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Key points 

 

• RUNX1 haploinsufficiency results in a deficiency of megakaryocyte-biased hematopoietic progenitor 

cells (HPCs). 

 

• RUNX1 haploinsufficiency elevates druggable proinflammatory and TGFβR1-related pathways in 

HPCs. 
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Abstract 

 

Patients with familial platelet disorder with a predisposition to myeloid malignancy (FPDMM) harbor 

germline monoallelic mutations in a key hematopoietic transcription factor RUNX1. Previous studies of 

FPDMM have focused on megakaryocyte (Mk) differentiation, and platelet production and signaling. 

However, the effects of RUNX1 haploinsufficiency on hematopoietic progenitor cells (HPCs) and 

subsequent megakaryopoiesis remains incomplete. To address this issue, we studied induced-

pluripotent stem cell (iPSC)-derived HPCs (iHPCs) and Mks (iMks) from both patient-derived lines and 

a wildtype line modified to be RUNX1 haploinsufficient (RUNX1+/-), each compared to their isogenic 

wildtype control. All RUNX1+/- lines showed decreased iMk yield and depletion of a Mk-biased iHPC 

subpopulation. To investigate global and local gene expression changes underlying this iHPC shift, 

single-cell RNA sequencing was performed on sorted FPDMM and control iHPCs. We defined several 

cell subpopulations in FPDMM Mk-biased iHPCs. Analyses of gene sets upregulated in FPDMM 

iHPCs indicated enrichment for response to stress, regulation of signal transduction and response to 

cytokine gene sets. Immunoblotting studies in FPDMM iMks were consistent with these findings, but 

also identified augmented baseline c-Jun N-terminal kinase (JNK) phosphorylation, known to be 

activated by transforming growth factor β1 and cellular stressors. J-IN8 and RepSox, small drugs 

targeting these pathways, corrected quantitative defects in FPDMM iHPC production. These findings 

were confirmed in adult human CD34+-derived stem and progenitor cells transduced with lentiviral 

RUNX1 short-hairpin (sh) RNA to mimic RUNX1+/-. These mechanistic studies of the defect in 

megakaryopoiesis in FPDMM suggest druggable pathways for clinical management of 

thrombocytopenia in affected patients. 
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Introduction 

  

The runt-related transcription factor 1 (RUNX1) is critical in definitive hematopoiesis, lymphopoiesis 

and myeloid differentiation1-4. Patients with familial platelet disorder with predisposition to myeloid 

malignancy (FPDMM) harbor germline monoallelic mutations in RUNX1 and often present with 

thrombocytopenia and bleeding5. These individuals also have an increased lifetime risk of acquiring 

myeloid dysplasias and malignancies6. Investigations of FPDMM patients have focused on the role of 

RUNX1 haploinsufficiency (RUNX1+/-) in megakaryopoiesis, and platelet number and function7-18. The 

effect of RUNX1+/- on hematopoietic stem and progenitor cell (HSPCs) differentiation has not been 

well studied though such cells may contribute to both the megakaryocyte (Mk) and platelet defects 

and oncogenic evolution.  
 

HSPCs sit atop the hematopoietic hierarchy19-21, but are not comprised of homogenous populations 

transitioning through sequential intermediate progenitor stages into all mature blood lineages. Single-

cell transcriptomics, single-cell functional assays, and lineage-tracing studies show that phenotypic 

HSPCs consist of subpopulations with variable long-term self-renewal potential that are 

transcriptionally and functionally unipotent or biased toward production of certain blood lineages, and 

undergo early molecular lineage commitment in hematopoiesis22-26. In particular, von Willebrand 

factor-expressing (vWF+) hematopoietic stem cells in mice have long-term multilineage reconstitution 

potential, but are skewed towards the Mk lineage22,25. In human hematopoiesis there are Mk-restricted 

progenitors in the immunophenotypic HSPC and common myeloid progenitor compartments that 

display in vivo self-renewal and robust platelet-producing activity upon xenotransplantation27,28. Mk-

biased HSPCs are responsive to stress and inflammation25,26,29. The degree and direction of HSPC 

lineage bias is linked to levels of transcription factor gene modules, such as GATA2/NFE224,28, which 

together with RUNX1 form key regulatory networks utilized by HSPCs30,31. 
 

