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Abstract 27 

Next-generation sequencing has provided a detailed overview of the various genomic lesions 28 

implicated in the pathogenesis of T-cell acute lymphoblastic leukemia (T-ALL). Typically, 10 29 

to 20 protein-altering lesions are found in T-ALL cells at diagnosis. However, it is currently 30 

unclear in which order these mutations are acquired and in which progenitor cells this is 31 

initiated. To address these questions, we used targeted single-cell sequencing of total bone 32 

marrow cells and CD34+CD38- multipotent progenitor cells for 4 T-ALL cases. Hierarchical 33 

clustering detected a dominant leukemia cluster at diagnosis, accompanied by a few smaller 34 

clusters harboring only a fraction of the mutations. We developed a graph-based algorithm to 35 

determine the order of mutation acquisition. Two of the four patients had an early event in a 36 

known oncogene (MED12, STAT5B) amongst various pre-leukemic events. Intermediate 37 

events included loss of 9p21 (CDKN2A/B) and acquisition of fusion genes, while NOTCH1 38 

mutations were typically late events. Analysis of CD34+CD38- cells and myeloid progenitors 39 

revealed that in half of the cases somatic mutations were detectable in multipotent progenitor 40 

cells. We demonstrate that targeted single cell sequencing can elucidate the order of 41 

mutation acquisition in T-ALL and that T-ALL development can start in a multipotent 42 

progenitor cell.  43 

  44 
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Introduction  45 

T-cell acute lymphoblastic leukemia (T-ALL) is a common childhood malignancy caused by 46 

clonal proliferation of immature T cells. Analysis of T-ALL genomes with various technologies 47 

has revealed that 10 to 20 protein-altering mutations are typically present at diagnosis.1–3 48 

CDKN2A/2B and NOTCH1 are the most frequently affected genes in T-ALL, with 60% of T-49 

ALL patients showing activation of the NOTCH1 signalling pathway and up to 80% harboring 50 

deletions and/or mutations inactivating the CDKN2A/B genes at chromosome 9p.4,5 The 51 

majority of T-ALL cases is also characterized by chromosomal rearrangements resulting in 52 

the ectopic expression of the transcription factors TAL1, TLX1, TLX3, NKX2-1 or HOXA.4 53 

Other pathways that are frequently mutated in T-ALL include the JAK/STAT and RAS 54 

signalling pathways.1,3,6,7 Several JAK1, JAK2, JAK3, NRAS and KRAS mutations have been 55 

described, as well as mutations in IL7R and DNM2, which also result in activation of the 56 

JAK/STAT pathway.1,8,9 Fusion genes may lead to hyperactivation of kinases, as is the case 57 

with the NUP214-ABL1 fusion or various JAK2 and other tyrosine kinase fusions.10,11 Next-58 

generation sequencing studies have further identified mutations in ribosomal proteins RPL5, 59 

RPL10 and RPL22, as well as in various transcriptional and epigenetic regulators, such as 60 

PHF6, CNOT3, PRC2 and many others.2,7,12 Deep sequencing revealed that many of these 61 

mutations are present at subclonal levels and that leukemia is therefore heterogeneous at 62 

presentation.1,13–16  63 

 64 

Despite this detailed information on the various mutations that are implicated in T-ALL and 65 

their clonal frequency, next-generation sequencing cannot discriminate between mutations 66 

co-occurring in the same cell or in different cells at low frequency. In addition, it remains 67 

unknown in which cells driver mutations first present and whether they occur in a specific or 68 

random order. To obtain such information accurately, a single cell approach is indispensable. 69 

Over the past years, single-cell sequencing technologies have tremendously improved, 70 

enabling us to obtain information on mutations, expression and chromatin structure. Cells 71 

can be isolated manually, with laser capture microdissection or by flow cytometric sorting and 72 
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automated microfluidic devices.17–19 A critical step for single-cell DNA and RNA analysis 73 

remains the amplification step, since a single cell only contains a limited amount of DNA and 74 

RNA transcripts. Many different DNA amplification techniques exist, each with specific 75 

advantages and disadvantages.17,20,21 For RNA amplification, tag-based or full-length 76 

amplification methods are available. Tag-based methods are biased towards the 3’ or 5’ end 77 

of the transcripts and therefore primarily suited for gene expression profiling.17,22,23 78 

 79 

Over the last few years, several research groups have used single cell DNA sequencing to 80 

evaluate the clonal structure of normal and diseased tissue samples, but only limited data 81 

are available for hematological malignancies and T-ALL has not yet been covered.24–27 In this 82 

study, we used single cell DNA and RNA sequencing to determine the clonal heterogeneity 83 

of primary T-ALL samples, and exploited these data to determine the order in which 84 

mutations are acquired. Moreover, by applying single cell sequencing to sorted progenitor 85 

cells, we also identified the genomic lesions initiating T-ALL in multipotent progenitors. 86 

