 1 (Dx) (Supplemental Figure 4B-C), whereas ITM2A and CLEC12A for 230 
leukocyte activation and LDHA for ribonucleotide metabolics are differentially expressed 231 
in cluster 5 (Re) (Supplemental Figure 4B-C). The minor differences between Dx and Re is 232 
consistent with the fact that AML-associated mutations, such as WT1, CEBPA and NUP98-233 
NSD1 are retained at Re (Figure 2C, Supplemental Table 2).  234 

The Dx and Re cells of patient s3432 formed distinct clusters that are highly separated from 235 
each other and the other FLT3-ITD patients (Figure 3A). Cluster analysis detected four 236 
groups of cells that largely separated Dx (cluster 1) from Re cells (cluster 2-4; Figure 4A). 237 
Cluster 1 had a characteristic gene signature of transcription factors involved in 238 
proliferation and cell growth (e.g., JUN, FOS, FOSB, EGR1, SOX4 and KLF6) that were 239 
significantly downregulated in the relapse clusters (Figure 4B-C). The Re-specifc clusters 3-240 
4 upregulated genes involved in the RAS/mTORC pathway, such as ANKRD28 and PIK3R1, 241 
whereas cluster 2 is hallmarked by cell cycle related genes, such as TOP2A and MKI67. 242 
Pathway enrichment analysis confirmed the overrepresentation of AP-1/ATF2 transcription 243 
factors in cluster 1 (Dx) and additionally revealed upregulation of genes involved in mTOR 244 
signaling, like RICTOR, PIK3R1 and HIF1A  in cluster 3 (Re; Figure 4C-D). This suggests a 245 
pathway switch from AP-1 in the diagnosis cells towards mTOR in the relapse cells. We 246 
further observed that KRAS and NRAS, genes upstream of mTORC, were also overexpressed 247 
in the Re sample (Supplemental Figure 5A). Interestingly, cluster 4 in relapse is 248 
characterized by elevated exocytosis (Supplemental Figure 5B) and increased expression 249 
of genes related to Tim-3-galectin-9 Secretory Pathway (e.g. ADGRL1, HAVCR2 and LGALS9) 250 
that protect AML cells against from the host immune system in an mTOR dependent 251 
manner37 (Supplemental Figure 5C), in particular from NK- and T-cell action. Finally, the 252 
leukemia stem cell (LSC) score, a 17-gene signature (LSC17) that correlates with 253 
aggressiveness of the leukemia and a poor outcome21 was significantly higher in the Re 254 
clusters 3 and 4 compared to the Dx cluster 1 (Figure 4E). 255 

 256 

Leukemic Stem Cell-like cells in AML1-ETO  257 
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In line with elevated expression of the RUNX1T1 (aka ETO) and the well-known target gene 258 
POU4F1 (Figure 3C), AML1-ETO fusion transcripts were detected in the Dx and Re samples 259 
of both patients (Figure 1A, Supplemental Table 2). WES analysis had further revealed that 260 
both patients suffered from one (s220) or two KIT mutations at time of Dx that were 261 
retained for patient s220 at Re, but largely or exclusively lost for patient s914 (Figure 1C, 262 
Supplemental Table 2). Surprisingly, UMAP and DEG analysis revealed signficantly larger 263 
transcriptional changes for patient s220 compared to s914 (Figure 3C, Supplemental Figure 264 
1C). Possibly, these transcriptional changes are induced by the somatic mutations in genes 265 
that are not widely associated with AML, like BLCAP, TGM7, PADI2 and KIAA1755 (Figure 266 
1C). Higher MPO, a marker for granulocyte/monocyte progenitors (GMPs) expression30 267 
within both the AML1-ETO patients (Figure 3C) implies that most cells are arrested at a 268 
“GMP-like” stage.  269 

Analysis on Dx-Re showed that  the number of DEGs shared between these two AML1-ETO 270 
patients is minimal as for the FLT3-ITDs (Supplemental Figure 1C). Therefore, we 271 
performed an in-depth analysis on the transcriptional dynamics between Dx and Re 272 
separately for these two patients. Focussing on patient s914 first, the synergic oncogenes 273 
(PIM1 and MYC38) responsible for tumorigenesis were co-differentially expressed at Re 274 
compared to Dx. Cluster analysis revealed five groups of cells (Figure 5A-B) and a small 275 
cluster of scattered cells that expressed signatures of progenitors (CD34), erythrocytes 276 
(HBB), monocytes (LYZ), B-cells (MSA41) and cell cycle related genes (TOP2A, MKI67) 277 
(Supplemental Figure 6) likely resulting from ambient RNA or cell doublets and hence were 278 
discarded in subsequent analyses. 279 

