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Essentials:  17 

 ETV6-related thrombocytopenia mechanisms remain poorly understood 18 

 Megakaryopoiesis was studied by single-cell RNA sequencing and defects were 19 

confirmed ex-vivo 20 

 ETV6 deficiency led to the development of aberrant haemopoietic cells as early as the 21 

MEP stage 22 

 Upregulation of ribosome biogenesis were documented in patient megakaryocytes and 23 

platelets 24 
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Abstract 25 

Background. Germline mutations in the ETV6 transcription factor gene are responsible for 26 

familial thrombocytopenia and leukemia predisposition syndrome. Although previous studies 27 

have shown that ETV6 plays an important role in megakaryocyte (MK) maturation and 28 

platelet formation, the mechanisms by which ETV6 dysfunction promotes thrombocytopenia 29 

remain unclear. 30 

Objective and methods. Presuming that ETV6 mutations result in selective effects at a 31 

particular cell stage, we applied single-cell RNA sequencing to understand gene expression 32 

changes during megakaryopoiesis in peripheral CD34+ cells from healthy controls and 33 

patients with ETV6-related thrombocytopenia. 34 

Results. Analysis of gene expression and regulon activity revealed distinct clusters partitioned 35 

into seven major cell stages: hematopoietic stem/progenitor cells (HSPCs), common-myeloid 36 

progenitors (CMPs), MK-primed CMPs, granulocyte-monocyte progenitors, megakaryocyte-37 

erythroid progenitors (MEPs), progenitor MKs/mature MKs (MKPs/MKs) and platelet-like 38 

particles (PLPs). We observed a differentiation trajectory in which MEPs developed directly 39 

from HSPCs and bypassed the CMP stage. ETV6 deficiency led to the development of 40 

aberrant cells as early as the MEP stage, which intensified at the MKP/MK stage, with a 41 

highly deregulated core “ribosome biogenesis” pathway. Indeed, increased translation levels 42 

have been documented in patient CD34+-derived MKs with overexpression of ribosomal 43 

protein S6 (RPS6) and phosphorylated-RPS6 in both CD34+-derived MKs and platelets. 44 

Treatment of patient MKs with the ribosomal biogenesis inhibitor CX-5461 resulted in an 45 

increase in PLPs.   46 
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Conclusions. These findings provide novel insight into both megakaryopoiesis and the link 47 

between ETV6, translation and platelet production. 48 

Keywords  49 

ETV6, Megakaryopoiesis, Ribosomal Protein S6, Single-cell RNA sequencing, 50 

Thrombocytopenia 51 

  52 
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Introduction  53 

ETV6-related thrombocytopenia (ETV6-RT) is a highly penetrant form of inherited 54 

thrombocytopenia with autosomal dominant inheritance  [1]. The common phenotype 55 

observed in ETV6-RT includes moderate thrombocytopenia sometimes associated with 56 

bleeding and predisposition to acute T- or B-cell lymphoblastic leukemia. The precise role 57 

that ETV6 plays in megakaryocyte (MK) differentiation and pro-platelet formation currently 58 

remains poorly understood. Studying Etv6 function in murine models is challenging because 59 

complete loss of the gene is lethal  [2] and heterozygous Etv6 mice have unperturbed 60 

hematopoiesis  [3]. Human induced pluripotent stem cells (iPSCs) harboring a pathogenic 61 

heterozygous ETV6 mutation do not give rise to an increase in hematopoietic progenitor cells 62 

and MKs. However, iPSCs carrying the homozygous ETV6 mutation give rise to an increase 63 

in hematopoietic progenitor cells and immature MKs, as observed in heterozygous patients 64 

using an in vitro model of CD34
+
-derived MKs  [4,5]. Therefore, CD34

+
-derived MK 65 

differentiation appears to be a valuable model to understand defective megakaryopoiesis 66 

associated with aberrant ETV6. This model has been successfully used to characterize 67 

acquired and inherited thrombocytopenia  [6], investigate novel mechanisms in MK 68 

differentiation and platelet function  [7–10], and evaluate the effect of infectious diseases or 69 

therapeutic agents on megakaryoblast differentiation   [11,12].  70 

Using CD34
+
-derived cells from controls and patients harboring the ETV6 variants, we 71 

examined the transcriptome of every cell type in the differentiation pathway from 72 

hematopoietic stem/progenitor cells (HSPCs) to MKs. We provide detailed insight into 73 

peripheral CD34
+
 megakaryopoiesis. Furthermore, to fully characterize the megakaryocytic 74 

differentiation stages, regulon signatures and the corresponding regulatory networks were 75 

assessed. We found that ETV6 deficiency leads to the development of aberrant 76 

megakaryocyte-erythroid progenitor (MEP) and MK populations with some hyperactive 77 
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regulons and a highly deregulated core “ribosome biogenesis” pathway involving ribosomal 78 

protein S6 (RPS6). Our findings provide insight into the pathology of ETV6 variants and 79 

potential targets for both diagnostic purposes and therapeutic approaches to restore pro-80 

platelet formation. 81 

  82 
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Methods 83 

Patients and DNA sequencing 84 

Patients were recruited at the Center for the Investigation of Hemorrhagic and Thrombotic 85 

Pathologies (University Hospital of Marseille) after informing written consent was obtained, 86 

in accordance with protocols approved by the national review process (authorization number 87 

20200T2-02). Two high-throughput sequencing methods were used to identify ETV6 variants 88 

as previously described [5,13]. Two ETV6 variants were evaluated in this study, the new 89 

variant pF417LTer4 (NM_001987, c.1251del) and a previously described variant p.P214L 90 

(NM_001987, c.C641T). Blood samples were collected from five different patients, on 91 

several occasions (at least twice for each, with an interval of six months minimum).  92 

