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Summary

The implications of stem cell heterogeneity for disease pathogenesis and therapy are poorly 

defined. JAK2V617F+ myeloproliferative neoplasms (MPNs), harboring the same mutation in 

hematopoietic stem cells (HSCs), display diverse phenotypes, including polycythemia vera (PV), 

essential thrombocythemia (ET), and primary myelofibrosis (PMF). These chronic malignant 
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disorders are ideal models to analyze the pathological consequences of stem cell heterogeneity. 

Single-cell gene expression profiling with parallel mutation detection demonstrated that the 

megakaryocyte (Mk)-primed HSC subpopulation expanded significantly with enhanced potential 

in untreated individuals with JAK2V617F+ ET, driven primarily by the JAK2 mutation and 

elevated interferon signaling. During treatment, mutant HSCs were targeted preferentially in the 

Mk-primed HSC subpopulation. Interestingly, homozygous mutant HSCs were forced to re-enter 

quiescence, whereas their heterozygous counterparts underwent apoptosis. This study provides 

important evidence for the association of stem cell heterogeneity with the pathogenesis and 

therapeutic response of a malignant disease.

Abstract

Graphical Abstract. 
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Introduction

Stem cells in various tissues display considerable heterogeneity (Goodell et al., 2015), but 

the implications for pathogenesis (e.g., tumorigenesis) are largely unclear. Hematopoietic 

stem cells (HSCs) are a functionally heterogeneous population with intrinsic lineage biases 

(Jacobsen and Nerlov, 2019), and it would be instructive to investigate the pathogenic 

mechanisms involving HSC heterogeneity in hematological diseases.

Classic Philadelphia-negative (Ph−) myeloproliferative neoplasms (MPNs), which are often 

initiated by somatic mutations in HSCs, are classified into three main entities: polycythemia 

vera (PV), characterized by erythrocytosis and bone marrow panmyelosis; essential 

thrombocythemia (ET), characterized by thrombocytosis; and primary myelofibrosis (PMF), 

characterized by bone marrow myeloid proliferation (Nangalia and Green, 2017). The most 

recurrent mutation in Ph− MPNs is the Janus kinase 2 (JAK2) mutation JAK2V617F, 

occurring in more than 95% of individuals with PV and ~50%−60% of individuals with 

ET and PMF (Baxter et al., 2005; James et al., 2005; Kralovics et al., 2005; Levine 

et al., 2005). Studies have revealed that the JAK2V617F allele burden (Godfrey et al., 

2012; Li et al., 2010, 2014; Scott et al., 2006; Tiedt et al., 2008), differential signal 

transducer and activator of transcription (STAT) activation (Chen et al., 2010; Grisouard 

et al., 2015; Walz et al., 2012), order of other somatic mutations (Ortmann et al., 2015), 

and inter-individual genetic variation (Grinfeld et al., 2018; Pardanani et al., 2008; Tapper 

et al., 2015) influence predisposition to specific MPN subtypes. Despite these tremendous 

advances, the mechanism by which identical mutations within stem cells instigate distinct 

MPN subtypes, especially the association between disease subtypes and HSC heterogeneity, 

is incompletely understood.

Interferon-alpha (IFNα) therapy can induce clinical, hematological, histopathological, and 

occasionally molecular remission in individuals with MPNs (Hasselbalch and Holmstrom, 

2019; Kiladjian et al., 2016). In MPN mice, IFNα can directly eliminate malignant disease-

initiating cells by inducing apoptosis or cell cycle progression (Hasan et al., 2013; Mullally 

et al., 2013). However, the therapeutic effects of IFNα on the stem cell compartment and 

heterogeneity in individuals with MPNs are elusive. Here we used single-cell RNA profiling 

and parallel mutation detection to determine the transcriptional heterogeneity within the 

HSC compartment of individuals with distinct JAK2V617F+ MPN subtypes with or without 

therapy.

Results

ET HSCs Exhibit Prominent Megakaryocyte (Mk) Lineage Priming and Elevated IFN 
Signaling

We performed low-input RNA sequencing (RNA-seq) of HSCs 

(Lin−CD34+CD38−CD45RA−CD123−) from individuals newly diagnosed with 

JAK2V617F+ ET (n = 10) and PV (n = 5) and normal controls (NCs) (n = 7) (Figure 

1A; Figures S1A and S1B; Table S1). T-distributed stochastic neighbor embedding (t- 

SNE) analysis (Maaten and Hinton, 2008) indicated distinct transcriptomic profiles among 
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MPN subtypes (Figure 1B). Self-organization maps (SOMs) (Wehrens and Buydens, 2007) 

showed clustering of the specifically expressed genes of distinct samples (Figure S1C) and 

revealed that von Willebrand factor (VWF), a hallmark of Mk-primed HSCs (Sanjuan-Pla 

et al., 2013), is elevated in ET HSCs (Figure 1C). Other genes differentially upregulated 

in vWF+ HSCs (Sanjuan-Pla et al., 2013; Table S2), including SELP and MEF2C, were 

also expressed at higher levels in ET HSCs than in PV HSCs (Figure S1 E). We thus 

hypothesized that ET HSCs are Mk lineage primed. Gene set enrichment analysis (GSEA) 

using gene sets associated with Mk progenitors (MkPs) (Pronk et al., 2007) and steady-state 

Mk-primed HSCs (Rodriguez-Fraticelli et al., 2018) showed that ET but not PV HSCs 

exhibited enriched Mk lineage gene expression (Figure 1D; Figures S1D and S1E; Table 

S2). In contrast, there was no enrichment of other hematopoietic lineages in PV or ET HSCs 

(e.g., pre-granulocytes and monocytes, Mk and erythroid precursors [Pronk et al., 2007], and 

erythroid precursors [Rodriguez-Fraticelli et al., 2018]) (Figure 1E).

To corroborate the uniquely enhanced Mk lineage priming of ET HSCs, we examined vWF+ 

cells in ET, PV, and NC HSCs by flow cytometry (Figure 1F). The mean proportion of 

vWF+ HSCs among ET HSCs (7.8%) was higher than among PV (1.7%) and NCs (1.3%) 

(ET versus NC, p = 0.03) (Figure 1G). Additionally, vWF+ HSCs could give rise to CD41a+ 

HSCs, resulting in greater restriction to Mk lineage differentiation in the hematopoietic 

hierarchy (Haas et al., 2015). CD41a+ HSCs also expanded in ET HSCs (25.0%) compared 

with that in PV (7.0%) and NCs (0.5%) (ET versus NC, p = 0.02) (Figures 1F and 1G).

To elucidate the mechanism of this Mk lineage bias, we evaluated the relevance of 

potentially critical regulatory pathways (Figure S1F). ET and PV HSCs exhibited signatures 

of active cell proliferation, with higher expression of cell cycle genes (e.g., cyclin-dependent 

kinase 1 [CDK1] and CDC45) (Figures S1 F and S1G). Altered expression of genes related 

to inflammatory signaling pathways and aberrant metabolic processes was also detected 

(Figure S1F). In particular, IFNα signaling was uniquely enriched in HSCs from individuals 

newly diagnosed with ET but not PV and NCs (Figure 1H; Figure S1F). Key IFN signaling 

components (e.g., IFI35, NMI, and STAT1), were highly expressed only in ET HSCs (Figure 

S1 E; Figure 1l), whereas there were no marked differences in STAT3 and STAT5 expression 

between PV and ET HSCs (Figure 1I).

Flow cytometry analysis revealed elevation of phosphorylated STAT1 (p-STAT1), but not 

p-STAT3 or p-STAT5, in ET HSCs compared with NC HSCs (Figures 1J and 1K) despite 

no apparent changes in the IFN receptors IFNAR1 and IFNGR1 (Figures S1H and S1I). 

Importantly, the percentage of p-STAT1 in CD41a+ Mk-primed HSCs was generally higher 

than in CD41a− HSCs of individuals with ET (Figure S1J), implying that the Mk-primed 

HSC subpopulation accounts for most of the enhanced p-STAT1 signal in ET HSCs. 