 87 

Methods 88 

Diagnostic and remission bone marrow (BM) samples were collected from children 89 

diagnosed with T-ALL at Leuven’s University Hospital on protocol S57176 approved by the 90 

Ethical Committee University Leuven. Written informed consent was obtained from every 91 

patient in accordance with the Declaration of Helsinki. Viably frozen cells were thawed at 92 

37°C followed by suspension in phosphate buffered saline (PBS) supplemented with 10% 93 

fetal calf serum. Cells were washed and prepared for single cell isolation on a small C1 DNA 94 

sequencing chip (IFC, 5-10µm, Fluidigm). Alternatively, cells were filtered (40 µm) and sorted 95 

as single cells in 96-well plates, containing 4 µL PBS per well, using Aria III or Aria IIu (BD). 96 

Single-cell RNA-sequencing was performed on the Chromium system (10x Genomics). Full 97 

methods are available as supplementary data. 98 

 99 

 100 
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Results 101 

Identification of somatic variants using bulk whole genome and transcriptome sequencing 102 

Whole genome sequencing (WGS) and RNA sequencing was performed on bone marrow 103 

(BM) samples obtained at diagnosis and remission from 4 childhood T-ALL cases 104 

(Supplemental table S1). All patients had normal karyotypes and a high tumor burden in the 105 

diagnostic BM. Patient characteristics are described in Table 1. For each patient, an average 106 

of 10 coding variants were identified in the bulk tumor sample. In addition, we detected 107 

several fusion genes, large deletions and somatic mutations present in 5’- and 3’-UTR 108 

regions and splice sites (Supplemental Fig. 1). All patients had at least one mutation in 109 

NOTCH1, while 3 out of 4 also had a deletion or mutation leading to inactivation of CDKN2A 110 

and/or CDKN2B. Two patients (XB41 and XB47) showed rearrangements at the NKX2-1 111 

locus. These rearrangements were complex and involved T-cell receptor genes as fusion 112 

partners. Patient XB37 carried both a STIL-TAL1 fusion and a LMO2 juxtaposition to the 113 

TRD locus. Interestingly, we also detected a novel TCF7-SPI1 fusion gene in patient X09, 114 

who also carried a NRAS mutation. While this paper was in preparation, similar SPI1 fusion 115 

genes were described in pediatric T-ALL cases.28 116 

 117 

We selected on average 24 tumor alterations per patient (coding variants, non-coding 118 

variants and chromosomal rearrangements) (Fig. 1A-B, Supplemental tables S2-S5). From 119 

all single nucleotide polymorphisms (SNPs) detected, we selected 32 heterozygous SNPs 120 

that were shared by the 4 cases (confirmed as heterozygous by Sanger sequencing). These 121 

32 SNPs were used for quality control assessment of the single-cell analysis (Supplemental 122 

table S6). We next developed specific primer sets to enable targeted amplicon sequencing 123 

of the selected SNPs and somatic alterations for each patient, as previously described.27,29 124 

 125 

Single cell targeted sequencing and quality control 126 

We isolated on average 333 single leukemic cells per patient from the mononuclear cells 127 

obtained from a BM sample with >75% blast cells. After amplification of the single cell 128 
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genomes, we applied the patient-specific primer sets and sequenced the regions of interest 129 

(Fig. 2A, Supplemental Fig. 2). We compared the bulk variant allele frequencies (VAFs) 130 

with the combined single-cell VAFs for each mutation and found overall good correlation, 131 

except for patient XB47 where the single-cell VAFs were consistently lower than bulk VAFs 132 

for all mutations. Detailed investigation of the single-cell data revealed high number of 133 

normal blood cells, which may have been absent in the (distinct) sample used for bulk DNA 134 

analysis (Supplemental Fig. 3, Supplemental table S7). 135 

 136 

To exclude low quality cells, we looked at the locus and allelic drop-out rate for the 137 

heterozygous SNPs in each cell (Supplemental Fig. 4). We defined the locus drop-out 138 

(LDO) rate as the percentage of SNPs with less than 4 reads.27,30 High LDO rates indicate 139 

that many SNPs in a cell have low coverage, indicating that larger regions of the genome 140 

were not amplified. Allelic drop-out (ADO) exemplifies that heterozygosity of a SNP might be 141 

lost if only one of the alleles is amplified. Following quality cut-offs of previous studies, only 142 

cells with less than one third of SNPs affected by combined LDO and ADO were considered 143 

of sufficient quality and used for further analysis (Fig. 2B, Supplemental Methods).24,27 Of the 144 

total 1332 isolated single leukemic cells, 649 fulfilled these criteria. There was a striking 145 

difference in the number of cells complying with our quality control measures among patients 146 

