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Abstract

Transformation from chronic (CP) to blast phase (BP) in myeloproliferative neoplasm

(MPN) remains poorly characterized, and no specific mutation pattern has been

highlighted. BP-MPN represents an unmet need, due to its refractoriness to treat-

ment and dismal outcome. Taking advantage of the granularity provided by single-cell

sequencing (SCS), we analyzed paired samples of CP and BP in 10 patients to map

clonal trajectories and interrogate target copy number variants (CNVs). Already at

diagnosis, MPN present as oligoclonal diseases with varying ratio of mutated and

wild-type cells, including cases where normal hematopoiesis was entirely surmised by

mutated clones. BP originated from increasing clonal complexity, either on top or

independent of a driver mutation, through acquisition of novel mutations as well as

accumulation of clones harboring multiple mutations, that were detected at CP by

SCS but were missed by bulk sequencing. There were progressive copy-number

imbalances from CP to BP, that configured distinct clonal profiles and identified

recurrences in genes including NF1, TET2, and BCOR, suggesting an additional level

of complexity and contribution to leukemic transformation. EZH2 emerged as the

gene most frequently affected by single nucleotide and CNVs, that might result in

EZH2/PRC2-mediated transcriptional deregulation, as supported by combined

scATAC-seq and snRNA-seq analysis of the leukemic clone in a representative case.

Overall, findings provided insights into the pathogenesis of MPN-BP, identified CNVs

as a hitherto poorly characterized mechanism and point to EZH2 dysregulation as
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target. Serial assessment of clonal dynamics might potentially allow early detection

of impending disease transformation, with therapeutic implications.

1 | INTRODUCTION

Myeloproliferative neoplasms (MPN) are characterized by the

expansion of one or more myeloid cell lineages and include four

entities: polycythemia vera (PV), essential thrombocythemia (ET),

overt and prefibrotic primary myelofibrosis (PMF).1,2 In addition to

the JAK2, CALR, and MPL driver mutations, MPN are characterized

by remarkable genetic heterogeneity with mutations in genes cod-

ing for epigenetic and spliceosome regulators, oncogenes, signaling

and transcription factors, that may affect the same or different

clones.3–6

MPN evolve from chronic (CP) to blast phase (BP) in 5%–10% of

cases overall, with highest frequency in PMF (15%–20%), and may be

preceded by an accelerated phase (AP).7,8 MPN-BP is associated with

dismal outcome; median survival is 3–6 months.9 Treatment ranges

from supportive care to low-intensity approaches, including hypo-

methylating agents or low-dose cytarabine, to intensive strategies

with induction chemotherapy and allogeneic stem cell transplantation

in a minority of younger, fit patients. Complete remission (CR) occurs

in <30% of patients.10–12 Such unfavorable prognosis is consistent

with specific features, including advanced age and associated comor-

bidities that prevent aggressive treatment. Previous studies indicated

that the genetic basis of MPN-BP differs from de novo AML: NPM1

and FLT3 mutations are uncommon while other abnormalities, such as

IDH1 and TP53 mutations and complex karyotype, are conversely

enriched, possibly reflecting accumulation of mutations and clonal

evolution in a decade-lasting disease.13–16 Two distinct trajecto-

ries of clonal evolution to BP have been highlighted.17,18 In one,

leukemic blasts are JAK2/CALR/MPL mutated, reflecting acquisi-

tion of leukemia-promoting abnormalities in the original CP clone,

such as TP53 mutation and deletion and/or abnormalities of chro-

mosome 1 long arm.16,19 Otherwise, leukemic blasts derive from a

driver mutation-negative clone and eventually overcome the

JAK2/CALR/MPLmut CP clone.8,20 MPN-BP blasts often display

skewing of erythroid or megakaryocytic lineage phenotype,

uncommon in de novo AML,13 consistent with findings in chronic

phase progenitors21 However, full understanding of mutation and

clone dynamics in the progression to MPN-BP has been prevented

by methodological constraints, since the heterogeneity of leuke-

mic blasts cannot be fully resolved by conventional bulk

sequencing.22,23

Herein, we adopted a single-cell approach to study the clonal

architecture of CD34+ cells in longitudinal samples of CP and BP from

10 MPN patients, and described models of stepwise acquisition of

somatic mutations, clonal dominance and copy number imbalances in

the transition to MPN-BP. Moreover, in a representative case, we

employed single-cell multiomic approach coupling RNA-seq and ATAC

(Assay for Transposase-Accessible Chromatin)-seq to concurrently

analyze transcriptomic and epigenetic changes during leukemic

transformation.