In vitro Megakaryocyte Differentiation  93 

After density gradient separation (Eurobio), circulating CD34
+
 cells were purified using 94 

positive selection with magnetic beads (Miltenyi-Biotec) and then cultured in StemSpan 95 

Serum-Free Expansion Medium II supplemented with Megakaryocyte Expansion Supplement 96 

(Stemcell Technologies) as previously described [13]. In some experiments, at day 11 or day 97 

13, cells were pre-incubated for 48 hours with CX-5461 (Sigma Aldrich) or cycloheximide 98 

(Merck) as previously described [14,15] 99 

Cell Preparation and Single-Cell RNA Sequencing 100 

CD34
+
-differentiated cells from two healthy controls (Control 1: male, born in 1996 and 101 

control 2: female, born in 1980) and two patients harboring ETV6 variants (a male; born in 102 

1985 and female, born in 1986) were harvested from culture at days 6 and 11 (Figure 1A). 103 

Cell concentrations and viability were assessed after trypan blue staining with an automated 104 

cell counter (EveTM NanoEntek). The cell samples from each volunteer were labeled with a 105 
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distinct hashtag oligo (TotalSeq, Biolegend) and pooled. Single-cell isolation was then carried 106 

out with the 10x Genomics Technology using the Chromium Next GEM Single Cell 5' Kit v2 107 

(ref 1000263) according to the manufacturer’s protocol. Single-cell cDNA synthesis and 108 

sequencing libraries (days 6 and 11) were prepared with a single cell 5’ Library and Gel Bead 109 

kit. Libraries were sequenced applying a 75-bp paired end reads format with a Next-seq500 110 

(GBiM platform) (parameters, read 1: 26 cycles, i7: 8 cycles, read 2: 57 cycles). 111 

Statistical Analyses 112 

Quantitative variables are expressed as the mean±SEM. Experimental data analyses were 113 

performed using GraphPad Prism software. Statistical differences were determined using one-114 

way ANOVA with Kruskal-Wallis post-hoc test, Mann Whitney test or one-sample t-test 115 

when appropriate. P-value <0.05 was considered statistically significant.   116 
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Results 117 

Characterization of differentiation in control CD34
+
-cells  118 

We performed UMAP (Uniform Manifold Approximation and Projection) dimensional 119 

reduction to analyze cell transcriptome heterogeneity. The variations between the 120 

transcriptomic profiles of cells after 6 and 11 days in culture indicated that distinct gene sets 121 

were involved in each stage of differentiation (Figure 1B). 122 

Using unsupervised clustering, we identified a total of 15 clusters (Figure 1C), which were 123 

present in both controls (Supplementary figure 1A-C). We performed a detailed 124 

characterization of each cell cluster based on known gene sets (signatures) [14–18] (Figure 125 

1D and supplementary Figure 1F) and the top differentially expressed genes (DEGs) (Figure 126 

1E, Supplementary Figure 2, Supplementary table 1).  127 

Cluster 10 was designated HSPC based on the expression profiles of PROM1, CRHBP, FLT3, 128 

HOPX and AVP. Similarly, clusters 11 and 7 were designated CMP based on the expression 129 

profiles of CPA3, PRG2, CLC and TPSAB1. Cluster 11 clearly differed from cluster 7 as it 130 

shared marker genes with the MKP/MK clusters (VWA5A, LMNA, CAVIN2, LAT, CD9 and 131 

ITGA2B) and expressed the genes KIT, KRT1, HPGDS and TPSB2. We thus defined this 132 

cluster 11 as MK-primed CMP. Cluster 13 was designated GMP because it expressed specific 133 

markers such as MPO, ELANE and PRTN3. Clusters 9, 5, 4, 0 and 2 were designated MEP. 134 

Although these clusters shared a strong common MEP signature (CD38, TFRC, DEPTOR, 135 

KLF1, TFR2), we deepened the characterization of these five subpopulations. Cluster 9 was 136 

the most immature population and was designated “early MEP” based on the remaining 137 

expression levels of HSPC and CMP genes. Subsetting of cluster 9 confirms the presence of 138 

transitional steps with different levels of engagement towards MEP (HSPC-MEP and CMP-139 

MEP; data not shown).  Cluster 5 was designated a MEP-ERP subpopulation based on the 140 



 

 

9 
 

genes associated with erythroid progenitors (ERPs) such as HBB, TFR2 and ANK1. Clusters 141 

4, 0 and 2 were designated a MEP-MK subpopulation based on the expression levels of MK 142 

genes, such as GP9, GP6, GP1BA and MPIG6B, and the gradual increase in MYH9 143 

expression levels between clusters 4, 0 and 2 (Supplementary figure 1D). Clusters 1, 6, 3, 8 144 

and 12 were primarily observed at day 11 and were designated MK based on the expression of 145 

genes associated with classical MK. Specific MK markers (GP6, GP9, PF4, P2RY1) 146 

gradually increased from clusters 1 to 12 (Figure 1D, Supplementary figures 1D). Of these 147 

five clusters, cluster 1 was the most immature stage (MKP) and cluster 12 was the most 148 

mature. Cluster 14 was mainly observed at day 11 and was designated platelet-like particles 149 

(PLPs) based on the low number of genes expressed (mean ± SD: 1,418±347 vs. 4,208 150 

±1,399), the low overall RNA count (mean ± SD: 2,243±751 vs. 23,855±14,826) as compared 151 

with the MKP/MK populations (Figures 1F-G, Supplementary figure 1D). Also, their 152 

proportion increases from day 6 to day 11 (0.04 % to 1.55 % of total cells). Furthermore, 153 

cluster 14 expressed the same genes as cluster 12, with higher expression levels of STXBP5 154 

and RAB27b involved in platelet granule metabolism and RGS18, GP6 and ITGA2B (Figures 155 