ET HSCs displayed a distinct signature that reflects prominent Mk lineage priming and 

hyperactivated IFN signaling.

JAK2V617F Expands the Mk-Primed Subpopulation of ET HSCs with Enhanced Potential

To assess whether mutant HSCs are responsible for elevating Mk priming and IFN response, 

we conducted modified 3′-TARGET-seq (Figure 2A; Psaila et al., 2020; Rodriguez-Meira et 

al., 2019), which allows precise identification of mutant cells from wild-type (WT) cells in 
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a single individual. After quality control (Figure S2A), we selected 752 HSCs from seven 

individuals newly diagnosed with JAK2V617F+ ET and 485 HSCs from seven age-matched 

NCs (Table S1). In total, 308 HSCs, mainly from six individuals with ET, were categorized 

as homozygous mutant (HOMO), heterozygous mutant (HET), and non-mutant WT HSCs.

GSEA revealed that mutant ET HSCs, especially HOMO ones, were enriched in terms 

associated with Mk differentiation and platelet function (Figure 2B). The gene sets 

characterized previously as Mk-primed HSCs (Pronk et al., 2007; Rodriguez-Fraticelli et 

al., 2018; Sanjuan-Pla et al., 2013) were enriched significantly in HOMO HSCs compared 

with WT HSCs (Figure 2C; Figure S2B; Table S2), with higher expression of signature 

genes, including VWF, PLEK, and CD9 (Figure 2D). Single-cell quantitative real-time PCR 

with parallel mutation detection in ET, PV, and NC HSCs validated that mutant HSCs in ET 

highly and uniquely expressed Mk-primed genes (e.g., PLEK, SELP, and GP1BA) (Figures 

S2C and S2D; Figure 2E; Table S3), whereas the expression pattern in PV mutant cells 

resembled that in NC cells (Figure S2D). Mutant cells are thus the major cellular source 

and contributor to the elevated Mk lineage priming potential. Intriguingly, compared with 

age-matched NC HSCs, WT HSCs in individuals with ET also expressed higher levels of 

Mk-primed genes (Figure 2D). Therefore, the baseline of Mk differentiation potential in ET 

HSCs was elevated, implying that mutant HSCs in ET alter and instruct a permissive bone 

marrow microenvironment to favor Mk differentiation and platelet generation.

We also noted expansion of the VWF+ subpopulation of ET HSCs (median 9.9% versus 

1.2%, p = 0.02), with a significantly higher proportion of HOMO cells (22%) than in the 

total HSC population (9%) and VWF− subpopulation (9%) (Figures 2F and 2G). To confirm 

the increased Mk-primed HSC subpopulation, we selected 50 genes constituting at least 

two of the previously used Mk-primed gene sets (Figure S2E; Table S2; Pronk et al., 2007; 

Rodriguez-Fraticelli et al., 2018; Sanjuan-Pla et al., 2013). A cell expressing at least 12 of 

these genes was deemed to be an Mk-primed HSC (Figure S2E). This analysis consistently 

revealed a higher proportion of Mk-primed HSCs in ET (median 24.2% versus 5.5%, p = 

0.03) with an increased number of HOMO cells in this subpopulation (18% versus 9% of 

total HSCs) (Figure S2F; Figure 2G). Thus, the JAK2 mutation expanded the Mk-primed 

HSC subpopulation in ET.

To elucidate the molecular mechanisms underlying the enhanced Mk-priming potential 

of mutant HSCs and the enlarged Mk-primed HSC subpopulation in ET, we conducted 

GSEA of mutant cells (Figure 2H; Figure S2G). We discovered that mutant HSCs were 

the primary contributors to the enhanced inflammatory signaling (Figure 2H), especially 

IFNα signaling (e.g., IRF1 and IFI35) (Figures 2I and 2J), which was corroborated by 

single-cell quantitative real-time PCR (Figure 2K; Figure S2D). In addition, the JAK2V617F 
mutation enhanced pro-survival mechanisms (or anti-apoptosis) with higher expression of 

BCL2 family members (e.g., BCL2 and BCL2A1) (Figures 2L and 2M). This mutation also 

conferred a higher proliferative capacity by promoting cell cycle entry via induction of key 

cell cycle mediators (e.g., CDK4 and CDK1) (Figure 2H and 2L; Figure S2G). Various 

signaling pathways were altered in mutant cells as well, including phosphatidylinositol 

3-kinase (PI3K)-serine/threonine protien kinase B (PKB; also known as AKT)-mechanistic 

target of rapamycin (mTOR), JAK-STAT, and nuclear factor κB (NF-κB) (Figure 2H; 
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Figure S2G). It thus seems that active entry into the cell cycle can be partly ascribed to 

PI3K-AKT-mTOR pathway activation (Figures 2H and 2M; Figure S2G), which governs 

HSC cell cycle progression via the cyclin D-CDK complex (Hao et al., 2016; Pietraset 

al., 2011). Phosphatase and tensin homolog (PTEN), a dominant-negative regulator of the 

PI3K-AKT-mTOR pathway (Yilmaz et al., 2006; Zhang et al., 2006), was downregulated in 

mutant cells (Figure 2L). Thus, the PTEN-PI3K/AKT/mTOR-cyclin D/CDK regulatory axis 

is implicated in the higher proliferative capacity of mutant cells. Besides active proliferation, 

the inflammation (e.g., IFN)-induced increase in Mk priming potential could account for 

activation of the mTOR- and STAT1-dependent pathways (Figures 2H-2K; Figure S2G) 

implicated previously in megakaryopoiesis (Haas et al., 2015). The abundant expression of 

enzymes such as IDH1, IDH2, and LDHA (Figure 2L) provided additional evidence that 

the enhanced proliferation and differentiation of mutant HSCs is linked to active metabolic 

processes, such as oxidative phosphorylation, reactive oxygen species (ROS) production, 

and active fatty acid metabolism (Figures 2H, 2L, and 2M; Figure S2G).

Others have shown that intrinsic alterations (e.g., mutations) or extrinsic stimuli (e.g., 

inflammation) can induce quiescent HSCs to switch to a metabolically active status of 

oxidative phosphorylation, providing sufficient energy and the basic metabolites required 

to reshape the HSC transcriptional program essential for proliferation and differentiation 

(Verovskaya et al., 2019). Thus, it is likely that JAK2V617F and IFN signaling synergize to 

disrupt metabolism, promote cell cycle progression, and, ultimately, induce differentiation. 

These changes enhance the Mk priming potential of mutant HSCs and enlarge the Mk-

primed HSC subpopulation in ET HSCs.

JAK2V617F+ HSCs in ET Are Hyper-Responsive to Transient, Low-Dose IFN Stimulation

To validate the influence of IFNα and IFNγ signaling on ET, we analyzed the effect 

of IFN stimulation on Mk differentiation using cord blood CD34+ hematopoietic stem/

progenitor cells (HSPCs) (Figure 3A; Figure S3A). Short-term (0.5−2 h) IFNα stimulation 

(1 IU/mL) promoted CD41a+ Mk differentiation, whereas prolonged stimulation at higher 

concentrations decreased Mk differentiation (Figure S3A). Although IFNγ alone had almost 

no effect (Figure S3B), combined IFNα+IFNγ stimulation (0.5−2 h) increased CD41a+ 

Mk differentiation synergistically (Figures 3B and 3C). Furthermore, greater numbers of 

Mk colonies were generated following IFNα+IFNγ stimulation for 2 h (p = 0.03) (Figure 

3D). Importantly, we also observed this following identical stimulation in purified HSCs 

(Figure 3E), implying that transient, low-dose IFN stimulation directly enhances Mk lineage 

differentiation of HSCs. Transient IFNα+IFNγ stimulation also promoted Mk lineage 

differentiation in adult bone marrow CD34+ cells (Figures S3C−S3G).