2 | PATIENTS AND METHODS

We analyzed 10 MPN patients who developed BP (T2) and had avail-

able paired samples collected at CP diagnosis (T0) (Tables S1 and S2

for clinical and molecular information). After approval by the Institu-

tional Review Board (IRB) in Florence and Milan (Italy), written

informed consent was obtained according to the Declaration of

Helsinki.

2.1 | NGS analysis on bulk samples

Procedure details and list of genes included in bulk next generation

sequencing (NGS) panels are reported in Supplemental Methods.

2.2 | Single-cell (SC) targeted DNA library
preparation and sequencing

Immunomagnetically purified, blood-derived, CD34+ cells were used

for generation of single-cell DNA libraries according to Tapestri plat-

form standard protocol. Libraries were sequenced on Illumina Nova-

Seq. All samples were subjected to 2 � 150 bp paired-end

sequencing, with the exception of CALR-mutated samples, which

underwent 2 � 250 bp paired-end sequencing. Full procedure and

bioinformatic pipeline details are reported in Supplemental Methods.

2.3 | Combined single cell assay for transposase-
accessible chromatin sequencing (scATACseq) and
single nucleus RNA-seq (snRNA-seq) library
preparation

Nuclei were isolated from CD34+ cells after resuspension in lysis

buffer containing 0.01% Digitonin; 6000 nuclei per sample were

loaded onto 10� cartridge, in the presence of 1 U/μL RNase inhibitor.

Libraries were sequenced on Illumina NextSeq 550 using 2 � 75 bp

paired-end sequencing.

2.4 | Statistical analysis

Statistical significance was evaluated using Wilcoxon sum rank test

and Benjamini–Hochberg/FDR test for multiple test correction. For
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co-occurrence analysis, the maftools package in R was used. Cluster-

ing was performed using the Mosaic's module dna.count using min_-

clone_size (the minimum proportion of cells in the clone necessary to

count it as a separate clone), parameter set to 0.5. Details of the anal-

ysis to determine SC ploidy changes can be found at https://github.

com/littleisland8/TACOS.

F IGURE 1 Legend on next page.
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3 | RESULTS

3.1 | Single-cell DNA sequencing (SCS) detects
additional subclonal mutations compared to bulk
sequencing

To characterize the clonal architecture of the stem cell compartment

at diagnosis and leukemic transformation, we performed SCS using

either a 312-amplicons or a 239-amplicons custom panel in 7 and

3 patients, respectively, covering 45 and 29 of the most frequently

mutated genes in myeloid neoplasms (Figure S1A,B and Tables S3

and S4). We analyzed paired samples from 10 patients at diagnosis

(T0) and blast phase (T2); an additional sample (T1) collected at

diagnosis of postPV-MF transformation (PPV-MF, #6), accelerated

phase (AP, #8) or attribution of JAK2pV617F major molecular

response (#5),14 was also analyzed in 3 cases. A total of 104 072

individual cells (average 4525, range 1645-8476, per sample) was

sequenced; median sequencing coverage was 118 reads per ampli-

con per cell, and the calculated median allele dropout (ADO) rate

was 7.15% to 21.5% per sample, overall 11.4% (Figure S1C). By

comparing results of SCS and bulk sequencing, we found that all

variants called by bulk NGS were confirmed by SCS, and the

respective variant allele fractions (VAF) were significantly corre-

lated (R2 = 0.85, Pearson correlation) (Figure S1D); however, SCS

was able to detect 17 additional low-frequency variants

(VAF < 2%), particularly at T0, that in several cases increased signif-

icantly at BP.