(Fig. 2C).  147 

 148 

Targeted single cell sequencing reveals up to 4 T-ALL clusters at diagnosis 149 

Jaccard hierarchical clustering was applied to the targeted single cell data, resulting in the 150 

identification of 2 to 4 clusters per sample (Supplemental table S8, Supplemental Fig. 5). 151 

Every patient harbored a highly mutated dominant cell cluster, comprising 28 to 94% of all 152 

single cells, accompanied by a number of smaller clusters carrying fewer mutations (Fig. 3).   153 

 154 

Patient X09 had a highly mutated dominant cluster (66% of all cells), accompanied by a very 155 

small cell cluster (1%) harboring a previously described pathological MED12 mutation 156 
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(COSM1124623, http://cancer.sanger.ac.uk/cosmic/mutation/overview?id=1124623). Two 157 

intermediate clusters comprising 25% and 7% of the cells were also detected. Both clusters 158 

had acquired, amongst others, a TCF7-SPI1 fusion and NRAS G12D mutation, whereas cells 159 

from the smallest cluster had gained an extra deletion of 9p21. 1% of the cells lacked 160 

mutations and likely represent normal BM cells. 161 

 162 

In patient XB37 a major cluster was detected comprising 78% of the single cells. This cluster 163 

was highly mutated and accompanied by two smaller cell clusters of 5% and 16%, carrying 164 

respectively only a few SNPs or all mutations except the ELOVL2 mutation and BCL11B 165 

insertion. We also detected 1 wild-type cell in this sample. 166 

 167 

Patient XB41 had the most homogeneous leukemia, harboring one major cluster with all 168 

mutations and two small clusters, each representing only 2% of the cells, that had acquired 169 

almost all events, except for the NKX2-1AS1-TRDC fusion and/or CMTM5 and NOTCH1 170 

mutations. A wild-type population comprising 1.6% of the cells was also detected.   171 

 172 

Finally, the major cluster in patient XB47 contained 28% of all cells and carried all the 173 

mutations, while 3 smaller clusters of 25%, 9% and 12% of the cells harbored only an 174 

ANKRD36 mutation or all mutations except the N4BP2 mutation and/or CNOT3 insertion, 175 

respectively. Another 26% of the cells did not have any of the investigated alterations and 176 

likely represent normal cells, correlating with the blast count of 79% in this patient. 177 

 178 

Overall, these data are compatible with a stepwise hierarchy since each cell cluster harbored 179 

more mutations than the last.  In all 4 T-ALL patients we could clearly detect some of these 180 

‘ancestor’ clusters at diagnosis, indicating that these must have a sufficiently high 181 

proliferation capacity and are not completely outcompeted by the dominant leukemia cluster. 182 

 183 

Single-cell RNA sequencing reveals transcriptional uniformity of T-ALL cells 184 
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To further investigate the heterogeneity of the T-ALL samples, we applied single-cell RNA 185 

sequencing and searched for differences in gene expression levels within the T-ALL cells. An 186 

average of 2074 cells per patient were analyzed (Supplemental methods, Supplemental 187 

Fig. 6, Supplemental table S7). Leukemic cells consistently clustered together, indicating 188 

limited transcriptional heterogeneity among the T-ALL cells. Other clusters represented 189 

normal B-cells, (non-classical) monocytes, natural killer T-cells, stem cells and even few 190 

hemoglobin-producing red blood (progenitor) cells (Fig. 4A). Clustering of the CD3 positive 191 

T-cells alone disclosed three clusters for case XB47, while the three other cases did not 192 

show different clusters (Supplemental Fig. 7). Analysis of all single cells or all CD3 positive 193 

cells from the 4 patients together, revealed that leukemic cells clustered per patient, while 194 

normal cells clustered together (Supplemental Fig. 8-9). 195 

 196 

The gene expression of several surface markers was evaluated in the leukemic cells (Fig. 197 

4B) and matched with the immunophenotype at diagnosis (data not shown). Similar to the 198 

targeted DNA sequencing data, patient XB47 contained only 47% of leukemic T-cells in the 199 

investigated sample (Supplemental table S7).  200 

 201 

T-ALL mutations can initiate in CD34+CD38- multipotent progenitor cells 202 

To determine if mutations and chromosomal aberrations in T-ALL are acquired in 203 

hematopoietic stem cells and early multipotent progenitors, we isolated 175 single 204 