To clarify the influence of IFN on JAK2V617F+ and WT HSCs from individuals with 

ET, we conducted single-cell colony assays with parallel mutation detection (Figure 3F; 

Chen et al., 2010). During the first proliferation phase (Figure 3F), ET and PV HSCs 

exhibited greater proliferative capacity than NC HSCs (Figure 3G), with much larger 

clones generated from each mutant HSC (Figure 3H). This confirmed that the JAK2V617F 
mutation conferred a competitive advantage over WT HSCs regarding proliferative capacity. 

After inducing differentiation, mutant HSCs in ET generated the highest number of Mk 
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colonies in response to IFN stimulation (Figure 3I), suggesting that JAK2V617F sensitized 

HSCs to Mk lineage differentiation upon IFN stimulation in ET. However, IFN had a 

negligible or even an adverse effect on mutant PV HSCs toward Mk differentiation (Figure 

3I).

HET HSCs Undergo Apoptosis, whereas HOMO Ones Are Forced to Re-enter Quiescence 
during Treatment

To clarify the mechanism of the therapeutic effects on HSCs in ET, especially JAK2 
mutant Mk-primed HSCs, we conducted singlecell TARGET-seq analysis of 359 cells 

from six individuals with JAK2V617F+ ET treated with IFNα alone or in combination 

with hydroxyurea (HU) as well as seven age-matched controls (Table S1). Compared with 

individuals with non-treated ET (NT-ET), IFN signaling was upregulated significantly in 

all HSCs of individuals with treated ET (T-ET) (Figures 4A and 4B; Figure S4A), with 

corresponding upregulation of the key IFN effector genes ISG15 and IFI44 (Figure 4C). 

We also observed distinct behaviors of HOMO and HET HSCs in response to therapy. 

HOMO cells from treated individuals showed decreased expression of genes related to 96% 

(38% decreased significantly) of biological processes and signaling pathways compared 

with those from untreated individuals (Table S2). Considering that most cellular processes 

were inactive and the low expression of cell cycle-related genes (e.g., CDK4 and CDC42) 

in HOMO cells (Figures 4C and 4D), we hypothesized that HOMO HSCs re-enter the 

quiescent state during treatment. Indeed, treated HOMO cells showed the highest stemness 

score (Cabezas-Wallscheid et al., 2017; Giladi et al., 2018; Wilson et al., 2015; Figure 

4E) and significantly decreased expression of the high-output HSC gene set (Figures S4B 

and S4C), characterized by lower stemness and higher differentiation potential (Rodriguez-

Fraticelli et al., 2020). In contrast, HET HSCs after treatment were significantly enriched in 

terms associated with apoptosis (e.g., upregulation of BAX and CASP8) (Figures 4A, 4C, 

and 4F).

To delineate the molecular mechanisms underlying the induction of quiescence in treated 

HOMO cells, we analyzed the genes and pathways controlling HSC quiescence. Among 

the altered genes, upregulated tuberous sclerosis complex 1 (TSC1) (Figure 4G) would 

restrain the downstream mTOR signaling pathway (Figures 4A and 4H; Figure S4D); its 

upregulation might be attributed to reduced expression of its inhibitor AKTs (Figure 4G; 

Inoki et al., 2002). The TSC-mTOR pathway is needed to maintain HSC quiescence by 

repressing mitochondrial biogenesis and ROS production (Chen et al., 2008). In line with 

this, we observed low levels of oxidative phosphorylation and tricarboxylic acid (TCA) 

cycle activity as well as decreased ROS production in HOMO cells from treated individuals 

(Figures 4A and 4H). Additionally, TP53, a central regulator of HSC quiescence (Liu et al., 

2009), was also upregulated in HOMO cells after treatment (Figure 4G). Thus, re-entry of 

HOMO mutant cells into quiescence could be associated with restoration of the TSC-mTOR 

pathway and TP53 activation.

Unlike HOMO cells from individuals with ET after treatment, HET cells seemed to be more 

active in metabolism-related processes (e.g., mTORC1, pyruvate metabolism, and TCA 

cycle) (Figures 4A and 4H) required for HSC division and differentiation (Ito et al., 2012), 
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resulting in increased ROS production (Figure 4H). Given that the pro-apoptotic effect of 

IFNs is exerted mainly on active cells (Pietras et al., 2014), we propose that this treatment 

induced activation and subsequent death of HET cells by activating apoptotic signaling 

pathways (Figure 4G).

Terms associated with Mk differentiation and platelet function (e.g., coagulation) (Figure 

S4E) and expression of Mk-primed gene sets (Figures 4I and 4J) were also reduced in 

HOMO HSCs of individuals with ET after treatment. Conversely, expression of Mk-primed 

genes was increased in post-treatment HET cells (Figures 4I and 4J), reflecting their more 

active state. Furthermore, the VWF+ Mk-primed HSC population was also reduced after 

treatment (Figure S4F), with a marked decline in the HOMO cell subset (Figures 4K and 

4L). These findings indicate that the cellular basis of therapeutic efficacy in ET is linked to 

the reduction of the Mk-primed HSC population.

Discussion

Many cancers, especially myeloid malignancies, are initiated at the stem cell level (Cheng, 

2004). To investigate whether and how stem cell heterogeneity is linked to specific disease 

phenotypes, we found, using single-cell RNA profiling and parallel mutation detection in 

HSCs of individuals with JAK2V617F+ MPNs, that an enlarged, JAK2-mutant, Mk-primed 

HSC subpopulation with enhanced potential serves as the cellular basis of the pathogenesis 

of ET.

JAK2V617F occurs in approximately 0.18% of normal individuals (Genovese et al., 2014; 

Jaiswal et al., 2014; Xie et al., 2014), indicating that MPN pathogenesis requires additional 

triggers. Chronic inflammation involving multiple dysregulated inflammatory pathways 

has been identified in bone marrow of individuals with MPNs (Kleppe et al., 2018; 

Koschmieder et al., 2016; Sun et al., 2020). However, the specific pathways that synergize 

with JAK2V617F and their roles in MPN onset have yet to be explored. In this study, we 

found that IFNα signaling was uniquely upregulated in JAK2V617F+ HSCs of individuals 

with NT-ET. We also discovered that mutant, Mk-primed HSCs in NT-ET exhibited hyper-

responsiveness to transient, low-dose IFN stimulation toward megakaryopoiesis.

Genetic mutations and/or inflammatory stimuli in the bone marrow provoke a metabolic 

switch in HSCs toward oxidative phosphorylation. The resulting increase in ATP and 

concomitant ROS generation promotes HSC proliferation and differentiation (Snoeck, 

2017; Verovskaya et al., 2019). Among them, enhanced IFN signaling has been reported 

to promote differentiation of normal, Mk-primed HSCs (Haas et al., 2015) and even 

hematopoietic progenitors toward the Mk lineage via STAT1 activation (Chen et al., 2010). 

Our results further indicate that IFN-STAT1 has important effects on mutant, Mk-primed 

HSCs in individuals with NT-ET. Mechanistically, we found that JAK2 mutation and 

elevated IFN signaling induces a metabolic switch in Mk-primed HSCs toward more 

efficient oxidative phosphorylation. Consequently, various signaling pathways are activated 

that underpin the enhanced Mk priming potential and enlarge the Mk subpopulation 

during ET pathogenesis. For example, the activated PI3K-AKT-mTOR signaling pathway 

upregulates the cyclin D-CDK4/6 complex (Pietras et al., 2011) and could promote mutant 
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cell proliferation. This finding might explain the competitive advantage of mutant HSCs 

over WT HSCs in Jak2V617F mice (Dunbar et al., 2017). Thus, mutant, Mk-primed HSCs 

and elevated IFN signaling are of importance in onset and progression of JAK2V617F+ ET. 

We propose a model in which JAK2V617F mutation occurs in Mk-primed HSCs, leading 

to expansion of this population and hypersensitivity to IFN signaling, which promotes 

Mk lineage differentiation. An alternative mechanism cannot be ruled out where the 

bone marrow microenvironment (e.g., enhanced IFN signaling) is altered to preferentially 

promote Mk differentiation with subsequent acquisition of JAK2V617F in Mk-primed 

HSCs, which further accelerates Mk production (Figure S4G).