3.2 | Resolution of clonal architecture at chronic
and blast phase

Overall, a total of 41 coding somatic mutations in 18 genes were iden-

tified by SCS in the 10 patients. JAK2p.V617F was the most frequent

(48%), followed by ASXL1mut (39%), CALR mut (39%) and EZH2mut

(35%) (Figure 1A). Frequency of missense mutations was similar at T0

and T2 (58%) (Figure 1B), while frameshift deletions tended to

increase in T2 (21% vs. 16%) and in-frame deletions to decrease (5%

vs. 16%). Almost half of all mutations at BP involved epigenetic genes

(ASXL1, TET2, EZH2, IDH1, DNMT3A). Analysis of mutation co-

occurrence and mutual exclusivity revealed that most frequently co-

occurring mutations in ≥2 clones included TP53/TET2, DNMT3A/

JAK2, RUNX1/DNMT3A and NRAS/EZH2, while DNMT3A and ASXL1

were mutually exclusive (p < .05 for all combinations). We also

observed that TP53mut frequently occurred in clones not harboring

JAK2p.V617F or ASXL1mut (p < .05) (Figure S2). Finally, we noticed

that the VAF of mutated transcription factor genes (ETV6, PHF6,

RUNX1, WT1, SETBP1) was remarkably increased compared to CP

(Figure 1C).

We were able to longitudinally investigate the clonal architec-

ture in all but 2 patients (#1 and #4), since in both cases the muta-

tion dominating the BP, as highlighted by bulk NGS, was not

covered by SCS panel (Figure S3). In one, a KRASp.A146T increased

from 9% at T0 to 47% at T2; in the other, a IKZF1p.R502W

increased from 4.4% to 40.7% (Table S2). In the remaining

8 patients, in spite of intra- and inter-patient heterogeneity, we

were able to recognize some unique clonal patterns and trajectories

that helped to identify the clone(s) ultimately dominating the BP

(Figure 2).

A first pattern included patients in which no wild-type CD34+

cells could be demonstrated at diagnosis (Figure 2A,B). In patient #8, a

CALR-type1mut PMF, an additional sample collected at AP (T1) was

analyzed. At T0 he carried 3 branches that, by clonal phylogeny recon-

struction, were ascribed to a ASXL1p.G646Wfs*12 founder clone that

however could not be physically identified. The first branch, account-

ing for 2/3 of CD34+ cells, carried 2 distinct heterozygous EZH2mut, a

NRASp.G12Vmut, and subsequently acquired CALRmut. A second

branch acquired a NRASp.G12S mut and an EZH2 indel, followed by

CALRmut; these 2 subclones, that were 30% at CP, dramatically

decreased at AP and BP (2% and 3% respectively). In the third evolu-

tionary branch, KRASp.G12Dmut was acquired on top of ASXL1mut, fol-

lowed by CALRmut and WT1p.R467Wmut in 2 independent subclones.

Overall, this evolutionary branch was <2% at CP and increased to

31% at AP and 40% at BP, therefore representing the leukemia-

driving clone. Noteworthy, at CP, the KRASmut and WT1mut were

missed by bulk NGS unlike by SCS (VAF 0.7% and 0.1%, respectively).

A second case (#9, Figure 2B) was a CALR-type1mut ET. Clonal phylog-

eny reconstruction identified TET2p.D1384G as the first occurring

mutation (41% at diagnosis) that subclonally associated with CALRmut

(45%) or heterozygous TP53p.G244_M246del (12%); a minor TET2/

TP53/CALRmut clone was also detected (1.2%). Evolution to BP was

triggered by selective expansion of heterozygous TET2mut/

F IGURE 1 Mutational profiling landscape as highlighted by SCS. (A) Oncoplot showing mutation profiles of each gene in each sample. The
barplot on the right shows the gene ordered by mutation frequency, listed on the left. (B) Frequency of different mutation classes in T0 and T2.
(C) Violin plot depicting single cell allele frequency of mutations classified according to the molecular function of the affected genes. Each violin
displays the mutational landscape of an analyzed timepoint. Violins are grouped by patient ID. Genes were classified as follows: Epigenetic