Heterozygous mutant Runx1 mice do not recapitulate FPDMM4,32,33. Conditional Runx1 mutant mice 

display myeloid differentiation defects and paradoxical expansion of HSPCs3,32,34. These species 

differences have focused etiologic studies of FPDMM to RUNX1+/- human induced-pluripotent stem 

cells (iPSC) that seem to replicate the megakaryocytic defects seen in FPDMM patients35-37. Such 

studies showed that RUNX1+/- results in an ~50% level of final Mks per initial iPSC-derived 

hematopoietic progenitor cell (iHPC) compared to isogenic controls36. A defect in NOTCH signaling 

has been proposed to be linked to the observed decrease in Mk yield37.  
 

We have similarly studied iHPCs and the resultant Mks (iMks) from affected individuals to understand 

the relationship between the decrease in Mk yield and a defect in HPCs. Our data confirmed the 

previously observed defect in megakaryopoiesis caused by FPDMM11,35,36, but also identified a 

marked deficiency of a Mk-biased iHPC population. By single-cell RNA sequencing (scRNA-SEQ), 
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this deficiency was associated with an increase in gene sets associated with response to stress, 

regulation of signal transduction and response to cytokine. We also observed an increase in the 

stress pathway by upregulation of c-Jun N-terminal kinase (JNK) 2 phosphorylation and increased 

sensitivity to transforming growth factor beta (TGFβ) 1. Drugs that block these pathways correct the 

megakaryopoiesis defect. Since iPSCs are embryonic in nature, and may generate an immature blood 

developmental program, we used an short-hairpin (sh) RNA approach to mimic RUNX1 

haploinsufficiency in adult CD34+-HSPCs, referred to here as RUNX1 insufficiency (RUNX1in),  and 

observed Mk deficiency associated with a decrease in a Mk-biased HSPC population correctable by 

blocking JNK and TGFβ receptor 1 (TGFβR1) signaling. The mechanistic and therapeutic implications 

of these findings for patients with FPDMM are discussed.  
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Materials and methods   

  

iPSC lines and mobilized, peripheral-blood-derived, adult CD34+ cells  

All iPSC constructs studied are noted in Figure Supplement (S) 1. The establishment of line L1 was 

done with Institutional Review Board approval and carried out in accord with the Helsinki Principles. 

Granulocyte colony-stimulating factor-mobilized CD34+-derived peripheral-blood HSPCs were 

purchased from the Fred Hutchinson Cancer Research Center Hematopoietic Cell Procurement and 

Processing Services Core38,39.  

 

Flow cytometry and cell sorting 

Flow cytometric analyses were performed on a CytoFLEX LX flow cytometer (Beckman Coulter) and 

analyzed using FlowJo software v10.6 (Becton-Dickinson). CD235a+CD41+ surface markers were 

used to isolate and enumerate iHPCs, whereas CD34+CD38-CD45RA-CD41+ surface markers were 

used to isolate and enumerate adult CD34+ HSPCs. Absolute numbers of iPSC- or CD34+-derived 

Mks were determined using annexin V binding in combination with CD41 and CD42 cell surface 

markers. For a full list of the labeled markers, antibodies and their sources, see Table S1. A FACS 

Jazz (Becton-Dickinson) was used to sort cells using a 100 µm nozzle. Gating schemes for iHPCs 

and CD34+ HSPCs are provided (Figures S2 and S3). 

  

Statistical analysis 

Statistical analysis was performed using one-way and two-way ANOVA, and data reported as ± 1 

standard error of the mean (SEM), using GraphPad Prism version 8 (GraphPad Software). Differential 

expression analysis of input genes and P-values used to generate Volcano plots were computed in 

Loupe Cell Browser by negative binomial exact test, which generates P-values that are then adjusted 

for multiple tests using the Benjamini-Hochberg procedure to decrease the false discovery rate40. 

Differences were considered significant when P values were <0.05. 

 

Additional methodology 

See Supplemental Methods for additional details of RUNX1+/- CD34+ HSPC creation and analysis, 

analysis of hematopoietic differentiation, scRNA-SEQ library preparation, data pre-processing and 

analysis, and Western blotting and immunofluorescence studies. 
 

Data Sharing Statement 

Data generated during this study have been deposited in the Gene Expression Omnibus (GEO)  

 (GSE149136). 

 

 
  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 24, 2020. ; https://doi.org/10.1101/2020.08.23.260281doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.260281


7 

Results 

 

Effect of RUNX1+/- on Mk-biased progenitors that emerge with other iHPCs 

FPDMM patients display defects in Mks and platelets11-13,16,17,36. Whether these phenotypes stem from 

defects in earlier HSPC populations is unclear. HSPCs displaying Mk-biased lineage commitment 

have been reported in mice and humans22,25,27,28. Whether these early progenitors are affected in 

RUNX1+/- has yet to be examined. To investigate the effect of RUNX1+/- on early Mk-biased HPCs in 

FPDMM patients, we utilized three distinct RUNX1+/- iPSC lines and their isogenic control (Figure S1). 