The association between stem cell heterogeneity and therapeutic effects in ET was studied 

further here. We found that the JAK2V617F+ Mk-primed HSC compartment was reduced in 

individuals with ET after treatment. Prior studies in MPN mice (predominantly manifesting 

PV phenotypes) have demonstrated that IFNα can directly target Jak2V617F+ HSCs through 

pro-apoptosis or proliferation-associated exhaustion (Austin et al., 2020; Hasan et al., 2013; 

Mullally et al., 2013). We observed this pro-apoptotic effect in HET mutant HSCs in 

individuals with ET after treatment, whereas cell cycling was enhanced only moderately 

enhanced. Interestingly, HOMO cells seemed to re-enter quiescence through restoration of 

the TSC-mTOR signaling pathway or TP53 activation, implying that these mutant, quiescent 

cells are preserved and serve as residual disease-initiating stem cells. Molecular remission 

can be achieved by IFNα treatment (Hasselbalch and Holmstrom, 2019); however, rapid 

molecular relapse occurs in some individuals after IFNα discontinuation (Ishii et al., 2007). 

Our findings imply that relapsing cells might originate from quiescent mutant HSCs in 

individuals with T-ET. Thus, our results suggest that transient, low-dose IFN stimulation 

promotes proliferation and differentiation of JAK2V617F+ Mk-primed HSCs during disease 

onset, whereas, upon treatment (including a chronic, therapeutic dose of IFNα), the mutant 

Mk-primed HSC population was reduced by promoting apoptosis or quiescence of mutant 

cells.

Because HSC heterogeneity underlies the disparate phenotypes of MPNs harboring the 

same initiating mutation, malignant transformation of neoplasms might involve a specific 

subset of stem cells within a heterogeneous stem cell population. This concept might inform 

pathogenic mechanisms and potential therapeutic strategies for various cancer stem cell 

heterogeneities.

Limitations of Study

This study is limited by the small number of samples collected and the complexity of 

the therapies received by these individuals, which remains to be investigated further. 

Additionally, the cellular and molecular basis of the changes in HSCs of individuals with PV 

upon treatment remains to be established.
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Star Methods

Key Resources Table

Reagent Or Resource Source Identifier

Antibodies

APC anti-CD34 BD Biosciences Cat# 555824 RRID:AB_398614

PE-Cy7 anti-CD38 BD Biosciences Cat# 555483 RRID:AB_395875

PerCP-Cy5.5 anti-CD123 BD Biosciences Cat# 560904 RRID:AB_10563250

APC-H7 anti-CD45RA BD Biosciences Cat# 560674 RRID:AB_1727497

APC anti-CD41 BD Biosciences Cat# 561852 RRID:AB_10895580

PE-CF594 anti-phosphorylated STAT3 BD Biosciences Cat# 562673 RRID:AB_2737714

Alexa Fluor 647 anti-phosphorylated 
STAT5

BD Biosciences Cat# 612599 RRID:AB_399882

eFluor 450 anti-phosphorylated STAT1 Thermo Fisher Scientific Cat# 48-9008-42 RRID: AB_2574119

BV421 anti-CD34 BioLegend Cat# 343610 RRID:AB_2561358

BV785 anti-CD38 BioLegend Cat# 303530 RRID:AB_2565893

BV605 anti-CD123 BioLegend Cat# 306026 RRID:AB_2563826

BV510anti-CD41a BioLegend Cat# 303736 RRID:AB_2687213

FITC anti-VWF Abcam Cat# ab8822 RRID:AB_306799

PerCP anti-IFN-α/β R1 R and D Systems Cat# FAB245C RRID:AB_10972109

Alexa Fluor 700 anti-IFN-γ R1/CD119 R and D Systems Cat# FAB6731N RRID:N/A

Biological Samples

Human bone marrow from MPN patients 
and normal controls

Biobank of the Institute 
of Hematology and Blood 
Diseases Hospital

N/A

Human umbilical cord blood Institute of Hematology and 
Blood Diseases Hospital

N/A

Chemicals, Peptides, and Recombinant Proteins

Histopaque-1077 Sigma-Aldrich Cat# 10771

IMDM Sigma-Aldrich Cat# I3390

StemSpan SFEM STEMCELL Technologies Cat# 09650

StemSpan CC100 STEMCELL Technologies Cat# 02690

Recombinant human IL-6 STEMCELL Technologies Cat# 78050.1

Recombinant human IL-3 Sigma-Aldrich Cat# I1646

Recombinant human SCF Prospec Bio Cat# CYT-255

Recombinant human TPO PeproTech Cat# 300-18

Recombinant human Flt3-Ligand PeproTech Cat# 300-19

Recombinant human IFNα Kaiyinyisheng Cat# S20030030

Recombinant human IFNγ Thermo Fisher Scientific Cat# PHC4031

Phosphate Buffered Saline solution Hyclone Cat# SH30256.FS

Fetal Bovine Serum GIBCO Cat# 16000-044

Penicillin Streptomycin GIBCO Cat# 15140-122

UltraPure 0.5M EDTA Invitrogen Cat# 15575-038
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Reagent Or Resource Source Identifier

DAPI Sigma-Aldrich Cat# D9542

RNase Inhibitor Invitrogen Cat# AM2684

Triton X-100 Sigma-Aldrich Cat# T8787

dNTP Mix Thermo Fisher Scientific Cat# R0193

SuperScript II reverse transcriptase
SuperScript II first-strand buffer DTT

Invitrogen Cat# 18064-071

Betaine Sigma-Aldrich Cat# 61962

Magnesium chloride Sigma-Aldrich Cat# M8266

KAPA HiFi HotStart ReadyMix Kapa Biosystems Cat# KK2602

AMPure XP Beckman Coulter Cat# A63881

Dynabeads MyOne Streptavidin C1 Invitrogen Cat# 65001

TransTaq-T PCR SuperMix TransGen Biotech Cat# AS122-01

TaqMan SNP Genotyping Assay Thermo Fisher Scientific Cat# 4351374

TaqMan Gene Expression Master Mix Applied Biosystems Cat# 4369016

Critical Commercial Assays

Lineage Cell Depletion Kit, human Miltenyi Biotec Cat# 130-092-211

CD34 MicroBead Kit, human Miltenyi Biotec Cat# 130-046-702

MegaCult-C Complete Kit with Cytokines 
for human CFU-Mk assays

STEMCELL Technologies Cat# 04971

Transcription Factor Phospho Buffer Set BD Biosciences Cat# 563239

Zombie NIR viability kit BioLegend Cat# 423105

SMART-Seq Ultra Low Input RNA Kit TaKaRa Bio Cat# 634888

Advantage 2 PCR kit TaKaRa Bio Cat# 639206

NEBNext Ultra II DNA Library Prep Kit New England Biolabs Cat# E7645L

DNA Clean & Concentrator Zymo Research Cat# D4014

Qubit dsDNA HS Assay Kit Invitrogen Cat# Q32854

Bioanalyzer High Sensitivity DNA Kit Agilent Cat# 5067-4626

KAPA Hyper Prep Kits with PCR Library 
Amplification Primer Mix

Kapa Biosystems Cat# KK8504

CellsDirect One-Step qRT-PCR Kit 
(Superscript III RT mix; 2 × Reaction 
mix)

Invitrogen Cat# 11753-500

Single-cell PCR Sample/Loading Kit for 
gene expression

Fluidigm Cat# BMK-M10-48.48

Deposited Data

Raw and analyzed RNA-seq data This paper GEO: GSE111410GSA: HRA000669

Oligonucleotides

See Table S4 N/A

Software and Algorithms

FlowJo FlowJo https://www.flowjo.com

GraphPad Prism GraphPad https://www.graphpad.com/

Seurat v3.0.2 Butler et al., 2018 https://satijalab.org/seurat/
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Reagent Or Resource Source Identifier

clusterProfiler v3.10.1 Yu et al., 2012 https://guangchuangyu.github.io/software/
clusterProfiler/

GSEA v4.0 Subramanian et al., 2005 https://www.gsea-msigdb.org/gsea/
index.jsp

Trimmomatic v0.36 Bolger et al., 2014 http://www.usadellab.org/cms/?
page=trimmomatic

Hisat2 v2.1.0 Kim et al., 2015 https://daehwankimlab.github.io/hisat2/

Stringtie software v1.3.3b Pertea et al., 2016 http://ccb.jhu.edu/software/stringtie/

R v3.6 R-Project https://www.r-project.org/

Picard N/A https://broadinstitute.github.io/picard/

Python v3.7 N/A https://www.python.org/

Resource Availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Lihong Shi (shilihongxys@ihcams.ac.cn).