Modifiers (ASXL1, EZH2, TET2, IDH1, IDH2, DNMT3A), MPN Driver Mutations (JAK2, CALR), Transcription Factors (PHF6, RUNX1, ETV6, WT1,
SETBP1), DNA Damage Repair (TP53), Cell Proliferation (NRAS, KRAS, CBL), Splicing Factors (SF3B1). ASXL1, Additional Sex Combs Like
Transcriptional Regulator 1; CBL, Cbl Proto-Oncogene; CALR, Calreticulin; DEL, deletion; DNMT3A, DNA Methyltransferase 3 α; EZH2, Additional
Sex Combs Like 1, Transcriptional Regulator; ETV6, ETS Variant Transcription Factor 6; INS, insertion; IDH1/2, Isocitrate Dehydrogenases 1/2;
JAK2, Janus Kinase 2; KRAS Kirsten Rat Sarcoma Viral Oncogene Homolog; NRAS, Neuroblastoma RAS Viral Oncogene Homolog; PHF6, PHD
Finger Protein 6; RUNX1, Runt-related transcription factor 1; SETBP1, SET binding protein 1; SF3B1, Splicing factor 3B subunit 1; SNP, single
nucleotide polymorphism; SNV, single nucleotide variants; TET2, Ten-Eleven-Translocation 2; TP53, Tumor Protein 53; WT1, Wilms Tumor 1.
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homozygous TP53mut clone, that increased from <3% at CP to 83% at

BP. A double homozygous TET2mut/TP53mut clone, not detected at

CP, also contributed to BP (16%).

A second pattern (PMF patients #7, #2; Figure 2C,D) showed

stepwise clonal progression starting, respectively, from founder

homozygous EZH2p.F551V or heterozygous IDH1p.R132H clone. In

F IGURE 2 Legend on next page.
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patient #7, heterozygous JAK2p.V617F, DNMT3Amut, CBLmut and

ETV6mut accumulated stepwise in the founder EZH2mut clone. At BP,

75.1% of cells furtherly acquired heterozygous SETBP1p.D868N. In

patients #2, CALRmut was acquired in 14.1% of cells of the founder

IDH1mut clone (66% at T0); this clone then acquired a homozygous

PHF6p.Y301*, becoming predominant at BP (58%).

A third pattern regarded the origin of BP clone(s) relative to driver

mutation. We found that in 5/8 informative patients, the clone driving

the BP arose on the background of driver mutation (JAK2p.V617F

n = 2, CALR n = 3), unlike 3 JAK2p.V617F patients (#6, #3, #5) where

the BP was dominated by driver mutation-negative clone(s). In patient

#6 (PV), who also had a T1 sample at diagnosis of PPV-MF, clonal

phylogeny identified four branches at T0, with WT cells being the

majority (73.5%) (Figure 2E). The first branch, made up of 3 subclones

at T0 and T1, included cells with heterozygous JAK2p.V617F, homo-

zygous JAK2p.V617F and homozygous JAK2p.V617F plus heterozy-

gous IDH2p.R140Q. The second branch included clones harboring

heterozygous and homozygous TP53p.R136H that were respectively

1.6% and 10.3% at CP; the homozygous TP53p.R136H alone or with

heterozygous EZH2c.1546+2T>C expanded up to 80% and 18%,

respectively, at BP. The last two branches at CP (<3% each), including

cells with heterozygous KRASp.A59G or homozygous TP53p.V134L,

were undetected at BP. In the T1 sample, an expansion of heterozy-

gous (from 1.2% to 16.7%) and homozygous (from 7.4% to 24.3%)

JAK2p.V617F clones was observed, followed by their disappearance

at BP. Another case of driver mutation-negative BP was patient #3

(Figure 2F), a JAK2p.V617F ET. The first hit affected ASXL1p.L775* in

35% of cells, and a subclone (7.6%) acquired JAK2p.V617F. The JAK2-
mut subclone completely disappeared at BP, that was rather dominated

(95.7%) by a ASXL1p.L775* derivative subclone that acquired IDH2p.-

R140Q. Of note, the IDH2p.R140Q was detected at T0 by SCS in a

tiny proportion (0.73%) of cells that was missed by bulk NGS. Finally,

in patient #5 (Figure 2G), a JAK2p.V617F ET, clonal phylogeny recon-

struction identified DNMT3Ap.G543C as the first hit, followed by

splitting into two branches. In one, heterozygous JAK2p.V617F was

detected in 11% of cells at CP and reduced by 2log (VAF 0.11%) in an

intermediate time point sample (T1), in accordance with results of dig-

ital PCR that allowed to declare achievement of partial molecular

response after 4 years of ruxolitinib. The second branch contained

either a heterozygous or homozygous RUNX1p.R320X; these clones,

that were <5% at T0 and T1, underwent expansion at BP summing

up to 75%.