1D-E, Supplementary figures 1D-F). For each cell type, we proposed new enriched gene 156 

signatures that included known cell-type specific genes and top-ranked DEGs (Supplementary 157 

table 2). Lineage signature scores were then computed in each cell and cell types were defined 158 

accordingly (Figure 1H-I). 159 

Inference of Megakaryopoiesis Regulon Activity in Control Cells 160 

The cell state transitions in megakaryopoiesis are tightly controlled by transcription factors 161 

(TFs). Regulons are inferred groups of genes controlled as a unit by the same repressor or 162 

activator TF [19]. Cell type-specific regulons provide a great opportunity to identify key 163 

regulators of cell fate decisions and to improve signatures. Analysis of our control data set 164 



 

 

10 
 

using the single-cell regulatory network inference and clustering (SCENIC) workflow 165 

provided new insight into cell type-specific regulons that drive cellular heterogeneity and 166 

megakaryocytic differentiation. For each regulon, the activity score was calculated in each 167 

cell based on the number of transcripts for all genes included in the regulon (TFs and targets). 168 

Comparing each cell type, we analyzed the five most active regulons to isolate key regulons at 169 

each stage of differentiation and identify a regulon signature (Figure 2 A-B, Supplementary 170 

table 2). Using Cytoscape (v.3.9.1), we then constructed the TF gene regulatory network (TF-171 

GRN) based on the top five regulons of each cell type and their direct TF targets (Figure 2C). 172 

Next, we established a list of specific and common active TFs for each cell type 173 

(Supplementary table 3). Among the hyperactive TFs that characterize the MK-primed CMP-174 

biased population, we unexpectedly observed a TF that has never been associated with MK 175 

differentiation (ZMAT4; zinc finger matrin, type 4) and two highly specific TFs, AhR (aryl 176 

hydrocarbon receptor) and BATF (basic leucine zipper ATF-like transcription factor).  177 

Characterization of the ETV6 Variants  178 

We performed a functional study of the novel ETV6 variant pF417LTer4 compared with the 179 

previously described p.P214L [5] (Figure 3A). The nonsense mutation p.F417Lter4 is located 180 

in the ETS domain, while the missense mutation p.P214L is localized in the linker domain 181 

(Figure 3B, lower panel). The clinical and laboratory characteristics of the patients are shown 182 

in Supplementary table 4. We analyzed the repressive activity of the two variants using a 183 

dual-luciferase reporter assay. Co-transfection of the reporter plasmid containing the ETS-184 

binding site along with the expression of a plasmid encoding wild type (WT) ETV6 resulted in 185 

almost 90% inhibition of luciferase activity. Substitution of WT ETV6 with any of the ETV6 186 

variants led to a significant reduction in repressive activity (85% to 100%) (Figure 3B, left 187 

panel). Western-blot analysis showed that mutant ETV6 protein was expressed in the 188 
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GripTite293 macrophage scavenger receptor (MSR) cell line (figure 3B). Subcellular 189 

fractionation of GripTite293 MSR cells showed increased ETV6 protein levels in the 190 

cytoplasmic fraction and decreased levels or absence of ETV6 in the nuclear fraction in cells 191 

expressing the p.P1214L or p.F417Lter4 variants compared with cells expressing the WT 192 

protein (Supplementary figure 3A). Microscopy confirmed that WT ETV6 concentrated 193 

primarily in cell nuclei, whereas both ETV6 variants were predominantly located in the 194 

cytoplasm (Supplementary figure 3B). 195 

Single-cell transcriptional profiling of ETV6-variant CD34
+
 cells during 196 

megakaryopoiesis 197 

We performed UMAP dimensional reduction to analyze cell transcriptome heterogeneity and 198 

clusters. The day 6 and day 11 transcriptome profiles of patient cells overlapped considerably 199 

more than those of control cells, thereby suggesting that differentiation was delayed with 200 

accumulation of early-stage cells in ETV6-variant carriers (Figure 3C, left panel). Using 201 

unsupervised clustering, a total of 11 clusters were identified (Figure 3C, right panel). As 202 

previously, we performed a detailed characterization of each cell cluster based on known gene 203 

sets and the top DEGs (Figure 3D-E, Supplementary Figure 4, Supplementary table 5). 204 

The cell types found in controls were also observed in patients. Clusters 3 and 7 corresponded 205 

to HSPC; cluster 4 corresponded to CMP; cluster 10 corresponded to MK-primed CMP; 206 

cluster 9 corresponded to GMP; clusters 5, 2, 6, 8 and 0 corresponded to MEP; and cluster 1 207 

corresponded to MKP/MK. No PLP cluster was observed (figure 3D-E, Supplementary figure 208 

4). The proposed lineage genetic signatures (Supplementary table 2, left panel) were 209 

computed in each cell and cell types were assigned (Figures 3F-G). 210 
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Developmental Trajectory of Megakaryocyte Differentiation  211 

We then assessed the single-cell transcriptome for pseudotemporal ordering of differentiation 212 

stages during megakaryopoiesis in controls and patients. Using Slingshot, we inferred 213 

differentiation trajectories in cells from controls and ETV6-variant carriers independently. For 214 

each condition, we determined the overall trajectory structure of each lineage (rooted tree) by 215 

generating a transcriptomic distance matrix using the manually set root cluster (HSPCs; 216 

cluster 10 for controls and cluster 3 for patients). We observed an unexpected lineage of MK 217 

differentiation that bypassed the CMP cell type and differentiated directly from HSPCs into 218 

MEPs (Figures 4A). 219 

Analyzing the differentiation trajectory in control cells, stem cell markers such as CD34, 220 

CD38 and HLA-DRA displayed decreased expression, while the MK markers GP9, PF4 and 221 

ITGA2B were upregulated (Figure 4B). The GATA1 and FLI1 TFs displayed increased 222 

expression, while GATA2 displayed high expression levels in immature cells and reduced 223 

expression in later stages. During differentiation, ETV6 and RUNX1 expression levels were 224 

low and stable (Figure 4B). 225 

By contrast, ETV6-deficient cells displayed stable expression of CD34, HLA-DRA and GATA2 226 