Materials availability

This study did not generate new unique reagents.

Experimental Model And Subject Details

Human bone marrow (BM) from MPN patients and normal controls (NCs)

This study was approved by the Institutional Ethics Committee of the Institute of 

Hematology and Blood Diseases Hospital and written informed consent was obtained 

from all participants. BM cells were collected from 51 JAK2V617F+ ET patients, 36 

JAK2V617F+ PV patients, and 35 NCs (Table S1). Among them, 45 ET and 35 PV patients 

were newly diagnosed and had not received prior therapy. The BM cell samples obtained 

were analyzed by bulk RNA-Seq (5 PV, 10 ETand 7 NC); TARGET-Seq (7 ET and 7 NC); 

single-cell quantitative realtime PCR (2 PV, 4 ET and 2 NC); Cytek flow cytometry (4 PV, 

6 ET and 4 NC); Mk differentiation and colony assays (10 PV, 13 ET and 15 NC), and HSC 

population analysis (22 PV, 22 ET and 10 NC). TARGET-Seq analysis was conducted for 

six ET patients post-treatment with IFNα alone or in combination with HU. Combinational 

treatment was delivered to those patients showing either poor tolerance to the IFNα-induced 

side-effects or poor therapeutic outcomes following treatment with HU alone. All diagnoses 

were defined according to World Health Organization (WHO) criteria. The clinical and 

laboratory features of the patients at the time of sampling are shown in Table S1.

Human umbilical cord blood and cell culture

Human umbilical cord blood-derived mononuclear cells (MNCs) were isolated by 

Histopaque (Sigma-Aldrich) density gradient centrifugation. For enrichment of CD34+ cells, 

MNCs were incubated 30 min at 4°C with anti-CD34+ antibody coupled to magnetic beads 
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and FcR blocking reagent (Miltenyi Biotec) followed by washing with PBS and selecting 

with a MACS MultiStand isolation system (Miltenyi Biotec). Cord blood-derived CD34+ 

hematopoietic stem and progenitor cells (HSPCs) or bone marrow-derived CD34+ HSPCs 

from NCs were cultured in StemSpan media (STEMCELL Technologies) supplemented 

with 1% penicillin & streptomycin and 1% CC100 cocktail (STEMCELL Technologies) 

containing recombinant human fms-like tyrosine kinase 3 ligand (Flt3L), recombinant 

human stem cell factor (SCF), recombinant human interleukin 3 (IL-3) and recombinant 

human interleukin 6 (IL-6) before inducing megakaryocytic differentiation or performing 

colony formation assay.

Method Details

Quantification of the JAK2V617Fallele burden in patient samples

Quantification of the JAK2V617Fallele burden in patient samples was performed as 

described previously (Fu et al., 2016). Screening for the JAK2V617F mutation was 

performed by quantitative real-time PCR using primers for the JAK2V617F mutation 

together with Taq-Man probes (Thermo Fisher Scientific; Table S4) specific for the WT 

or mutant JAK2 alleles. The quantitative real-time PCR analysis was performed using an 

ABI StepOne Detection System (Applied Biosystems). The sequences of the primers and 

probes are listed in Table S4.

Isolation of BM-MNCs and HSCs

Bone marrow-derived mononuclear cells (BM-MNCs) from PV and ET patients and 

NCs were isolated by Histopaque (Sigma-Aldrich) density gradient centrifugation. BM-

MNCs were stained with a lineage-marker cocktail (biotinylated anti-CD2, -CD3, -CD11b, 

-CD14, -CD15, -CD16, -CD19, -CD56, -CD123, and -CD235a) and subsequently 

magnetically-labeled with anti-biotin MicroBeads (Miltenyi Biotec). Lineage-negative stem 

and progenitor cells (Lin- cells) were obtained by depleting magnetically-labeled cells using 

LS columns (Miltenyi Biotec). Lin- cells were stained with PE-Cy7-conjugated anti-CD38 

(BD Biosciences), APC-conjugated anti- CD34 (BD Biosciences), PerCP-Cy5.5-conjugated 

anti-CD123 (BD Biosciences) and APC-H7-conjugated anti-CD45RA (BD Biosciences) 

antibodies. Cell washing and antibody incubations were performed as described previously 

(Zhang et al., 2017). Cells were stained with DAPI to exclude dead cells. HSCs (Lin-

CD34+CD38-CD45RA-CD123-) were sorted using a FACS Aria III flow cytometer (BD 

Biosciences), and data were analyzed with FlowJo software.

Bulk RNA-seq

HSCs (Lin-CD34+CD38-CD45RA-CD123-) were sorted (10-100 cells) from each sample 

by FACS. RNA amplification, library production, and data pre-processing were performed 

by Novogene (Beijing, China). Briefly, the sorted HSCs were lysed in lysis buffer (No-

vogene), and first-strand cDNA was synthesized directly from polyA-selected RNA with 

the SMART-Seq Ultra Low RNA Kit (TaKaRa Bio). The cDNA was then purified using 

AMPureXP beads followed by long-distance PCR to yield full-length first-strand cDNA. 

Double-stranded cDNA was synthesized and amplified with an Advantage 2 PCR kit 

(TaKaRa Bio). cDNA libraries were generated using the NEBNext Ultra II DNA Library 

Tong et al. Page 13

Cell Stem Cell. Author manuscript; available in PMC 2022 August 13.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Prep Kit (New England Biolabs), and then sequenced using an Illumina HiSeq 2000 

sequencing system to generate 150-bp paired-end reads.

TARGET-seq

3′-TARGET-seq coupling single-cell RNA-seq and JAK2V617F mutation detection was 

performed using a previously described method with modifications (Rodriguez-Meira et 

al., 2019; Zhou et al., 2016). HSCs were sorted by FACS directly into individual wells of 

a 96-well plate, each containing 2.55 μL lysis buffer [2 U RNase inhibitor (Invitrogen), 

0.095 μL 10% Triton X-100 (Sigma-Aldrich), 1 pmol barcode primer, 5 nmol dNTP Mix 

(Thermo Fisher Scientific) and 1.805 μL nuclease-free water]. For the RT-PCR, plates were 

vortexed thoroughly and incubated at 72°C for 3 min before adding 2.85 μL mixture media 

[50 U SuperScript II reverse transcriptase (Invitrogen), 1 μL 5 × Superscript II first-strand 

buffer (Invitrogen), 25 nmol DTT (Invitrogen), 5 U RNase Inhibitor (Invitrogen), 5 μmol 

betaine (Sigma-Aldrich), 0.03 μmol MgCl2 (Sigma-Aldrich), 5 pmol TSO and 0.145 μL 

nuclease-free water] to each well. Pre-amplification (22 cycles) of the cDNA samples was 

performed with 7.5 μL reaction mix [HiFi HotStart ReadyMix 6.25 μL (Kapa Biosystems), 

6.25 pmol 3′ P2, 1.25 pmol IS PCR primers, 0.07 μL JAK2 gDNA primer mix, and 0.36 μL 

nuclease-free water] in each well. A sample (1 μl) of the amplification product was collected 

for JAK2V617F mutation detection and the remainder was used for construction of the 

SMART-Seq2 cDNA library (Zhou et al., 2016). For the construction of the SMART-Seq2 

cDNA library, pooling 3 μL of amplified cDNA from each uniquely-barcoded well into an 

Ep-pendorf tube. Pooled cDNA libraries were purified using DNA Clean and Concentrator 

kit (Zymo Research) once and elute in 50 μL nuclease-free water, then purified with 

AMPure XP magnetic beads (Beckman Coulter) twice in a ratio of 0.8 to 1 with cDNA. 