Finally, we identified 2 main patterns regarding the clonal archi-

tecture of BP. In 4 of 8 informative patients, multiple clones were

found at BP, some of which already detected at CP and others newly

emergent (patient #2, 5, 8, 9). In the other four patients, BP was mas-

sively dominated by a single clone (>90%) (patient #6, 7, 10, 3) that

had expanded from a VAF at CP of <1% (#7, #3) to <10% (#6). This is

best exemplified by patient #10 (Figure 2H), a JAK2p.V617F PPV-MF.

At diagnosis, 93% of the cells presented homozygous JAK2p.V617F

and acquired a heterozygous TET2p.I873T. The latter clone split into

3 branches. The first carried a heterozygous SF3B1p.K700E that from

2.7% at CP became dominant at BP (97%). Conversely, the second

and third branch, that acquired each a ASXL1mut (p.E635Rfs*15 and

p.Q858*) and constituted 28% of CP cells, both were no longer

detected at leukemic transformation.

3.3 | Accumulation of CNV at blast phase are
detected at single cell resolution

We then investigated the occurrence of copy number variation (CNV)

events at the SC level by analyzing the ploidy of each amplicon

included in the panels. As reference, wild-type cells were used (nor-

malized ploidy value = 2). For patients #8 and #9, in which a wild-type

clone could not be detected, the ASXL1_Het/EZH2_Hom(b)/NRA-

S_Het(b) and TET2_Het clones, respectively, were used (see Supple-

mental Methods for details).

Globally, CNV analysis indicated that leukemic clones were widely

affected by gene dosage imbalances, suggesting increased genomic

instability compared to CP (Figure 3). The total number of CNVs var-

ied greatly among patients, and several amplicons belonging to the

same gene were concurrently involved, supporting large-scale geno-

mic imbalances. In BP clones, we found a total of 434 CNVs, including

both copy number gain (41%) and loss (59%), compared to 283 total

CNVs in the CP, of which 57% gains and 43% loss. The median num-

ber of CNVs per patient in BP clones was 93, ranging from 18 to

158, compared to 13 (0–134) at CP (p = .04).

We then compared the ploidy level of individual amplicons in BP

versus CP through TACOS algorithm in order to identify any recurrent

CNVs. The heatmaps of the clone-to-clone distances shown in

Figure S4 illustrate the hierarchical clustering for each patient, indicat-

ing the presence of two clusters composed of CP and BP clones,

respectively. The heatmaps in Figure 4 depict the significantly

F IGURE 2 Clonal evolution from MPN to sAML. Clonal hierarchy reconstruction by means of fishplot (left) and phylogenetic tree (right). The
fish plot shows the inferred clonal evolution pattern based on the single-cell genotype data. Each clone is represented by a different color and the
mutation asset is detailed in the legend near the phylogenetic tree with the frequency of the various subclones at different timepoints. (A) Pt #8

carried the CALR p.L367Tfs*46 driver mutation. The three depicted timepoints are PMF (T0), AP (T1) and BP (T2). (B) Pt #9 was affected by CALR
p. L367Tfs*46 driver mutation. The two depicted timepoints are ET (T0) and BP (T2). (C) Pt #7 was affected by JAK2 p.V617F mutated PMF. The
two depicted timepoints are PMF (T0) and BP (T2). (D) Pt#2 carried the CALR p.L367Tfs*46 driver mutation. The two depicted timepoints are
PMF (T0) and BP (T2). (E) Pt #6 was affected by JAK2 pV617F driver mutation. The three depicted timepoints are PV (T0), PPV-MF (T1) and
BP(T2). (F) Pt #3 was affected by JAK2 p.V617F driver mutation. The two depicted timepoints are ET (T0) and BP (T2). (G) Pt #5 was affected by
JAK2 p.V617F driver mutation. The three depicted timepoints are ET (T0), ET-post JAKi (T1) and BP (T2). (H) Pt #10 was affected by JAK2
p.V617F driver mutation. The two depicted timepoints are PPV-MF (T0) and BP (T2).
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F IGURE 3 Ploidy landscape at subclones resolution. (A–H) Lineplot showing CNVs across all amplicons for each clone. On the left, subclones,
identified by the SNV-based clustering method, are shown together with their genotype. In the bar plot in the central panel, the number of cells
belonging to each subclone is represented. On the right, the median ploidy for each amplicon is shown.
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F IGURE 4 Clustering analysis based on CNV detected at subclones resolution and Copy number variants profiling in the leukemic
transformation of the enrolled patients. (A–H) Heatmap of relative median ploidy values across samples, scaled by row, of amplicons significantly
affected by CNVs in the comparison between BP (T2) and CP (T0). Disease-phase status and clones are shown with colored bars at the top of the
heatmap. Statistical analysis based on Wilcoxon rank sum test Benjamini-Hochberg corrected test (FDR < .001, ploidy >2.5 and <�1.5)