CD34+CD38- progenitor cells from the diagnostic and remission samples using flow 205 

cytometry (Fig. 2A, Supplemental Fig. 10A).31  206 

 207 

The CD34+CD38- progenitors underwent identical targeted sequencing and quality control 208 

procedures as described above (Fig. 5A). In addition, we sorted bulk committed myeloid 209 

progenitors (CD34+CD135+CD33+) from the diagnostic samples to determine the presence of 210 

mutations in this myeloid population (Supplemental Fig. 10B).  211 

 212 
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In 2 of the 4 T-ALL patients (X09, XB41) CD34+CD38- progenitor cells were identified that 213 

showed a highly mutated profile. The majority of these mutations were also detected in 214 

diagnostic myeloid committed progenitor cells, which is compatible with the majority of 215 

mutations being acquired in a stem cell or multipotent progenitor cell in these patients. 216 

However, these highly mutated multipotent progenitors were eradicated in both patients after 217 

achieving remission. In contrast, for the other 2 T-ALL patients (XB37, XB47) very few 218 

mutations were detected in the CD34+CD38- cells and myeloid progenitor cells, indicating 219 

that the majority of these mutations were acquired in progenitors already committed to the 220 

lymphoid lineage (Fig. 5B). 221 

 222 

Targeted single cell sequencing can determine the order of mutation acquisition in T-ALL 223 

To determine the order in which mutations were acquired during T-ALL development, we 224 

applied a newly developed graph-based algorithm to our single cell data. This algorithm 225 

enumerates all possible orders of events and scores them according to the evidence found in 226 

the experimental single-cell data. Information from both leukemic cells and diagnostic 227 

CD34+CD38- progenitor cells was taken into account, although removal of the multipotent 228 

progenitors from the algorithm had no impact on the resulting mutational hierarchy (data not 229 

shown).  230 

 231 

In all 4 patients, early mutations happened in genes of unknown significance, while patient 232 

X09 and XB37 also had an early event in a known oncogene, MED12 and STAT5B 233 

respectively.  Intermediate events included inactivation of CDKN2A/B and deletions in T-cell 234 

receptor genes due to T-cell receptor rearrangements, and also the parallel acquisition of 235 

fusion genes. Interestingly, mutations in NOTCH1 were relatively late events in 3 of the 4 236 

patients, happening after the bulk of mutations and fusion genes were acquired (Fig. 6, 237 

Supplemental table S9). The late acquisition of the NOTCH1 mutations and the occurrence 238 

of chromosomal rearrangements could not have been deduced easily from the VAFs 239 

obtained by bulk sequencing (Supplemental table S10).  240 
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 241 

Discussion 242 

In this study, we performed targeted single cell sequencing on 1507 single cells isolated from 243 

the BM of 4 childhood T-ALL patients. We detected up to 4 leukemia cell clusters at 244 

diagnosis with the dominant cluster comprising 28 to 94% of all cells. Our data is in line with 245 

observations for B-ALL and AML, for which a similar level of heterogeneity was 246 

described.25,27 We detected a stepwise hierarchy between the clusters in the T-ALL samples. 247 

This result corresponds with evidence found in multiple myeloma, where early ancestor 248 

clones were also detectable at diagnosis.26 Moreover, single-cell RNA sequencing suggests 249 

that T-ALL cells are also highly similar at the gene expression level. The limited 250 

heterogeneity detected in our childhood T-ALL cases may have important implications for 251 

treatment, as tumor heterogeneity could influence the risk for relapse. Larger studies that 252 

include temporal/spatial data will be needed to obtain a more complete view on the 253 

heterogeneity of T-ALL at diagnosis and during treatment, and to determine if the degree of 254 

heterogeneity has prognostic value. 255 

 256 

Importantly, by performing targeted sequencing on single CD34+CD38- multipotent progenitor 257 

cells, we gained insight in the cell of origin of T-ALL. We compared sequence data from 258 

single CD34+CD38- multipotent progenitor cells at diagnosis and at remission and compared 259 

these findings with mutations found in bulk myeloid progenitor cells isolated from the 260 

diagnostic samples. In 2 patients, we could detect most of the known oncogenic mutations in 261 

CD34+CD38- multipotent progenitor cells and in myeloid progenitors, providing evidence that 262 

mutations in some T-ALL patients start to accumulate in multipotent progenitor/stem cells. 263 

After treatment, these events were no longer detectable in CD34+CD38- progenitors, which is 264 

in line with long-term remissions for childhood T-ALL patients. These observations also 265 

recapitulate the importance of performing allogeneic stem cell transplantations for high-risk 266 

ALL patients. Autologous stem cell transplantation may indeed lead to relapse, in case the 267 

highly mutated multipotent progenitor cells are not eradicated before the procedure.32–34  268 
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 269 