(Figure 4B) during MK differentiation; these genes remained highly expressed at the 227 

MKP/MK stage (MKP/MK: fold change patients vs. controls = 2.5 (CD34), 1.5 (HLA-DRA), 228 

1.6 (GATA2), adjusted p-value <0.05). The expression levels of GATA1 and FLI1 were lower 229 

than that observed in controls. Analyzing GP9 and PF4, we observed lower expression levels 230 

and a delayed response time (Figure 4B). These results indicate that ETV6-variant carriers 231 

exhibit a delay in differentiation.  232 
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Aberrant populations in ETV6-variant cells identified via single-cell RNA sequencing  233 

The full data set (including both control and patients) was analyzed to compare controls and 234 

patients. The cell types identified in control and patient data sets were transferred to the full 235 

data set using the cell identity barcode (Figure 5A). In the early cell stages (HSPCs, CMPs, 236 

MK-primed CMPs and GMPs), the transcriptome profiles of controls and patients were 237 

markedly similar. By contrast, distinct gene expression profiles were observed as early as the 238 

MEP stage, which intensified at the MKP/MK stage.  239 

Cell type distribution differed between controls and patients (Figures 5B). Patients harboring 240 

ETV6 variants displayed an increased proportion of HSPC (D6: 17.6±6.1 vs 5.2±1.1%; D11: 241 

16±8 vs 0.6±0.04%) and a decline in MKP/MK (D11: 37±1 vs 78±0.6%) compared with 242 

controls (Figure 5B). 243 

We applied the SCENIC workflow to further characterize the aberrant MEP and MKP/MK 244 

populations. The UMAP reduction using the 312 combined regulon activity scores in each 245 

cell is shown in Figure 5C. Compared to the early stages, we observed marked differences 246 

between patients and controls at the MEP and MKP/MK stages. The top 20 differentially 247 

active regulons are shown in Figure 5D. Some of the top 20 regulons were common for the 248 

two cell stages and demonstrated hyperactivity in patient cells (Supplementary Table 3). After 249 

analyzing the regulons using tree hierarchical algorithms with Cytoscape software, we found 250 

that SPI1 and GATA2 hyperactivity represented initial events in the modification of regulon 251 

activity observed in patients (Supplementary figure 5). Overall, these results indicate that 252 

ETV6 mutations alter megakaryopoiesis, resulting in the development of aberrant MEP and 253 

MK populations as well as the disruption of key TF activity, with GATA2 and SPI1 254 

hyperactivity representing initial events. 255 
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Deregulated “DNA repair” and “translation” pathways in ETV6-variant cells  256 

When comparing controls and patients, the number of DEGs (fold change > 1.3, adjusted p-257 

value < 0.05) increased over the course of cell differentiation, especially at the MEP and MK 258 

stages (HSPC, DEGs=38, 23 up-regulated genes and 15 down-regulated genes; CMP, 259 

DEGs=56, 29 up-regulated genes and 27 down-regulated genes; MK-primed CMP, DEGs=30, 260 

15 up-regulated genes and 15 down-regulated genes; GMP, DEGs=32, 21 up-regulated genes 261 

and 11 down-regulated genes; MEP, DEGs=239, 100 up-regulated genes and 139 down-262 

regulated genes; and MKP/MK, DEGs=942, 339 up-regulated genes and 603 down-regulated 263 

genes) (Figure 6A). Focusing on MEP and MKP/MK populations, DEGs were enriched in 264 

various biological pathways in multiple gene set databases (GO Biological process (Figures 265 

6B), KEGG (Supplementary figure 6) and Reactome (Supplementary figure 7). Top 10 GO 266 

deregulated pathways are available in the supplementary tables 6 and 7.  267 

Several pathways associated with DNA repair and cellular response to DNA damage were 268 

downregulated in patient MEPs and MKs (Supplementary table 8). Some genes involved in 269 

major DNA repair pathways displayed reduced expression levels: FEN1 (base excision 270 

repair), MGMT (direct reversal of DNA damage), RAD23A and RAD23B (nucleotide excision 271 

repair), and XRCC6 and PRKDC (non-homologous end joining) [20]. Caretaker genes 272 

indirectly involved in maintaining genomic stability (e.g., TTK, NUDT1, DUT and UBE2V2) 273 

were also downregulated in MKs harboring ETV6 variants (Figure 6C).  274 

The top 10 upregulated pathways in ETV6-variant MKs were associated with “translation 275 

genes” (Supplementary table 7). The most upregulated genes, RPS and RPL, code for 276 

ribosomal protein small subunits and ribosomal protein large subunits, respectively 277 

(Supplementary figure 8).  278 
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Increased Translation and RPS6 in Patients Harboring an ETV6 Variant 279 

Translation was the strongly dominant upregulated pathway. Translation levels were 280 

evaluated in HEL cells transduced with P214L or WT ETV6 before and after PMA-induced 281 

differentiation. As expected, PMA stimulation led to reduced translation in all samples 282 

(Figure 7A). Translation levels were significantly higher in ETV6-deficient HEL cells at the 283 

non-stimulated basal state and after PMA stimulation (Figure 7A). Compared with control 284 

cells, higher translation levels were also observed in CD34
+
-derived MK from ETV6-variant 285 

carriers (Figure 7B). 286 

Among all upregulated genes in ETV6-variant MKPs/MKs, 1,488 genes contained 2,189 287 

sequences that correspond to the canonical ETV6-binding site (i-cisTarget: normalized 288 

enrichment score 4.85, rank 40e/512, Supplementary table 9), including RPS6, which is a 289 

cornerstone of translation [21] (Figure 7C). Furthermore, the ETV6-binding site in RPS6 is 290 

highly conserved across seven species (2
nd

/2,189 detected ETV6-binding regions). Analyzing 291 

the differentiation trajectory in control cells, we found that RPS6 mRNA levels gradually 292 

decreased, with the lowest levels observed in the most mature MKs (cluster 12). By contrast, 293 