Cluster 1 mainly consist of Dx cells and differentially expressed genes for differentiation 280 
and resistance to apoptosis, like AREG39. Interestingly, cells in cluster 2 express CD34 as 281 
well as genes involved in cell migration (ANXA140, ANXA241, VIM42 and EMP143) but lacked 282 
the expression of MPO (Figure 5B,D). To investigate whether and from which Dx cluster 283 
these potential Re LSCs originate, we aligned cells in pseudo-time based on the gradient of 284 
transcriptional differences using Monicle3. This trajectory analysis suggested a continuous 285 
transition between the Dx and Re sample (Figure 5C). Cells in cluster 2 and 3 differentially 286 
expressed genes for hematopoietic stem cell maintenaince (GDF1144, GATA245) and 287 
differentiation (GAS746, CAMK1D47) markers as well as CD34 (Figure 5B,D), indicating 288 
cluster 2 and 3 are the putative starting points of this trajectory. Besides, cluster 2 and 3 289 
overexpressed genes CXCR448 and CXCL849 for tumor microenviroment (Figure 5B,D). In 290 
line with those findings, we calculated the LSC17- and cell cycle scores for all clusters. We 291 
observed that cells in Dx cluster 3 has the highest LSC17 score followed by Re cluster 2 292 
(Figure 5E). Moreover, cells from cluster 2 and 3 mainly reside in the G1 phase of the cell 293 
cycle (Figure 5F). Interestingly, the trajectory suggest that these cells differentiate into a 294 
population of cells that display DUSP6 and AP-1 related genes like JUN and FOS in the Re-295 
specific clusters 3 and 4 (Figure 5D).  296 
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UMAP shows that s220 cells separate according to Dx and Re which partitioned into 9 297 
clusters (Figure 6A). Clusters 1-4 contained Dx cells that were enriched for CXCL8 and 298 
CXCR4, genes associated with the interaction between leukemia blasts and stromal 299 
cells48,49. Clusters 5-9 exclusively contained Re cells and were marked by expression of 300 
LOXL1 and FAM81A (Figure 6B). Cell cycle-related genes (MCM6, TOP2A, MKI67) were 301 
highly expressed in cluster 1 and 9. Cluster 4 (Dx) and 5 (Re) are in close proximity to each 302 
other and share marker genes, such as CAMK1D, GAS7, ANXA1/2, VIM and CD34 (Figure 303 
6B, Supplemental Figure 7A) suggesting that they are LSCs.  304 