highlighted the amplicons with an altered ploidy in BP versus CP clones. Full details of the amplicons with a statistically significant altered ploidy
in BP versus CP clones are reported in Table S5. (I) The waterfall plot indicates the top 12 amplicons that presented copy number variants. Each
column represents individual patients. Different colors stand for different CNV types: deletions are represented in red, and amplifications are
represented in green.
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deregulated amplicons for each patient (for detailed description of

amplicons refer to Table S5). We found that a single NF1 amplicon

was affected by CNVs in 5/5 informative patients, with copy number

loss in 4 and gain in 1 patient. Other amplicons harbored recurrent

CNVs in 4/5 patients; in particular, one amplicon of SMC3 was

affected by copy number loss, while KMT2A and TET2 amplicons

showed both copy number gain and loss (Figure 4I). Of note, EZH2

was the gene most frequently affected by CNVs in the leukemic

clones. In particular, in 7/8 patients at least one EZH2 amplicon was

affected by CNVs, in 6 cases manifesting with copy number loss

(Figure 4I, Figures S5A,B and S6A,B).

We then analyzed CNVs co-occurrence/mutual exclusivity pat-

terns. In the five patients with CNV affecting NF1, the abnormality

co-occurred with BRAF, KDM5A, KMT2A, CSF3R, and ETV6 CNVs.

Moreover, we observed co-occurrence of gene dosage imbalances of

EZH2 and BCOR, two epigenetic remodelers whose loss of function

was reported to have cooperating effects in leukemogenesis

(Figure S7A). On the other hand, EZH2 CNVs were mutually exclusive

with FLT3 and MYC aneuploidies (Figure S7B).

3.4 | Concurrent characterization of CNVs,
chromatin accessibility and gene expression in BP
clones by scATAC-seq and snRNA-seq analysis

SCS identified epigenetic modifier genes as the first mutational target

in most instances (Figure 2). To evaluate the impact of epigenetic

modifications in driving gene activation and repression during leuke-

mic transformation, we used a multimodal approach including snRNA-

seq and scATAC-seq to simultaneously study transcriptome and chro-

matin accessibility in CD34+ cells from patient #8, who harbored

ASXL1p.G646Wfs*12 as the first hit. SC CNV analysis (Figure 3A)

demonstrated that the dominant ASXL1mut branch also harbored

monoallelic TP53 gene deletion, consistent with i(17)(q10) by conven-

tional karyotype (Table S1), while at BP a monoallelic deletion of

EZH2 was detected in the leukemic branch (Figure 3A).

Combined snRNA-seq and scATAC-seq identified seven distinct

clusters in CP and BP sample (Figure S8A,B), that were resolved in

subpopulations of hematopoietic stem (HSC) and progenitor cells

according to marker gene expression (Supplemental Results,

Tables S6–S8 and Figure S8B). In particular, HSC and multipotent pro-

genitors (MPP) were enriched in the BP. Moreover, two megakaryo-

cyte erythroid progenitors (MEP) clusters were differently

represented; MEP_1 cluster, displaying an erythroid bias, was

enriched in CP cells, while MEP_2 cluster cells were almost exclusively

found at BP (Figure S8C). Of note, leukemic cells in the MEP_2 cluster

were specifically marked by deletion of EZH2 (Figure S8D,E), as

inferred by CNVs analysis of scATAC-seq data, while chromosome

17q amplification was found in a large fraction of cells both at CP and

BP (Figures S9A and S8D, respectively). Overall, this finding suggested

that BP was driven by a subclone harboring chromosome 7 deletion.