ETV6-deficient cells displayed stable RPS6 expression levels throughout the differentiation 294 

pathway (Figure 7D). 295 

Our data suggest that ETV6 regulates RPS6 expression. Therefore, we obtained ETV6 296 

chromatin immunoprecipitation (ChIP)-sequence data on the GM12876 cell line from the 297 

Gene Expression Omnibus database (GSM2574795, GSM2534228, GSM2574796). The peak 298 

enrichment on chromosome 9, which includes the RPS6 locus, was extracted and displayed in 299 

the UCSC genome browser (Figure 7E). This analysis showed one enriched binding region 300 

for ETV6. The binding peak is located in the promoter.  301 
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The expression of total RPS6 and phosphorylated RPS6 (p-RPS6, Ser235/236) were analyzed 302 

by western blot and flow cytometry in washed platelets, CD34
+
-derived MKs from ETV6-303 

variant carriers, and the respective age- and gender-matched controls. RPS6 and p-RPS6 were 304 

overexpressed in native platelets issued from ETV6-variant carriers compared with controls 305 

(Figures 7F, left panel and Supplementary figure 9). We confirmed RPS6 and p-RPS6 306 

overexpression in CD34
+
-derived MKs issued from three ETV6-variant carriers using flow 307 

cytometry (Figures 7F, right panel).  308 

To investigate the consequences of increased translation, we treated control and patient 309 

CD34
+
-derived cell cultures with CX-5461, a specific RNA Pol I inhibitor. Healthy control 310 

CD34
+
-derived MKs (day 11) treated with CX-5461 exhibited reduced translation and p-311 

RPS6 levels, whereas the expression of total RPS6 was unaffected (Figure 7G). In CD34
+
-312 

derived cells issued from three ETV6-variant carriers, CX-5461 treatment increased the 313 

production of PLPs by CD42a
+
 MKs in all cases (Figure 7G). In addition, cells exposed to 314 

cycloheximide (CHX) to inhibit protein synthesis, exhibited reduced translation, RPS6 and 315 

phopspho-RPS6 levels. CHX treatment was able to increase the production of PLPs 316 

(Supplementary Figure 10). 317 

  318 
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Discussion  319 

Using single-cell transcriptome profiling of MK cell cultures derived from peripheral CD34
+
 320 

cells, we established a specific signature for each cell stage based on both distinct gene 321 

expression profiles and regulon activities. Cells harboring ETV6 variants displayed distinct 322 

transcriptomic/regulon profiles starting at the MEP stage and intensifying at the MKP/MK 323 

stage, with SPI1 and GATA2 regulon hyperactivity representing early events. Translation 324 

pathways were upregulated in patient MEPs and MKs. Puromycin incorporation results as 325 

well as RPS6 and p-RPS6 immunoblots were consistent with these findings. Overall, ETV6 326 

deficiency affects key cellular processes that may represent promising mechanistic targets. 327 

In CD34
+
-derived MK differentiation, we observed a biased megakaryopoiesis pathway that 328 

may be due to stress-driven hematopoiesis as a result of the culture conditions [22]. HSPCs 329 

directly gave rise to MEPs without passing through the CMP stage, as previously suggested 330 

[23]. Furthermore, it has been hypothesized that MK-biased hematopoietic stem cells (HSCs) 331 

represent the hierarchical apex with MEPs developing directly from HSCs [24], although this 332 

theory has been challenged. We did not observe a MK-biased HSPC population [25] because 333 

either the analysis time points were too late to detect these cell types or mRNA did not enable 334 

detection of MK-biased HSPCs, as previously reported [26]. However, we identified a MK-335 

primed CMP population that co-expressed megakaryocytic genes and displayed high KIT 336 

expression levels (27% of the CMP population). High KIT expression levels represented a 337 

good marker of MK-biased CMPs. Previous murine in vitro and in vivo functional studies 338 

have demonstrated that HSCs with higher levels of c-Kit signaling preferentially differentiate 339 

into MKs [27]. In human bone marrow, MK-primed CMPs likely represented the major 340 

megakaryopoiesis pathway independent of the canonical MEP lineage [28]. This in vitro 341 

model is a valuable tool to investigate these biased pathways. 342 
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Hematopoiesis is a progressive process controlled by an elaborate network of TFs. We 343 

characterized each cell type by analyzing the activity of specific regulons, to better define 344 

hematopoietic populations and establish a TF-GRN of megakaryopoiesis. HSPCs were 345 

characterized by the expression of the regulons HLF [29], HOXA9 [18] and TCF4 [30], 346 

which are involved in stem cell maintenance and myeloid commitment. C/EBP family 347 

members are critical for myelopoiesis [31,32]. Accordingly, we observed noticeable C/EBP 348 

activity at the CMP and GMP stages. Interestingly, ZMAT4 was newly identified as an active 349 

TF in MK-primed CMP populations. ZMAT4 is a TF of the zinc finger protein family and is 350 

associated with “programed cell death” [33], innate lymphoid cells and natural killer cells 351 

[34]. Although copy number variants of ZMAT4 are associated with leukemia [35], the role 352 

that ZMAT4 plays in myeloid differentiation remains unclear. The MK-primed CMP 353 

population was also characterized by AhR expression, which is involved in MK maturation  354 

[36–38] and BATF hyperactivation. BATF hyperactivation was evidenced as a marker of MK 355 

commitment. We also observed KLF1 activity in MEPs, which is involved in MEP lineage 356 

decisions and commitment [39]. Finally, NFE2 and GATA1 were expected markers of MKs 357 