Our newly developed algorithm could infer the order in which mutations were acquired based 270 

on single-cell data. Early events included mostly genes of unknown significance, while fusion 271 

genes and loss of CDKN2A/B appeared later during leukemic development. Interestingly, 272 

mutations in NOTCH1 were relatively late events in our patients. This confirms the finding of 273 

subclonal NOTCH1 mutations in up to 43% of T-ALL patients in bulk sequencing 274 

studies.13,35,36 Targeted sequencing with high read depth can be used to estimate mutational 275 

hierarchy from bulk sequencing data, but the lack of interpretable VAFs for chromosomal 276 

rearrangements in bulk sequencing data prevents accurate prediction on the order of those 277 

events. Single cell sequencing overcomes this limitation since it provides information for 278 

every single cell separately. 279 

 280 

Patients can have distinct clinical presentations and treatment responses depending on the 281 

order at which mutations are acquired. This was recently demonstrated for patients with 282 

JAK2 and TET2 double mutated polycythemia vera, where the individuals who had first 283 

acquired a JAK2 mutation had a higher risk of thrombosis and responded better to ruxolitinib 284 

than those who had first gained a TET2 mutation.37 NOTCH1 is regarded as an interesting 285 

target for therapy in T-ALL5, but our data indicate that it is typically a late mutation that is not 286 

necessarily present in all subclones, which may limit the therapeutic efficacy of targeting 287 

NOTCH1. Moreover, we show that, in some patients, mutations can start to accumulate in 288 

multipotent progenitor cells, illustrating the need for therapies that target these early 289 

hematopoietic cell states. 290 

 291 

Acknowledgments 292 

This study was supported by the KU Leuven FACS core facility, a fellowship from the FWO-293 

Vlaanderen (JD, MB), and by grants from the European Research Council (JC), KU Leuven 294 

(PF/10/016 SymBioSys), VIB Tech Watch Fund, Hercules Foundation (AKUL/13/41) and the 295 

©    2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



 12 

Interuniversity Attraction Poles (IAP) granted by the Federal Office for Scientific, Technical 296 

and Cultural Affairs, Belgium. 297 

 298 

Conflict of interest 299 

The authors declare no conflicts of interest. 300 

 301 

Author contributions 302 

JD performed research, analyzed data and wrote the manuscript. SD performed bio-303 

informatic data analysis and wrote the manuscript. EG, MB performed research and 304 

analyzed data. LAS, KDK, LM, PV analyzed data. TV provided equipment and analyzed 305 

data. HS, NB and AU collected T-ALL samples and analyzed data. JC supervised the study, 306 

analyzed data and wrote the manuscript. 307 

 308 

 309 

Reference list 310 

1  Zhang J, Ding L, Holmfeldt L, Wu G, Heatley SL, Payne-Turner D et al. The genetic 311 

basis of early T-cell precursor acute lymphoblastic leukaemia. Nature 2012; 481: 157–312 

163. 313 

2  De Keersmaecker K, Atak ZK, Li N, Vicente C, Patchett S, Girardi T et al. Exome 314 

sequencing identifies mutation in CNOT3 and ribosomal genes RPL5 and RPL10 in T-315 

cell acute lymphoblastic leukemia. Nat Genet 2012; 45: 186–190. 316 

3  Li Y, Buijs-Gladdines JGCAM, Canté-Barrett K, Stubbs AP, Vroegindeweij EM, Smits 317 

WK et al. IL-7 Receptor Mutations and Steroid Resistance in Pediatric T cell Acute 318 

Lymphoblastic Leukemia: A Genome Sequencing Study. PLoS Med 2016; 13: 319 

e1002200. 320 

4  Girardi T, Vicente C, Cools J, De Keersmaecker K. The genetics and molecular 321 

biology of T-ALL. Blood 2017; 129: 1113–1123. 322 

5  Sanchez-Martin M, Ferrando A. The NOTCH1-MYC highway toward T-cell acute 323 

©    2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



 13 

lymphoblastic leukemia. Blood 2017; 129: 1124–1133. 324 

6  Degryse S, de Bock CE, Cox L, Demeyer S, Gielen O, Mentens N et al. JAK3 mutants 325 

transform hematopoietic cells through JAK1 activation, causing T-cell acute 326 

lymphoblastic leukemia in a mouse model. Blood 2014; 124: 3092–3100. 327 

7  Vicente C, Schwab C, Broux M, Geerdens E, Degryse S, Demeyer S et al. Targeted 328 

sequencing identifies associations between IL7R-JAK mutations and epigenetic 329 

modulators in T-cell acute lymphoblastic leukemia. Haematologica 2015; 100: 1301–330 

1310. 331 

8  Zenatti PP, Ribeiro D, Li W, Zuurbier L, Silva MC, Paganin M et al. Oncogenic IL7R 332 

gain-of-function mutations in childhood T-cell acute lymphoblastic leukemia. Nat 333 