GSEA and chromatin module activation analysis showed significant

enrichment of EZH2 targets in MEP_2 cluster (Figure S8F–H), as well

as increased polycomb repressive complex 2 (PRC2) and SUZ12 tar-

gets' accessibility, consistent with EZH2 loss and mRNA reduction

(Figure S9B–D).

Moreover, we found that NF-kB family transcription factors

motifs were enriched in more accessible chromatin regions of BP cells

with HSC phenotype, while GATA family motifs were enriched in

MEP_1 cluster (see Supplemental Results, Figures S8I and S9E–H).

In addition, reduced accessibility of EGR1 and EGR3 motifs was found

in MEP_2 cluster cells (Figure S8J), consistent with WT1 impaired

activity due to the loss-of-function WT1p.R467W mutation, since

WT1 is involved in TET2-mediated DNA demethylation and shares its

DNA binding motif with EGR family. Accordingly, a signature com-

posed of WT1 target genes resulted negatively enriched and less

active in MEP_2 cluster (Figure S8K–M), suggesting that the acquired

WT1 pathogenic variant was enriched in this cluster and contributed

to leukemic transformation.

4 | DISCUSSION

Owing to their intrinsic propensity of stepwise evolution from a long-

course CP to BP, MPN constitute a unique model for elucidating pat-

terns of cancer evolution and phenotype.23,24 Past seminal studies

relied on colony picking to highlight relationships between order of

mutation acquisition by progenitor cells and clinical phenotype in

CP,25,26 while the study of evolutionary relationships between CP

cells and leukemic blasts to elucidate the “patient's journey through

cancer”27 was hampered by intrinsic technical constrains.28 More

recent techniques for SCS generate information of unforeseen granu-

larity regarding clonal architecture and dynamics29–32 and also

response to therapy.21,33 By interrogating paired samples collected at

CP diagnosis and BP evolution, we analyzed the evolutionary pattern

of mutations and CNVs in 10 MPN patients; in one representative

case, we contextually generated multimodal data sets informing also

on RNA expression and chromatin accessibility.

Our results, in line with a previous report,30 indicate an overall

good comparative performance of conventional, panel-based, bulk

sequencing and SCS as regards mutation identification and VAF

quantification. However, bulk sequencing failed to identify low-

represented variants (VAF <2%) in 40% of cases and, most

importantly, clones harboring such mutations were those that predomi-

nantly expanded at BP, overtaking other clones detected at diagnosis.

Thus, one might anticipate that serial analysis of clonal dynamics by

SCS might allow to precociously identify the emergence and expansion

of clone(s) harboring mutation(s) with leukemic potential. Studies

pointed to clonal evolution as being relevant for changes in clinical

phenotype in MPN.34 Emergence of JAK2V617F homozygous clones in

PV is associated with higher rate of transformation to postPV-

myelofibrosis and thrombotic events35–38 and to myelofibrotic transfor-

mation in ET.36,39 However, before being able to prospectively value

the changes of tumor clone asset for clinical purposes, aimed at identi-

fying patients in need of closer monitoring and, prospectively, earlier

intervention, a deeper knowledge of clonal dynamics along the MPN
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natural history, also envisioning patients with decade-long uncompli-

cated disease, is needed.

The emergence of new dominating clone(s), known as “clonal
sweep,” underlined progression to MPN-BP in most instances. SCS

demonstrated that the magnitude of clonal sweep was highly hetero-

geneous, with patterns of either predominantly monoclonal leukemia

involving >75% of blasts cells in half of cases, or an oligoclonal disease

with >2 clones in the remaining cases. It is also noteworthy that no

patients at CP diagnosis showed only one mutated clone (whatever

the mutation) variably interspersed with wild-type hematopoiesis,

suggesting that the asserted monoclonal nature of MPN, coming from

seminal studies on G6PDH isoenzymes40 and erythroid colony

formation,41 should be reinterpreted as prevalently oligoclonal, thanks

to granularity offered by SCS. Furthermore, in two patients we were

unable to identify wild-type cells in CP sample, and phylogeny recon-

struction indicated that hematopoiesis was sustained by primordial

cells harboring mutations in ASXL1 and TET2, followed by CALR muta-

tion. This finding might be interpreted in the light of recent evidences

of long latency between acquisition of driver mutation and disease

manifestation,42 resulting in progressive dominance of a clonal hema-

topoiesis pattern.