[40,41]. Overall, these findings demonstrate that characterizing TF activity at the single-cell 358 

level is useful to phenotype cell types and decipher unexpected key functions of new TFs in 359 

each cell type. 360 

Applying the lineage signature used in control cells, we found that ETV6-deficient cells 361 

displayed the same cell types with a higher proportion of HSPCs, a lower proportion of MKs 362 

and a lack of PLPs, which correlates with the thrombocytopenia phenotype observed in 363 

patients harboring an ETV6 variant. We also detected marked differences in regulon activities. 364 

Several regulons displayed higher activity levels in the MEP and MK stages. This finding 365 

may be due to a loss of ETV6 repressor activity as documented in all ETV6-mutant carriers 366 
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[5]. We observed GATA2 hyperactivity in MKs from ETV6-mutant carriers, directly 367 

regulating SPI1 activity. SPI1 has previously been described as a common downstream target 368 

gene of GATA2 in human and murine embryonic stem cells
52,53

. High GATA2 expression 369 

levels have been described in REH cells, a B-cell acute lymphoblastic leukemia cell line 370 

harboring the ETV6/RUNX fusion transcript, which is the most frequent structural 371 

cytogenetic abnormality in children with acute lymphoblastic leukemia [42]. Beyond this 372 

observation, the connection between ETV6 deficiency and GATA2 hyperactivity remains 373 

poorly understood. This relationship merits further investigation as deficient or excess 374 

GATA-2 expression are both pathogenetic [43].  375 

Analysis of several gene enrichment databases displayed significant differences. Assessing 376 

the ten highest scores and after grouping the pathways with common genes, we observed 377 

deregulation of pathways linked with translation and DNA repair in MEP and MKP/MK 378 

patient cells. Translation was the most upregulated pathway. Altered expression levels of 379 

numerous ribosomal protein genes were observed, including upregulation of more than 30 380 

ribosomal proteins. Recent data has emphasized the unexpected contribution of ribosomal 381 

biogenesis in hematopoiesis and megakaryopoiesis. Additionally, ribosome biogenesis is 382 

involved in mediating the transition between proliferation and differentiation of erythroid 383 

progenitors [44]. GTPase-Dynamin-2 deletion in platelets and MKs induces severe 384 

thrombocytopenia and bleeding diathesis in mice and results in the upregulation of genes 385 

involved in ribosome biogenesis in erythroblasts [45].  386 

Furthermore, increased translation was confirmed at the functional level. Protein synthesis 387 

was increased in CD34
+
-derived MKs in patients and hematopoietic cell lines transduced with 388 

an ETV6 variant. Analysis of the RPS6 gene revealed a putative ETV6-binding site, which 389 

was confirmed via ChIP-sequencing [46]. As Rps6-deficient mice display features of 390 
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megakaryocytic dysplasia with thrombocytosis, this gene likely plays a role in thrombopoiesis 391 

[47,48]. Moreover, overexpression of RPS6 or p-RPS6 in murine Sertoli cells cultured in vitro 392 

has been shown to disrupt cell function through changes in the organization of actin and 393 

microtubule-based cytoskeletons via AKT inhibition [49,50]. In ETV6-variant carriers, 394 

overexpression of RPS6 was observed in platelets and may act on pro-platelet formation, 395 

which is dependent on massive reorganization of the actin cytoskeleton. Translation inhibition 396 

led to reduced RPS6 phosphorylation and increased numbers of PLPs in ETV6-deficient 397 

cultures, thereby suggesting that overexpression of p-RPS6 in patient cells causes a decrease 398 

in actin polymerization rates and pro-platelet formation. 399 

Overall, our study demonstrates the heterogeneity of human CD34
+ 

cell-induced MK 400 

differentiation in vitro and a major differentiation trajectory in which HSPCs develop into 401 

MEPs, bypassing the CMP stage. We found that ETV6 variations result in aberrant MEP and 402 

MK populations, which are associated with GATA2 hyperactivity and deregulated translation 403 

pathways, with RPS6 and p-RPS6 overexpression in CD34
+
-derived MKs and platelets. These 404 

findings provide novel insight into megakaryopoiesis and ETV6 function that may be applied 405 

to develop targeted therapeutic strategies to alleviate platelet defects.  406 

407 
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Figure Legends  587 

Figure 1. Single-cell RNA sequencing analysis in megakaryopoiesis cell stages in 588 

CD34+-cells isolated from healthy volunteers. 589 

A- Schematic diagram of the experimental design. Fresh CD34
+
 cells from human 590 

peripheral blood were isolated via density gradient and magnetic cell sorting (n=2 591 

healthy volunteers and n=2 patients). CD34
+
 cells were differentiated into 592 

megakaryocytes using serum-free StemSpan SFEM II medium with megakaryocyte 593 

expansion supplement (SCF, IL6, TPO and IL9) (STEMCELL Technologies). Cells 594 

from different samples are incubated with DNA-barcoded antibodies recognizing 595 

ubiquitous cell surface proteins. Distinct barcodes (referred to as hashtag-oligos, HTO) 596 

on the antibodies allow pooling of multiple samples into one single-cell RNA (scRNA) 597 

sequencing experiment. The cells were analyzed at day 6 and day 11 of culture using 598 