Genet 2011; 43: 932–939. 334 

9  Tremblay CS, Brown FC, Collett M, Saw J, Chiu SK, Sonderegger SE et al. Loss-of-335 

function mutations of Dynamin 2 promote T-ALL by enhancing IL-7 signalling. 336 

Leukemia 2016; 30: 1993–2001. 337 

10  Graux C, Cools J, Melotte C, Quentmeier H, Ferrando A, Levine R et al. Fusion of 338 

NUP214 to ABL1 on amplified episomes in T-cell acute lymphoblastic leukemia. Nat 339 

Genet 2004; 36: 1084–1089. 340 

11  Kalender Atak Z, Gianfelici V, Hulselmans G, De Keersmaecker K, Devasia AG, 341 

Geerdens E et al. Comprehensive Analysis of Transcriptome Variation Uncovers 342 

Known and Novel Driver Events in T-Cell Acute Lymphoblastic Leukemia. PLoS Genet 343 

2013; 9: e1003997. 344 

12  Van Vlierberghe P, Palomero T, Khiabanian H, Van der Meulen J, Castillo M, Van Roy 345 

N et al. PHF6 mutations in T-cell acute lymphoblastic leukemia. Nat Genet 2010; 42: 346 

338–342. 347 

13  Neumann M, Vosberg S, Schlee C, Heesch S, Schwartz S, Gokbuget N et al. 348 

Mutational spectrum of adult T-ALL. Oncotarget 2015; 6: 2754–2766. 349 

14  Mårten Lindqvist C, Lundmark A, Nordlund J, Freyhult E, Ekman D, Carlsson Almlöf J 350 

et al. Deep targeted sequencing in pediatric acute lymphoblastic leukemia unveils 351 

©    2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



 14 

distinct mutational patterns between genetic subtypes and novel relapse-associated 352 

genes. Oncotarget 2016; 7: 64071–64088. 353 

15  Mullighan CG, Phillips LA, Su X, Ma J, Miller CB, Shurtleff SA et al. Genomic analysis 354 

of the clonal origins of relapsed acute lymphoblastic leukemia. Science (80- ) 2008; 355 

322: 1377–1380. 356 

16  Yang JJ, Bhojwani D, Yang W, Cai X, Stocco G, Crews K et al. Genome-wide copy 357 

number profiling reveals molecular evolution from diagnosis to relapse in childhood 358 

acute lymphoblastic leukemia. Blood 2008; 112: 4178–4183. 359 

17  Macaulay IC, Voet T. Single cell genomics: advances and future perspectives. PLoS 360 

Genet 2014; 10: e1004126. 361 

18  Prakadan SM, Shalek AK, Weitz DA. Scaling by shrinking: empowering single-cell 362 

‘omics’ with microfluidic devices. Nat Rev Genet 2017; 18: 345–361. 363 

19  Navin NE. Cancer genomics: one cell at a time. Genome Biol 2014; 15: 452. 364 

20  Gawad C, Koh W, Quake SR. Single-cell genome sequencing: current state of the 365 

science. Nat Rev Genet 2016; 17: 175–188. 366 

21  Navin NE. The first five years of single-cell cancer genomics and beyond. Genome 367 

Res 2015; 25: 1499–1507. 368 

22  Islam S, Zeisel A, Joost S, La Manno G, Zajac P, Kasper M et al. Quantitative single-369 

cell RNA-seq with unique molecular identifiers. Nat Methods 2014; 11: 163–166. 370 

23  Picelli S. Single-cell RNA-sequencing: The future of genome biology is now. RNA Biol 371 

2017; 14: 637–650. 372 

24  Hou Y, Song L, Zhu P, Zhang B, Tao Y, Xu X et al. Single-cell exome sequencing and 373 

monoclonal evolution of a JAK2-negative myeloproliferative neoplasm. Cell 2012; 148: 374 

873–885. 375 

25  Hughes AEO, Magrini V, Demeter R, Miller CA, Fulton R, Fulton LL et al. Clonal 376 

Architecture of Secondary Acute Myeloid Leukemia Defined by Single-Cell 377 

Sequencing. PLoS Genet 2014; 10: e1004462. 378 

26  Melchor L, Brioli A, Wardell CP, Murison A, Potter NE, Kaiser MF et al. Single-cell 379 

©    2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



 15 

genetic analysis reveals the composition of initiating clones and phylogenetic patterns 380 

of branching and parallel evolution in myeloma. Leukemia 2014; 28: 1705–1715. 381 

27  Gawad C, Koh W, Quake SR. Dissecting the clonal origins of childhood acute 382 

lymphoblastic leukemia by single-cell genomics. Proc Natl Acad Sci U S A 2014; 111: 383 