 305 

Alternative “branching” from Re and Dx LSC-like cells in AML1-ETO  306 

Given the high similarities between clusters 4 and 5 and their elevated CD34 expression, 307 
we hypothesized that these clusters might be enriched in LSCs. Analysis showed that these 308 
clusters indeed have the highest LSC17-score and contain cells that reside predominantly 309 
in the G1 cell cycle phase (Figure 6C-D). To better understand the transcriptional dynamics 310 
of cell populations originating from these LSCs, we applied pseudo-time gene expression 311 
analysis (Figure 6E). This analysis reveals a trajectory starting from the presumed LSCs 312 
cluster 4 and 5 towards more differentiated cells that predominantly reside in the S-phase 313 
of the cell cycle and exhibit elevated expression of genes like TOP2A and MKI67 (Figure 6D-314 
F). For the Dx branch, genes involved in self-renewal that impede differentiation (GAS7 and 315 
CAMK1D) or are associated with cell migration (TPPP3, VIM, ANXA1/2) had elevated 316 
expression in cluster 4. We hypothesized that all other clusters of cells originate from this 317 
presumed Dx LSC population. Indeed, we observed a downregulation of these markers 318 
when cells are traced along the trajectory from cluster 4 to cluster 1 which is consistent 319 
with their differentiation into more mature myelod cells. Furthermore, DUSP1 and DUSP6, 320 
genes required for cell differentiation and proliferation were upregulatd as cells ‘moving 321 
away’ from cluster 4 along the Dx branch (Figure 6F). In the Re branch, TPPP3, VIM, 322 
ANXA1/2, GAS7 and CAMK1D were upregulated in cluster 5 to a similar extent as in cluster 323 
4. Compared to the more gradual downregulation in the Dx branch, these markers were 324 
largely lost when cells “branched” from cluster 5 to cluster 6 (Figure 6F). The Re trajectory 325 
(cluster 5 towards cluster 9) is hallmarked by upregulation of numerous genes required for 326 
differentiation, leukemia progression and chemo-resistance, including RACK150, EREG51 327 
and LOXL152 (Figure 6F). Another striking difference between the Dx and Re is that genes 328 
associated with the tumor microenvironment, the interaction between stroma cells and 329 
leukemic blasts (CXCR4 and CXCL8) were lower expressed in cluster 5 (Re) compared to 330 
cluster 4 (Dx, Figure 6B). Gene Ontology analysis further revealed up-regulated genes in Dx 331 
enriched with terms associated with immune- and inflammatory response, whereas 332 
translation and biosynthesis related processes were highly enriched in Re (Supplemental 333 
Figure 7B).  334 
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In summary, our data reveals a heterogeneous mixture of cells in the AML1-ETO patients. 335 
Patient s220 showed more heterogeneity between Dx and Re compared with AML1-ETO 336 
s914. Interestingly in both patients, we found cells with a signficantly elevated LSC17-score 337 
that are predominantly in the G1-phase. These cells appear to be at the origin of other cell 338 
populations that develop/branch in a way that is sample and stage specific. The signature 339 
genes for LSCs might be potentially therapeutic targets to improve the efficiency of AML 340 
treatment.  341 
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Discussion 342 

To gain insight into the heterogeneity between AML subtypes and within Dx-Re pairs, we 343 
profiled the exome, gene fusions and single cell transcriptome of four FLT3-ITD and two 344 
AML1-ETO Dx-Re sample pairs. To our knowledge, this is one of the first studies analyzing 345 
Dx-Re pairs at an unprecedented depth of analysis. Clustering and differential expression 346 
analysis of single cell transcriptomes showed extensive intra- and inter-blasts 347 
heterogeneity. Genes that are differentially expressed between Dx and Re were highly 348 
patient-specific. Therefore, we chose a pairwise comparison and showed that differential 349 
expression is poorly predicted by altered somatic mutations in AML-associated genes. For 350 
example, one patient showed a pathway switch from AP-1  dependency at Dx to mTOR 351 
signaling at Re that appeared to be independent of altered somatic mutations, suggesting 352 
that clonal rearrangements are not causing the relapse53. In contrast, significantly altered 353 
mutations (e.g. loss of NPM1 and KIT) in other patients were accompanied by minor 354 
transcriptional differences.  355 

These results raise the question how the transcriptome of AML patients can be so 356 
drastically altered from Dx to Re in the absence of altered genomic aberrations? One 357 
possibility is that somatic mutations are gained or lost in regulatory regions that are not 358 
captured by exome sequencing. Alternatively, somatic mutations in genes that are 359 
currently not associated with AML may (collectively) contribute to therapy resistance. For 360 
example, in FLT3-ITD patient s3432 the clear separation of Dx and Re cells could be caused 361 
by de novo mutations in FAT3, ITGB7, UBA2 and SLC4A3. Furthermore, the presence of 362 
quiescent LSC’s that escape conventional therapeutic interventions could explain 363 
recurrence in the absence of clonal rearrangements14,54,55. In agreement with this 364 
hypothesis, we detected transcriptionally similar LSC-like cells in the Dx and Re samples of 365 
the two otherwise distinct AML1-ETO samples. While the expression of these LSC 366 
populations is similar at Dx and Re, their differentiation trajectories are remarkably 367 
different.  368 

Our study is based on few Dx-Re pairs, but nevertheless reports important findings that 369 
strongly indicate differences in underlying resistance mechanisms that are not exclusively 370 
caused by clonal rearrangements. Leveraging rapid advances in single cell technology, 371 
future studies analyzing more cases at the current unprecendented depth can address 372 
whether LSCs are indeed clonally identical at Dx and Re and to what extent therapeutic 373 
interventions and epigenetic mechanisms drive these marked differences in gene 374 
expression. Such in depths knowledge obtained experimentally and bioinformatically will 375 
open novel avenues to prevent AML relapse.  376 
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 561 
Figure Legends 562 
 563 
Figure 1. Whole exome- and gene fusion analysis between Dx and Re 564 