10X genomics technology. 599 

B- UMAP of the control cells at days 6 and 11 after merging the two data sets. Day 6 cells 600 

are shown in orange and day 11 cells are shown in blue.  601 

C- UMAP of the control cells after clustering performed using a resolution of 1.2. Each 602 

cluster is indicated with a distinct color. 603 

D- Dot plot showing the expression levels of known specific hematopoietic cell marker 604 

genes in each cluster of controls. The color is representative of relative average 605 

expression of the cluster compared to all others. Circle size is associated with the 606 

percentage of cells expressing the gene in the cluster. 607 

E- Dot plot of the top five differentially expressed genes (DEGs) in each cluster compared 608 

to all others in controls. The color is representative of relative average expression of 609 

the cluster compared to all others. Circle size is associated with the percentage of cells 610 

expressing the gene in the cluster. 611 
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F- UMAP showing the number of expressed genes detected in hematopoietic cells derived 612 

from normal CD34
+
 cells. The gradient of color is associated to the number of 613 

expressed genes.  614 

G- UMAP showing the number of overall mRNA counts detected in hematopoietic cells 615 

derived from normal CD34
+
 cells. The gradient of color is associated to the number of 616 

overall mRNA count.  617 

H- UMAP of control cells after assignation to hematopoietic cell types. Each cell type is 618 

distinguished from another by color. Clusters from figure 1C are superimposed over 619 

cell types.  620 

I-  UMAP of control cells after computation and scoring of proposed signatures 621 

(Supplementary table 2). Each plot represents the computation for one cell type 622 

signature. Color gradient is associated to the relative score of the signature.  623 

Figure 2. Inference of genes regulatory network during megakaryopoiesis: control 624 

CD34+-cell culture. 625 

A-  Heatmap of top 5 differentially active regulons for each cell type in control CD34
+
-cell 626 

culture. Color gradient is representative of the relative activity of regulons. Each cell 627 

type is distinguished from another by color. Black rectangles stake out the top 5 628 

regulons of the corresponding cell type.  629 

B- UMAP of control cells after computation and scoring of proposed regulon signatures 630 

(Supplementary table 2, right panel). Each plot represents the computation for one cell 631 

type regulon signature. Color gradient is associated to the relative activity score of the 632 

signature. 633 

C- Transcription factors gene regulatory network (TF-GRN) of control CD34
+
 cell culture. 634 

Each hematopoietic cell type is represented by a colored rectangle. Each arrow 635 

represents known (solid) or supposed (dashed) differentiation steps. Following a cross-636 
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reading of active regulons in populations, we were able to propose lists of specific (in 637 

rectangles) or shared (outside rectangles) TFs.  638 

Figure 3. Single-cell RNA sequencing of CD34+-cells from patients with an ETV6 639 

variant. 640 

A- Upper panel: schematic pedigrees of ETV6-variant inheritance. Squares represent 641 

males, circles represent females, and slashes represent deceased family members. 642 

Solid black symbols represent family members with thrombocytopenia. The F1 family 643 

carried the ETV6 p.P214L variant, while the F2 family carried the p.F417LTer4. 644 

Lower panel: schematic diagram of the ETV6 protein structure. The functional N-645 

terminal pointed domain (PNT) and C-terminal ETS DNA-binding domain (ETS) are 646 

depicted. The positions of the ETV6 mutations are indicated.  647 

B- GripTite 293 MSR cells were co-transfected with an empty vector, wild type (WT) or 648 

ETV6 variant construct with the luciferase reporter plasmid containing three tandem 649 

copies of the ETS binding site upstream of the HSV TK promoter (E743tk80Luc) and 650 

the pGL4.73 Renilla luciferase control vector. Firefly:Renilla luminescence ratios 651 

(Fluc/Rluc) were calculated to assess transfection efficiency and are expressed as fold 652 

change relative to the empty vector. The data represent the mean ± SEM of four 653 

independent experiments; **P-value <0.01 vs. empty vector (one-way ANOVA with 654 

Kruskal-Wallis post-hoc test). Representative western blot analysis of ETV6 655 

expression in GripTite 293 MSR cells transfected with an empty vector, WT or ETV6 656 

variant constructs using a goat anti-ETV6 antibody. GAPDH was used as a protein 657 

loading control. Quantification of band intensity is shown on the right. 658 

C- Left panel: UMAP of the patient cells at days 6 and 11 after merging the two data sets 659 

(patients D6 and patients D11, respectively). Day 6 cells are shown in orange and day 660 
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11 cells are shown in blue. Right panel: UMAP of the patient cells after clustering 661 

performed using a resolution of 0.8. Each cluster is indicated with a distinct color. 662 

D- Dot plot showing the expression levels of known specific hematopoietic cell marker 663 

genes in each cluster of patients. The color is representative of relative average 664 

expression of the cluster compared to all others. Circle size is associated with the 665 

percentage of cells expressing the gene in the cluster. 666 

E- Dot plot of the top five DEGs in each cluster compared to all others in patients. The 667 

color is representative of relative average expression of the cluster compared to all 668 

others. Circle size is associated with the percentage of cells expressing the gene in the 669 

cluster. 670 

F- UMAP of the patient’s cells after computation and scoring of proposed signatures 671 

(Supplementary table 2). Each plot represents the computation for one cell type 672 

signature. Color gradient is associated to the relative score of the signature. 673 

G- UMAP of the patient’s cells after assignation to hematopoietic cell types. Each cell 674 

type is distinguished from another by color. Clusters from figure 3C are superimposed 675 

over cell types.  676 

Figure 4. Megakaryocyte differentiation in healthy controls and ETV6 patients: 677 

trajectory inference. 678 

A- Slingshot trajectory inference in control and patient cells. Cell types are distinguished 679 

by color. Black lines represent the differentiation trajectory from an early stage 680 

(HSPC) to late stages (PLP or MKP/MK) in both control and patient data sets. 681 

B- Violin plots of expression of specific genes (CD34, CD38, HLA-DRA, GP9, PF4, 682 

ITGA2B, FLI1, GATA1, GATA2, ETV6, RUNX1) in control and patient cells. Cells are 683 

regrouped by cluster and colored according to their assigned cell type. Box plots are 684 
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superimposed over violin plots. Upper limits of box plots correspond to quantile 75 % 685 

and lower limits are associated to quantile 25 %. Solid black lines correspond to the 686 

median. Black dots are outlier values.  687 

Figure 5. Single-cell RNA sequencing of cells derived from ETV6-variant carriers and 688 

healthy controls. 689 

A- UMAP of hematopoietic cells derived from control and ETV6-variant CD34
+
 cells on 690 

day 6 and day 11. Cells are colored by cell type (HSPC, CMP, MK-primed CMP, 691 

GMP, MEP, MKP/MK and PLP).  692 

B- Pie charts of hematopoietic populations distribution in controls and patients at day 6 693 

and day 11. Cell types are associated to distinct colors. Percentages were calculated 694 

for each condition independently. Control cells on day 6: HSPC = 5.16 %, CMP = 695 