The quality of cDNA libraries was assessed using High-Sensitivity Bioanalyzer (Agilent 

2100). After purification, an additional of PCR (4 cycles) was performed to add index 

sequence with biotin modification to the 3′ ends of the amplified cDNAs. Then 300-400 ng 

cDNA was fragmented to approximately 300 bp by Covaris S2, and the 3′ terminal of the 

cDNA was captured by Dynabeads MyOne Streptavidin C1 beads (Invitrogen). The KAPA 

Hyper Prep Kits (Kapa Biosystems) were used to construct the libraries. The cDNA libraries 

were sequenced with an Illumina HiSeq 4000/NovaSeq 6000 sequencing system, and 150-bp 

paired-end reads were generated. For JAK2V617F mutation detection, we performed 35 

cycles of regular PCR with a reaction mixture containing 1 μL amplicons, 10 μL 2 × 

TransTaq-T PCR SuperMix (TransGen Biotech), 1 μL JAK2 gDNA primer mix and 8 μL 

nuclease-free water before TaqMan qPCR or Sanger sequencing. The primers and oligos 

(listed in Table S4) used for single-cell RNA-seq were synthesized by BGI Technology.

After the quality control, 752 HSCs from seven newly diagnosed JAK2V617F+ ET patients, 

359 from six post-treated JAK2V617F+ ET patients and 485 from seven age-matched NCs 

were analyzed further. HSCs from ET patients were further categorized into homogeneous 

(HOMO), heterogeneous (HET), and WT groups.

Pre-processing of bulk RNA-seq data

Clustering of the index-coded samples was performed using a cBot Cluster Generation 

System with the TruSeq PE Cluster Kit v3-cBot-HS (Illumina), according to the 
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manufacturer’s instructions. After cluster generation, the library preparations were 

sequenced on an Illumina HiSeq 2000 platform, and 150-bp paired-end reads were 

generated.

Paired-end reads were trimmed for both PCR and sequencing adapters using 

the Trimmomatic-0.36 package (Bolger et al., 2014). We used the parameter 

“SLIDINGWINDOW:5:20, MINLEN:50” to ensure the average quality was more than 20, 

and reads of length greater than 50 bp were retained.

Alignment and quantification of expression for bulk RNA-seq

The genome sequence (GRCh38/hg38) and transcript annotation (Gencode V27) were 

obtained from NCBI. Trimmed reads were aligned using the Hisat2 package (Kim et al., 

2015). We applied the parameter “-rna-strandness RF” to distinguish the first-strand specific 

cDNA library. Then, we used Picard (https://broadinstitute.github.io/picard/) to mark and 

remove the duplicate reads. The remaining reads were then used to quantify gene and 

transcript isoform expression with Stringtie software (Pertea et al., 2016).

After quality control analysis, HSCs from 10 ET patients, five PV patients, and seven NCs 

were analyzed. Genome sequences (GRCh38/hg38) and transcript annotations (Gencode 

V27) were obtained from NCBI. Gene expression was normalized to fragments per kilobase 

million (FPKM) and analyzed further by log2 (FPKM*1) transformation.

T-distributed stochastic neighbor embedding (t-SNE) analysis for bulk RNA-seq

Two-thousand highly variable genes were used in a t-distributed stochastic neighbor 

embedding analysis. These genes were generated using the “vst” method of the Seurat 

package in R, through an input of filtered genes (with cutoffs of fold change ≥ 2, p < 0.05, 

and FPKM ≥ 0.1). The first nine principal components and perplexity six were used.

Pre-processing and quality control of single-cell RNA-seq

FASTQ files for each cell were generated, corresponding to an 8-bp cell-specific barcode. 

Reads were aligned using Hisat2 (2.1.0). The genome sequence (GRCh38/hg38) and the 

transcript annotation (Gencode V27) were used as the index and reference, respectively. 

After conversion to.bam files using samtools (1.6), counts for each gene were obtained with 

Stringtie (1.3.3b). QC filtering was performed using the following parameters: library size 

> 50,000 reads; percentage of reads mapping to the mitochondrial chromosome < 25%; and 

number of detected genes per cell (count > 0) > 500. After applying these QC filters, we 

retained 1596 cells. Counts were normalized and scaled using the Seurat R package, with 

LogNormalize or SCTransform method.

Self-organizing maps (SOMs)

Self-organizing maps (SOMs) were generated using the R package Kohonen, which can 

support complex analysis through SOMs with multiple data layers and supervised learning 

(superSOMs). Gene counts were normalized and trained to map units and then clustered 

into classes. Each observation (gene expression) belonged to a map unit, and each map unit 

belonged to a class. In this study, divergent expression patterns of genes were clustered to a 
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computation layer in SOM components. Then, the SOMs were visualized to RGB color data 

using RColorBrewer and ggplot2.

Gene set enrichment analysis (GSEA)

Gene sets derived from MSigDB and other articles in the literature (Pronk et al., 2007; 

Rodriguez-Fraticelli et al., 2018; Sanjuan-Pla et al., 2013) were used for GSEA (Mootha 

et al., 2003; Subramanian et al., 2005). For bulk analysis, we used the expression matrix 

generated from all individual samples of PV, ET, and NC, with genes of average FPKM ≥ 

0.1, as the input. The permutation number was set to 1000 and the permutation type was 

set to gene set. For single-cell analysis, the gene expression value, normalized using the 

Seurat package in R, was used as the input. The permutation number was set to 1000 and the 

permutation type was set to phenotype. The threshold for significant enrichment was set to 

normal, p < 0.05.

Single-cell quantitative real-time PCR

Single-cell quantitative real-time PCR analysis was performed according to a previously 

described method with modifications (Wang et al., 2018). In total, 284, 119, and 161 single 

HSCs were collected by FACS from four ET patients, two PV patients, and two NCs, 

respectively. Cells were sorted into individual wells of a 96-well plate, in which each well 

contained 10 μL RT buffer (2.5 μL of 0.2 × primers, 5 μL2 × Reaction mix (Invitrogen), 0.5 

μL Superscript III RT mix (Invitrogen), and 2 μLTris-EDTA buffer). Reverse transcription 

was performed at 50°C for 15 min. After incubating at 95°C for 2 min, samples were 

amplified in 22 cycles of 95°C for 15 s and 60°C for 4 min. Samples were diluted 1:5 

with Tris-EDTA, and 2.7 μL of the diluted samples were mixed with 3 μL TaqMan Gene 

Expression master mix (Applied Biosystems), 0.3 μL sample loading buffer, 3 μL of each 

set of 20 × primers, and 3 μL assay loading reagent. The reaction mixture (10 μl) was 

loaded onto a single-cell PCR gene expression chip (format 48 × 48) (Fluidigm). The chip 

was placed into a Fluidigm Biomark system and single-cell quantitative real-time PCR 

performed at 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. The 

data were analyzed by Biomark real-time PCR analysis software (Fluidigm).

A specific primer pair designed to amplify the JAK2V617F mutant transcript was 

multiplexed during the reverse transcription and PCR amplification steps. The amplicons 

from each cell were analyzed by Sanger sequencing to identify mutant cells. In ET, 40 

mutant cells were detected among 212 JAK2-expressing HSCs (19%), whereas in PV, 15 

mutant cells were detected among 55 JAK2-expressing HSCs (27%) (Table S3). The primers 

and probes used for single-cell quantitative real-time PCR are listed in Table S4.