17947–17952. 384 

28  Seki M, Kimura S, Isobe T, Yoshida K, Ueno H, Nakajima-takagi Y et al. Recurrent 385 

SPI1 ( PU . 1 ) fusions in high-risk pediatric T cell acute lymphoblastic leukemia. Nat 386 

Genet 2017; 49: 1274–1281. 387 

29  Potter NE, Ermini L, Papaemmanuil E, Cazzaniga G, Vijayaraghavan G, Titley I et al. 388 

Single-cell mutational profiling and clonal phylogeny in cancer. Genome Res 2013; 23: 389 

2115–2125. 390 

30  Xu X, Hou Y, Yin X, Bao L, Tang A, Song L et al. Single-cell exome sequencing 391 

reveals single-nucleotide mutation characteristics of a kidney tumor. Cell 2012; 148: 392 

886–895. 393 

31  Terstappen LWMM, Huang S, Safford M, Lansdorp PM, Loken MR. Sequential 394 

generations of hematopoietic colonies derived from single nonlineage-committed 395 

CD34+CD38-progenitor cells. Blood 1991; 77: 1218–1227. 396 

32  George AA, Franklin J, Kerkof K, Shah AJ, Price M, Tsark E et al. Detection of 397 

leukemic cells in the CD34(+) CD38(-) bone marrow progenitor population in children 398 

with acute lymphoblastic leukemia. Blood 2001; 97: 3925–3930. 399 

33  Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T, Caceres-Cortes J et al. A cell 400 

initiating human acute myeloid leukaemia after transplantation into SCID mice. Nature 401 

1994; 367: 645–648. 402 

34  Brenner MK, Rill DR, Krance RA, Ihle JN, Moen RC, Mirro J et al. Gene-marking to 403 

trace origin of relapse after autologous bone-marrow transplantation. Lancet 1993; 404 

341: 85–86. 405 

35  Mansour MR, Duke V, Foroni L, Patel B, Allen CG, Ancliff PJ et al. Notch-1 mutations 406 

are secondary events in some patients with T-cell acute lymphoblastic leukemia. Clin 407 

©    2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



 16 

Cancer Res 2007; 13: 6964–6969. 408 

36  Liu Y, Easton J, Shao Y, Maciaszek J, Wang Z, Wilkinson MR et al. The genomic 409 

landscape of pediatric and young adult T-lineage acute lymphoblastic leukemia. Nat 410 

Genet 2017; 49: 1211–1218. 411 

37  Ortmann CA, Kent DG, Nangalia J, Silber Y, Wedge DC, Grinfeld J et al. Effect of 412 

mutation order on myeloproliferative neoplasms. N Engl J Med 2015; 372: 601–612. 413 

 414 

  415 

©    2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



 17 

 416 

Figure Legends 417 

 418 

Figure 1. Somatic variant identification by bulk sequencing of 4 primary T-ALL 419 

samples. 420 

(A) Overview of the number and different types of somatic variants identified in each T-ALL 421 

patient by bulk whole genome and RNA sequencing, subsequently used for targeted 422 

single cell sequencing. 423 

(B) Violin plots illustrating the variant allele frequency distributions of the bulk mutations 424 

identified per patient. 425 

 426 

Figure 2. Targeted single cell sequencing of 4 primary T-ALL samples. 427 

(A) Schematic workflow of the protocol describing the targeted single cell sequencing. 428 

(B) Histograms of the locus drop-out rates (i), allelic drop-out rates (ii) or locus and allelic 429 

drop-out rates combined (iii). Quality control consisted of removing all cells with more 430 

than one third of SNPs affected by locus and allelic drop-out combined, indicated by the 431 

grey area in panel (iii).  432 

(C) Bar chart of the absolute numbers of single leukemic cells isolated per patient together 433 

with the percentage of cells retained for analysis after quality control. 434 

 435 

Figure 3. T-ALL patient samples have limited heterogeneity at presentation. 436 

Heatmaps of the somatic variations detected per patient: X09 (n= 187 cells), XB37 (n= 115 437 

cells), XB41 (n= 251 cells) and XB47 (n= 96 cells). Columns represent single cells, rows 438 

represent the somatic variations. The order of both the cells and the variations is based on 439 

hierarchial clustering with the Jaccard distance as metric. Presence of a variation is indicated 440 

in red, absence in black, while grey represents variations with less than 10 reads (i.e. no data 441 

available). Gene names from known oncogenic drivers are coloured red. Percentages 442 

indicate the relative number of cells attributed to each clone. 443 
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 444 

Figure 4. Single-cell RNA-sequencing reveals transcriptional uniformity of T-ALL cells. 445 