11.71 %, MK-primed CMP = 3.80 %, GMP = 2.83 %, MEP = 72.57 %, MKP/MK = 696 

3.91 %, PLP = 0.04 %. Control cells on day 11: HSPC = 0.58 %, CMP = 2.14 %, MK-697 

primed CMP = 2.06 %, GMP = 0.42 %, MEP = 15.21 %, MKP/MK = 78.05 %, PLP = 698 

1.55 %. Patient cells on day 6: HSPC = 17.60 %, CMP = 10.29 %, MK-primed CMP = 699 

1.67 %, GMP = 3.42 %, MEP = 60.03 %, MKP/MK = 7.00 %, PLP = 0.00 %. Patient 700 

cells on day 11: HSPC = 15.98 %, CMP = 8.18 %, MK-primed CMP = 6.37 %, GMP 701 

= 3.89 %, MEP = 28.67 %, MKP/MK = 36.92 %, PLP = 0.00 %. 702 

C- UMAP of hematopoietic cells derived from control and ETV6-variant CD34
+ 

cells on 703 

day 6 and 11. Cells are colored by cell type (HSPC, CMP, MK-primed CMP, GMP, 704 

MEP, MKP/MK and PLP). Cells are located on the UMAP using regulon matrix. 705 

D- Heatmap of the top 20 differentially active regulons (patients against controls) in MEP 706 

and MKP/MK populations. The color gradient is associated to the scaled activity of 707 

the regulon. 708 
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Figure 6. Differentially expressed genes and deregulated pathways in ETV6-variant 709 

carriers. 710 

A- Volcano plots of up regulated (red) and down regulated (blue) genes in ETV6 patients 711 

vs. controls for each cell type (HSPC, CMP, MK-primed CMP, GMP, MEP and 712 

MKP/MK), FC> 1.3  [i.e., log2 FC>0.37], adjusted p-value < 0.05). 713 

B- Bubble plot of the top enriched GO biological processes based on differential gene 714 

expression by cell type (classified by p values). The upper panel shows the 715 

upregulated pathways, while the lower panel shows the down-regulated pathways. 716 

Cells are color-coded by cell types (HSPC, CMP, MK-primed CMP, GMP, MEP, 717 

MKP/MK)  718 

C- Dot plot showing the expression levels of known specific “DNA repair” marker genes 719 

in MEP and MKP/MK of patients and controls. The color is representative of relative 720 

average expression in the population compared to all others. Circle size is associated 721 

with the percentage of cells expressing the gene in the population. 722 

Figure 7. Deregulated pathways in ETV6-variant MKP/MK. 723 

A- Translation levels in HEL in basal conditions and after PMA (phorbol 12 myristate 13 724 

acetate) stimulation (NT=non-transduced, ETV6-WT=transduced with wild-type 725 

ETV6, ETV6-P214L=transduced with ETV6-P214L variant). Translation levels were 726 

evaluated via flow cytometry after the incorporation of puromycin and staining with 727 

anti-puromycin antibody in three independent experiments involving 4 patients. 728 

*P<0.05, **P<0.01, ***P<0.001, one-sample t-test.  729 

B- Translation levels in CD34
+
-derived MK on day 11 for P214L variant (F1-III3, IV1, 730 

III8) and day 14 for F417Lter4 variant cells (F2 II-2). Translation levels were 731 

evaluated via flow cytometry after the incorporation of puromycin and staining with 732 
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anti-puromycin antibody in three independent experiments involving 4 patients and 733 

their respective control. 734 

C- Canonical ETV6 binding site contained in RPS6 gene. The list of up-regulated genes 735 

in ETV6-MKP/MK was obtained with cistarget (NES 4.85, rank 40e/512).  736 

D- Violin plot showing the RPS6 expression levels for each cluster on control and ETV6-737 

variant cells.  738 

E- Visualization of RPS6 regulatory region with ETV6 binding peak identified via 739 

chromatin immunoprecipitation-sequencing. Part of the DENND4C gene is shown 740 

after the RPS6 gene using the UCSC genome browser (chr9: 19,372,807 – 19,387,833 741 

using GRCh38/hg38).  742 

F- The left panel: Western-blot analysis of RPS6 and phosphorylated RPS6 (p-RPS6) 743 

expression in washed platelets from controls and ETV6-variant carriers. GAPDH was 744 

used as a protein loading control. Quantification of band intensity is shown on the 745 

right. Right panel: Flow-cytometry assessment of RPS6 and p-RPS6 in CD34
+
-derived 746 

MK from controls and ETV6-variant carriers at day 13 (F1-III3) or 14 (F1-III8, F2-747 

II2) of differentiation. Each patient was compared to matched control subject on age 748 

and sex. For each patient and matched control, blood samples were collected at the 749 

same time and manipulated in parallel to avoid any bias.  750 

G- Treatment of CD34
+
-derived MK with CX-5461 at day 11. Effects of treatment were 751 

analyzed after 48h. The left panel: translation levels, RPS6 and p-RPS6 were analyzed 752 

by flow cytometry in healthy cells. The right panel: PLP and p-RPS6 were quantified 753 

by flow cytometry in ETV6-variant carriers. PLP were analyzed in supernatant in 754 

“platelet gate” (FSC low SSC low) and by expression of CD42a and MitoGreen, and 755 

were normalized on MK number (FS high SSC high, and CD42a expression). 756 
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