Ex vivo megakaryocyte differentiation

Cord blood-derived CD34+ hematopoietic stem and progenitor cells were cultured in 

StemSpan media (STEMCELL Technologies) supplemented with 1% CC100 cocktail 

(STEMCELL Technologies) containing recombinant human fms-like tyrosine kinase 3 

ligand (Flt3L), recombinant human stem cell factor (SCF), recombinant human interleukin 

3 (IL-3) and recombinant human interleukin 6 (IL-6) for 1 day before inducing 

megakaryocytic differentiation. During differentiation, 20 ng/mL recombinant human 
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interleukin-3 (IL-3) (Sigma-Aldrich), 20 ng/mL recombinant human stem cell factor (SCF) 

(Prospec Bio), and 50 ng/mL recombinant human thrombopoietin (TPO) (PeproTech) were 

added to the culture medium. On day 1 of differentiation, the cells were stimulated with 

various concentrations of IFN [IFNα (Kaiyinyisheng) 1 IU/mL, 10 IU/mL, 150 IU/mLor 

1000 IU/mL; IFNγ (Thermo Fisher Scientific) 1 ng/mL, 10 ng/mL or 100 ng/mL; IFNα+γ, 

1 IU/mL and 100 ng/mL, respectively] for different periods (30 min, 1 h, 2 h, 12 h, 24 h or 

72 h). Subsequently, the cells were washed to remove IFN before further differentiation. On 

day 7, cells were harvested and CD41a+ cells were analyzed by flow cytometry.

Bone marrow-derived CD34+ hematopoietic stem and progenitor cells from NCs were 

cultured using a similar protocol in StemSpan media supplemented with 1% CC100 

cocktail for 1 day before inducing megakaryocytic differentiation. During differentiation, 

20 ng/mL IL-3,20 ng/mL FLT-3 (PeproTech), 20 ng/mL SCF, 50 ng/mL of TPO, and 20 

ng/mL recombinant human interleukin-6 (IL-6) (STEMCELL Technologies) were added to 

the culture medium. On day 1 of differentiation, the cells were stimulated with various 

concentrations of IFN [IFNα, 1 IU/mL; IFNγ 100 ng/mL; IFNα+γ, 1 IU/mL and 100 

ng/mL, respectively] for 2 h. Subsequently, the cells were washed to remove IFN before 

further differentiation. Cells were maintained at a density between 5 × 104 and 5 × 105 

cells/mL at 37°C under 5% CO2, with medium changed every 3 days. On day 11, cells were 

harvested and CD41a+ cells were analyzed by flow cytometry.

Colony formation assay

FACS-sorted HSCs (Lin-CD34+CD38-CD45RA-CD123-) or CD34+ HSPCs from cord blood 

were cultured in StemSpan containing 1% CC100 cocktail for 3 days. After stimulation with 

or without IFNα+γ (1 IU/mL+ 100 ng/mL) for 2 h, the cells were washed and resuspended 

in IMDM (GIBCO) and analyzed in a CFU-Mk colony assay (STEMCELL Technologies) 

according to manufacturer’s instructions. After 14 days of culture, CFU-Mk colonies were 

fixed and stained.

For the single-cell colony formation assays, FACS-sorted single HSCs (Lin-CD34+CD38-

CD45RA-CD123-) from the bone marrow of 13 JAK2V617F ET patients, 10 JAK2V617F 
PV patients, and 12 NCs were cultured in StemSpan containing 1% CC100 cocktail for 

10-12 days during the first phase of proliferation. At day 10-12, a subset of each first phase 

clone expanded from a single ET HSC was harvested to examine the JAK2V617F mutation 

by PCR, followed by TaqMan qPCR or Sanger sequencing. The JAK2V617F mutant ET 

HSCs, non mutant ET HSCs, JAK2V617F mutant PV HSCs, non mutant PV HSCs, and NC 

HSCs were stimulated with or without 1 IU/mL IFNα and 100 ng/mL IFNγ for 2 h. After 

washing away residual IFN from each group, CFU-Mk assays were conducted as described 

previously.

Cytek Aurora flow cytometry assay

BM-MNCs were first stained with a live/dead marker by Zombie NIR viability kit 

(BioLegend). After washing with staining buffer (including PBS, 2% FBS and 0.4% 0.5M 

EDTA), cells were stained with a cocktail of antibodies against a panel of surface markers 

(CD34, CD38, CD45RA, CD123, CD41A, IFNGR1, IFNαR1) for 30 min at 4°C. For each 
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sample, half of the cells were analyzed immediately using a Cytek Aurora flow cytometer. 

The other half was washed with 1 × PBS, fixed with 1 × TFP Fix/Perm Buffer (BD 

Biosciences) at 4°C for 50 min and permeabilized using Perm Buffer III (BD Biosciences) 

for 20 min on ice before staining with antibodies (VWF, p-STAT1, p-STAT3, p-STAT5) for 

40-50 min at 4°C according to the manufacturer’s instructions. Flow cytometry was carried 

on and analyzed by Cytek Aurora flow cytometer. RFI was used as an indicator of p-STAT1, 

p-STAT3 and p-STAT5 expression and was calculated by the following formula: RFI = (MFI 

of MPN cells - MFI of corresponding negative controls)/(MFI of normal control cells - MFI 

of corresponding negative controls), where MFI indicates the mean fluorescence intensity.

Immunocytochemical staining (ICC staining)

Cells were fixed in fixation buffer (50% methanol and 50% acetone) for 90 s at room 

temperature and air-dried. The cells were incubated with 30-50 μL biotinylated-CD41a 

primary antibody solution for 30-50 min at room temperature. After washing twice with 

PBS, the cells were incubated with 30-50 μL streptomycin-alkaline phosphatase buffer 

for another 20-40 min. Next, the cells were washed twice with PBS and stained with 

chromogenic substrate for 10-20 min. Hematoxylin was used for cytoplasm staining.

Quantification And Statistical Analysis

In this study, experimental data in cord blood or bone marrow from NCs, which can be 

assumed to be normally distributed, were analyzed using an unpaired two-tailed Student’s 

t test. For seq analysis or experimental data in patients, in which the distribution cannot 

be predicted, Wilcoxon rank-sum test was applied to determine statistical significance. p < 

0.05 was considered to indicate statistical significance. For the GSEA, multiple comparisons 

were applied and p < 0.05 was considered to indicate statistical significance. Analyses were 

performed using GraphPad Prism or R software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Single-cell analyses reveal links between HSC heterogeneity and 

thrombocythemia

• JAK2-mutant HSCs in ET show strong megakaryocyte (Mk) lineage priming

• JAK2-mutant HSCs in ET are more sensitive to IFN signaling to Mk 

differentiation

• JAK2-mutant HSCs in ET exhibit distinct signatures upon treatment
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Figure 1. ET HSCs Exhibit Prominent Mk Lineage Priming and Elevated Interferon (IFN) 
Signaling
(A) Representative flow cytometry profiles for HSC isolation from bone marrow 

mononuclear cells (BM-MNCs) (Table S1).

(B) t-SNE analysis of transcriptomic profiles of HSCs from individuals with JAK2V617F+ 

ET and PV and normal controls (NCs).

(C) Selected feature genes from ET, PV, and NC HSCs. The percentage of expressing 

samples (Per.Exp) and average expression values (Aver.Exp) are shown.
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(D) GSEA of Mk-primed HSC gene sets in HSCs of affected individuals and NCs (Table 

S2). Normalized enrichment score (NES), p value, and false discovery rate (FDR) are 

shown.

(E) GSEA of various lineage-restricted or primed gene sets in pre-granulocytes and 

monocytes (pre-GMs), Mk and erythroid precursors (MegEs), and erythroid precursors 

(Erys) (Table S2).

(F) Strategy and representative flow cytometry of vWF+ and CD41a+ HSC subpopulations.

(G) Proportions of vWF+ and CD41a+ HSC subpopulations shown in (F).

(H) GSEA of the HALLMARK IFNα response gene set in HSCs of affected individuals and 

NCs.

(I) STAT gene expression in ET, PV, and NC HSCs. Log2-transformed (fragments per 

kilobase million [FPKM]+1) are shown for individuals. Thick horizontal lines indicate 

median expression levels, and boxes represent the first and third quartiles.