One limitation of the current study, and in general of SCS-based

approaches, is that genomic interrogation relies on pre-selected gene

panels, developed on prior knowledge of most relevant and frequent

mutations in myeloid neoplasms. Therefore, in principle, one might

miss what is not known a priori, as exemplified by the two cases

where we were unable to detect any worthwhile change in clonal

architecture from CP to BP. Indeed, we might have missed novel

mutations in coding genes or variations in regulatory regions resulting

in abnormal protein expression/stability, not interrogated in the pre-

designed gene panels. This notwithstanding, our findings point to

EZH2 as commonly involved in transition to BP, since we found CNVs

in different EZH2 amplicons in 7 out of 8 informative patients, with

6 as CN loss. EZH2 mutations were found in 8%–10% of CP

patients,43 are associated with reduced survival44 and included in the

high molecular risk category,3,45,46 although EZH2 CNVs were not

specifically addressed. Loss of Ezh2 in JAK2V617F mice resulted in an

accelerated MF phenotype.47 Chromosome 7 loss or 7q-, involving

7q36.1 where EZH2 is located, is associated with worse survival in

AML and myelodysplastic syndrome. EZH2 may act as an oncogene

or tumor-suppressor depending on cellular context.48 In myeloid neo-

plasms, abnormalities at EZH2 locus usually result in loss of function,

while in germinal center-like diffuse B-cell lymphoma and follicular

lymphoma gain-of-function mutations occur at EZH2 Y64.49 Consis-

tent with the known function of EZH2 as catalytic subunit of PRC2,

promoters of EZH2 targets resulted more accessible in MEP_2 cluster

cells, that accumulated at BP in one patient and displayed chromo-

some 7 deletion, supporting EZH2-mediated transcriptional

deregulation.50

Interpretation of SCS data allowed also to interrogate CNVs as an

additional level of genetic complexity involved in evolution to MPN-

BP.51–53 By inferring CNVs of different amplicons, we found >7-fold

more regions affected by CN gain or loss in BP compared to CP

samples, and hierarchical clustering analysis sharply separated CP and

BP clones based on CN profiles in all patients. Among most commonly

affected genes, in addition to the aforementioned EZH2, we found

NF1, encoding for a tumor suppressor gene mutated in 10%–15% of

patients with juvenile myelomonocytic leukemia (JMML). NF1 is usu-

ally homozygously mutated due to segmental uniparental disomy of

large part of chromosome 19 or compound-heterozygous inactivating

mutations,54 and characterizes predominantly a myeloproliferative

phenotype. Genes less commonly involved in CNVs were BCOR and

KMT2A, both expressed in AML. However, we acknowledge that the

panel-based analysis of CNVs may have missed other relevant abnor-

malities in genes not covered by current design.

In conclusion, in this study we have approached the cellular het-

erogeneity of MPN blast phase exploiting the ideal advantages

offered by single-cell sequencing.29 Results contribute to the under-

standing of mutation dynamics linked with clone emergence and pre-

dominance, and have highlighted the potential role of copy number

variations in the process of blast evolution. Our data also point to

EZH2 as recurrently affected by mutations and CNVs in MPN-BP sug-

gesting a pivotal role in leukemic transformation, that remains to be

confirmed further. Furthermore, functional enrichment analysis con-

sidering single-nucleotide and copy number variants in blast cells

highlighted networks of dysregulated pathways, among which the

most prominent were signal transduction, including FLT3 signaling

and MAPK, and transcriptional regulation, that might inform clues to

treatment (Figure S10). Provided that further technological develop-

ment results in swiftly implementation of single-cell methods in clini-

cal laboratories, serial assessment of clonal dynamics might allow

early detection of impending disease transformation and potentially

translate in better therapeutic management, including target drugs

and timely stem cell transplantation.
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