(A) Oncoplot from WES showing 14 selected somatic mutations across 6 patients (red: n=2 565 
AML1-ETO; blue: n=4 FLT3-ITD). Mutations with at least 5 reads on ALT allele and VAF ≥ 0.05 566 
are presented. Vertical bars depict the number of mutations detected per sample; 567 
horizontal bars depict the (relative) frequency of a particular mutation. (B) Gene fusions 568 
detected from bulk RNA-seq. (C) Mutations with a VAF ≥ 0.2 at Dx or Re for which the VAF 569 
changed significantly. For all bars, p < 0.05, Fisher’s exact test with Benjamini-Hochberg 570 
correction. Red: mutations more abundant at Dx. Blue: mutations more abundant at Re. 571 

 572 

Figure 2. Single cell transcriptomics reveals distinct AML-phenotypes   573 

(A) UMAP of the six AML pairs, colored by primary mutation (red: AML1-ETO; blue: FLT3-ITD); 574 
(B) UMAP colored by sample; (C) Heatmap showing the top 20 marker genes per primary 575 
mutation D, Violin plots depicting gene expression at known NPM1 target genes in FLT3-ITD 576 
samples with- and without NPM1 mutation. 577 

 578 

Figure 3. Single cell transcriptomics reveals heterogeneity amongst patients 579 

(A) UMAP of the four sample pairs with a FLT3-ITD, colored by sample (red: Dx; blue: Re); (B) 580 
Heatmap displaying the top 5 marker genes per sample (FLT3-ITD); (C) UMAP of the two 581 
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AML1-ETO sample pairs, colored by sample; (D) Heatmap displaying the top 10 marker 582 
genes per sample. 583 

   584 

Figure 4. Pathway switch between AP-1 and RAS signaling in high risk FLT3-ITD (s3432)  585 

(A) UMAP of Dx and Re cells for FLT3-ITD patient s3432 colored by timepoint (top) or cell 586 
cluster (bottom). (B) Heatmap displaying the top 10 cluster marker genes. Color represents 587 
row normalized expression values. (C) Overrepresented GO terms (category: biological 588 
pathway) in cluster 1 (Dx) and 3 (Re). P-values: hypergeometric test (BH-corrected). (D) The 589 
expression of genes related to AP-1 transcription factor network and RAS signaling pathway 590 
in each timepoint. (E) Calculation of LSC17 score for each cluster, and p-value was calculated 591 
using Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001.  592 

 593 

Figure 5. Putative LSCs detected in AML1-ETO pair (s914) 594 

(A) UMAP of Dx and Re cells for AML1-ETO patient s914, colored by timepoint (top) and cell 595 
cluster (bottom). Cells in cluster 6 express ambiguous marker genes, and may be doublets or 596 
contaminated by ambient RNA and were discarded (see also Supplemental figure 6). (B) 597 
Heatmap depicting the top 7 cluster markers. Color represents row normalized expression 598 
values. (C) Pseudo-time trajectory colored by timepoint (top) or cell cluster (bottom). (D) 599 
Heatmap showing representative genes per cluster. (E) LSC17 scores per cluster. * p < 0.05, 600 
** p < 0.01, *** p < 0.001,  Student’s t-test. (F) Barplots depicting the relative cell abundance 601 
per cell cycle phase (inferred from marker gene expression) for each cell cluster. Arrow: cells 602 
in cluster 2 and 3 predominantly reside in the G1 phase. 603 

 604 

Figure 6. Putative LSCs detected in AML1-ETO pair (s220) 605 

(A) UMAP of Dx and Re cells for AML1-ETO patient s220, colored by  timepoint (top) and cell 606 
cluster (bottom). (B) Heatmap depicting the  top 5 marker genes per cluster.  Color represents 607 
row normalized expression values. (C) LSC17 scores per cluster. * p < 0.05, ** p < 0.01, *** p 608 
< 0.001,  Student’s t-test. (D) top: Barplots depicting the relative cell abundance per cell cycle 609 
phase (inferred from marker gene expression) for each cell cluster. Arrow: cells in cluster 4 610 
and 5 predominantly reside in the G1 phase. Bottom: UMAP colored by cell cycle phase. (E) 611 
Pseudo-time trajectory colored by cell cluster (F) Heatmap depicting representative marker 612 
genes per cluster/inferred timepoint.  613 
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