(A) tSNE analysis and cluster allocation for the single cells per patient. Cluster allocation is 446 

described in more detail in Supplemental Methods and Supplemental Fig. 6.  447 

(B) Violin plots showing the normalized expression of several cluster of differentiation 448 

markers for the leukemic T-cells in each patient. Expression levels correspond with the 449 

immunophenotype established with flow cytometry at the time of diagnosis (data not shown). 450 

CD19 and CD33 expression represent negative controls.  451 

 452 

Figure 5. Multiple mutations can be present in multipotent progenitor cells. 453 

(A) Bar chart of the absolute numbers of single CD34+CD38- multipotent progenitor cells 454 

isolated per patient and the percentage of cells accepted for analysis after quality control.  455 

(B) Heatmaps of the variations in single CD34+CD38- multipotent progenitor cells isolated 456 

from patient X09, XB37, XB41 or XB47 taken at diagnosis (i) and at remission (iii). Sanger 457 

sequencing was performed on bulk DNA extracted from 2000-5000 myeloid progenitor cells 458 

sorted from the diagnostic samples (ii) to confirm the presence of the mutations found in the 459 

multipotent progenitor cells at diagnosis. Deletions and fusion genes were not evaluated in 460 

the bulk myeloid progenitor DNA to prevent false positive results caused by few 461 

contaminating leukemic cells, and are therefore coloured white in the graph.  462 

The order of both the cells and the variations is based on hierarchical clustering with the 463 

Jaccard distance as metric. 464 

* These variations were initially considered somatic mutations, based on the WGS results of 465 

the remission sample. However, we could confirm the presence of these SNPs with PCR on 466 

the bulk remission samples. 467 

 468 

Figure 6. Single cell data illuminate the mutational hierarchy in T-ALL patient samples. 469 

The order of mutation acquisition based on the newly developed graph-based algorithm for 470 

patient X09, XB37, XB41 and XB47. The algorithm evaluated all single cell information 471 
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available from both diagnostic leukemic and CD34+CD38- multipotent progenitor cells and 472 

stipulated the most probable order of events. Its output (including the 100 most probable 473 

order of events per patient) is provided in Supplemental table S9. 474 

Percentages on the right represent clones detected at diagnosis per patient, while the stars 475 

represent different steps in mutation accumulation. Events that happened together or are 476 

closely related in time are represented by their respective gene names and written above 477 

each star. 478 

  479 
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Tables 480 

 481 

Table 1. Patient characteristics and somatic genomic lesions in 4 T-ALL cases. 482 

 483 

 X09 XB37 XB41 XB47 

Gender male male female male 

Age (y) 6 12 9 9 

WBC (x 10
9
/L)* 691 195 32 35 

% Bone marrow 

blasts** 
93 87 89 79 

Immuno-

phenotype 
medullar immature cortical cortical 

Karyotype 46,XY[1] 46,XY[12] 46,XX[7] 46,XY[14] 

FISH 
9p21(CDKN2A) loss  

14q11 rearrangement 

STIL-TAL1 

TRD-LMO2 
14q11 rearrangement 9p21 (CDKN2A) loss  

Mutations or 

indels detected by 

WGS and RNA 

sequencing*** 

NOTCH1 F1606ins 

MED12 P22L 

NRAS G12D 

TBL1XR1 D85E 

SDK1 V1300M 

KLF9 P31L 

NOTCH1 

V1605ins 

CDKN2A D68Stop 

STAT5B N642H 

BCL11B A732ins 

SLCO3A1 654Fs 

FAT2 3522Fs 

NOTCH1 L1600P 

RPL10 R98S 

RPL26L1 R115Q 

CMTM5 R8W 

NOTUM S406L 

ACOX1 S482N 

PCDHA10 E342K 

 

NOTCH1 L1600P 

NOTCH1 Y2490Stop 

RPL10 R98S 

PHIP P259L 

CNOT3 R745ins 

N4BP2 N1670S 

SLC6A18 T91M 

PPP4C D54K 

Chromosomal 

rearrangements 

detected by WGS 

and RNA 

sequencing*** 

 

del(9)(p21p21) 

TCF7-SPI1 

 

LMO2 

STIL-TAL1 fusion 

NKX2-1 

del(14)(q11q11) 

 

del(9)(p21p21) 

NKX2-1 

 

 484 

* White blood cell count in the peripheral blood at diagnosis 485 

** Blast counts were determined by microscopy of bone marrow smears and confirmed with 486 

flow cytometry. 487 

*** Somatic mutations/indels/rearrangements in known oncogenes/tumor suppressor genes 488 

identified by combined whole genome sequencing and RNA sequencing data analysis of the 489 

bulk diagnostic and remission samples. 490 

 491 
  492 
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