(J) Strategy and representative flow cytometry for measurement of phosphorylated STAT1 

(p-STAT1), p-STAT3, and p-STAT5 levels.

(K) Relative fluorescence intensity (RFI) of (J).

In (G) and (K), data represent mean ± standard error of the mean (SEM). The p values in 

(G), (I), and (K) were determined by Wilcoxon rank-sum test. *p < 0.05; ns, not significant.
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Figure 2. JAK2V617F Expands the Mk-Primed Subpopulation of ET HSCs with Enhanced 
Potential
(A) Schematic of the modified 3’-TARGET-seq analysis of single HSCs from individuals 

with non-treated ET (NT-ET) and age-matched NCs (both n = 7).

(B) Enrichment of Mk- and platelet-related pathways among homozygous mutant (HOMO) 

ET HSCs, heterozygous mutant (HET) ET HSCs, non mutant WT ET HSCs (WT), and 

NC HSCs. The heatmap represents the NES for each pairwise comparison; border color 

indicates the group in which a specific pathway is enriched (p < 0.05).
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(C) Enrichment of representative Mk-primed gene sets among distinct ET HSC subtypes 

by GSEA (left) and expression of the given Mk-primed gene set among distinct ET HSCs 

subtypes and NC HSCs (right). Dots represent the sum of the SCT transformed expression 

for the given gene set in single cells.

(D) Representative Mk-primed genes across distinct ET HSCs subtypes and and NC HSCs.

(E) Bee swarm plots of the expression (log2 transformed) of representative Mk-primed genes 

among JAK2V617F+ HSCs from individuals with ET and PV or NC HSCs, determined by 

single-cell quantitative real-time PCR; internal control: GAPDH.

(F) VWF Mk-primed HSC frequencies (count > 0) in individuals with ET and NCs.

(G) Proportion of mutant HSCs in the total HSC population and VWF+ and VWF HSC 

subpopulations in ET.

(H) GSEA of inflammatory pathways, metabolic processes, cell cycle processes, and key 

signaling pathways among HOMO, HET, and WT HSCs from ET and HSCs from NCs. The 

heatmap represents the NES for each pairwise comparison; border color indicates the group 

in which a specific pathway is enriched (p < 0.05).

(I) Enrichment of HALLMARK IFNα response genes among ETHSC subtypes (HOMO, 

HET, and WT), determined by GSEA (left) and IFNα gene expression among ET HSC 

subtypes and NC HSCs (right).

(J) Representative IFN gene expression among ET HSC subtypes and NC HSCs.

(K) Bee swarm plots of representative IFN response gene expression (log2 transformed) 

in JAK2V617F+ HSCs from individuals with ET and PV or NC HSCs, determined by 

single-cell quantitative real-time PCR; internal control: GAPDH.

(L) Expression of representative genes associated with cell survival (anti-apoptosis; BCL2, 
BCL2A1, BCL2L1, and BCL2L2), cell cycle progression (CDK4, CDK1, CDC123, and 

IL1B), and fatty acid metabolism and ROS production (HADH, LDHA, IDH1, IDH2, and 

LSP?) among distinct ET HSC subtypes and NC HSCs.

(M) Expression of the indicated gene sets among ET HSC subtypes and NC HSCs.

In (E) and (K), data represent mean ± SEM. The p values in (C), (E), (F), (I), (K), and (M) 

were determined by Wilcoxon rank-sum test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. JAK2V617F HSCs in ET Are Hyper-Responsive to Transient, Low-Dose IFN 
Stimulation
(A) Schematic diagram showing the IFN stimulation strategy during Mk differentiation from 

human cord blood CD34+ hematopoietic stem and progenitor cells (HSPCs).

(B) Representative flow cytometry profiles of CD41a+ cells on day 7 with IFN (α+γ) 

stimulation. (C) Fold changes in CD41a+ Mks, quantified as shown in (B). Dots represent 

an independent experiment. The p values were determined by Student’s t test (n = 3 

independent experiments).
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(D) Fold changes in colony-forming unit (CFU) Mk numbers generated from cord blood 

CD34+ HSPCs with or without IFN (α+γ) stimulation for 2 h (left). Dots represents 

single replicates. The p values were determined by Student’s t test (n = 2 independent 

experiments). Right panel: a representative Mk colony. Scale bar, 100 μm.

(E) Fold changes in CFU-Mk numbers generated from sorted cord blood-derived HSCs with 

or without IFN (α+γ) stimulation. Dots represent independent experiments. The p values 

were determined by Student’s t test (n = 3 independent experiments).

(F) Schematic diagram of IFN stimulation and CFU-Mk assay using single HSCs from BM 

of individuals with JAK2V617F+ ET and PV and NCs.

(G) Average number of clones generated per 100 HSCs (WT and JAK2 mutant) during the 

first phase of proliferation. Dots represent single individuals. The p values were determined 

by Wilcoxon rank-sum test (n = 4 independent experiments).

(H) Percentage of different colony sizes generated from HSCs as shown in (G). L, large 

colonies (>100 cells); M, medium colonies (20-100 cells); S, small colonies (<20 cells). The 

p values were determined by Wilcoxon rank-sum test (n = 4 independent experiments).

(I) Influence of IFN stimulation on CFU-Mk generation from JAK2V617F+ and WT HSCs 

from individuals with ET and PV and NC HSCs. CFU-Mk colony numbers were normalized 

to the unstimulated control in the same group. Dots represent single individuals. The p 

values were determined by Wilcoxon rank-sum test (n = 4 independent experiments).

In (C)-(E) and (G)-(I), data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. HET HSCs Undergo Apoptosis, whereas HOMO Ones Are Forced to Re-enter 
Quiescence during Treatment
(A) GSEA of the indicated pathways in HOMO, HET, and WT HSCs in individuals with 

non-treated ET (NT-ET) and treated ET (T-ET) and heatmap of the NES for each pairwise 

comparison; border color indicates the group in which a specific pathway is enriched (p < 

0.05).

(B) Gene Ontology (GO) type I IFN response gene expression among ET HSC subtypes 

with or without treatment and NC HSCs. Dots represent the sum of the SCT-transformed 
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expression for the given gene set in single cells, which also applies to the following 

analogous figures.

(C) Expression of selected feature genes for IFNα signaling (ISG15 and IFI44), cell cycle 

process (CDK4 and CDC42), and apoptosis (CASP8 and BAX).

(D) REACTOME cell cycle gene expression among ET HSC subtypes with or without 

treatment and NC HSCs.

(E) Heatmap of the mean expression of the indicated gene sets, reflecting the HSC stemness 

signature among distinct HSC subtypes in ET with therapy (Table S2).

(F) HALLMARK apoptosis gene expression among ET HSC subtypes with or without 

treatment and NC HSCs.

(G) Dot plots of selected feature gene expression among ETHSC subtypes after treatment, 

including genes associated with HSC quiescence (TSC1, AKT1, AKT2, TP53, PRB, and 

CISH), the mTORC1 pathway (4EBP1 and S6K1), the TCA cycle and ROS generation 

(SDHA, SDHB, and LDHB), and positive regulation of apoptotic signaling (BAK1, BAD, 

and BID).

(H) Expression of genes associated with the HALLMARK mTORC1 pathway, REACTOME 

pyruvate metabolism and TCA cycle, HALLMARK ROS, and GO positive regulation of 

apoptotic signaling across distinct HSC subtypes in ET with therapy.

(I) Expression of different Mk-primed gene sets among ET HSC subtypes with or without 

treatment and NC HSCs.

(J) Heatmap of Mk-primed gene expression among ET HSC subtypes with or without 

treatment and NC HSCs.

(K and L) Proportion of VWF+ HSCs in NCs and HOMO, HET, and WT ET HSCs with or 

without therapy (K) and VWF+ HSC frequencies (L).

The p values in (B), (D), (F), (H), and (I) were determined by Wilcoxon rank-sum test. *p < 

0.05, **p < 0.01, ***p < 0.001.
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