L1 was from an FPDMM patient harboring a previously characterized monoallelic splice-site acceptor 

mutation in RUNX1 intron 341, and its isogenic mutation-corrected line, L1-C. A second set included a 

previously-established wildtype line (WT) altered to introduce this splice mutation (WT-L1). A third set 

included RUNX1+/- L2 with a C�A transversion in RUNX1 exon 7 that introduced a stop codon in 

RUNX1’s transactivation domain35 and its isogenic control L2-C35. These six lines were exposed to a 

directed hematopoietic differentiation program to generate iHPCs, which arise as free-floating 

CD235+CD41+ cells on Day 7 of culture (Figure 1A and 42,43) as these markers enrich for multipotent 

progenitor cells43,44. They were then differentiated into Mks (Figure 1A)45. All three RUNX1+/- lines 

showed decreased iMk yield per iHPC (Figure S4A). Reduction in RUNX1 levels in terminal iMks was 

validated for lines L1 and L2 (Figure S4B), consistent with FPDMM patients11 and prior iMk studies35-

37.  
 

We tested whether we could detect a Mk-biased iHPC population, analogous to the adult human Mk-

biased HSPC population,27,28,46 and whether this population is deficient in RUNX1+/-. We evaluated 

iHPCs for intracellular stores of vWF, a known Mk- and endothelial cell-associated marker, shown to 

be enriched in murine Mk-biased HSPCs22. Using intracellular flow cytometry and 

immunofluorescence (IF) microscopy, we detected vWF expression in all normal and RUNX1+/- iHPCs 

with no significant difference (Figures S5A and S5B). Similarly, although we detected expression of 

Mk-associated α-granule protein TREM-like transcript-1 (TLT-1) in iHPCs, we did not see any 

significant subpopulation of iHPCs based on TLT1 nor a difference between the controls and 

RUNX1+/- iHPCs (Figure S5C, and not shown).  
 

We did identify a novel CD235+CD41+CD42a+ iHPC subpopulation (Figures 1A to 1C, and Figures 

S3A and S3B). CD42a is the Mk-specific protein, glycoprotein (GP) IX, a component of the Mk-

specific GPIb/IX receptor47,48.  We sorted CD42a- and CD42a+ subpopulations from CD41+CD235+ 

iHPCs and seeded equal numbers in Mk-, erythroid and myeloid-colony forming assays. Both control 

and RUNX1+/- CD42a- iHPCs, displayed trilineage potential, while both CD42a+ iHPCs produced near-

exclusive Mk colonies (Figure 1D). For all RUNX1+/- iPSC lines, there was a 50-80% decrease in 

CD42a+ iHPCs compared to control (Figures 1B and 1C, and Table S2). In addition, RUNX1+/- iHPCs 

had a near-absence of large Mk colony formation (Figure 1E), suggestive of a proliferative defect in 
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these cells. Whether this defect delayed CD42a+ iHPC emergence from RUNX1+/- iPSCs was tested 

and showed defective CD42+ iHPCs continuing beyond Day 7 (Figure S6). These results suggest 

RUNX1+/- severely affects the development of Mk-biased progenitors emerging concurrent with other 

iHPCs. 

 

scRNA SEQ identifies novel deregulated pathways in RUNX1+/- iHPCs 

To gain insights into the global and local transcriptomic changes underlying defective production of 

CD42a+ iHPCs in RUNX1+/-, we performed scRNA SEQ on sorted CD42a- and CD42a+ iHPCs from L1 

and L1-C. There were on average 11,328 reads per cell with an average of 2,081 genes expressed. 

To identify and analyze distinct subpopulations in the control and RUNX1+/- iHPCs, dimension 

reduction was performed and cell clustering was visualized using uniform manifold approximation and 

projection (UMAP)49. Based on differentially expressed (DE) genes, 8 transcriptomic cell clusters were 

defined in CD42a+ iHPCs in both control and RUNX1+/- iHPCs (Figure 2A and Table S3). To identify 

changes due to RUNX1+/-, we compared the numbers of DE genes between clusters. L1-C and L1 

CD42a+ iHPCs, clusters 1, 3, 4 and 7 showed the highest numbers of DE genes (Figure S7A). 

Functional enrichment profiling of genes upregulated in L1-C iHPCs clusters50 was consistent with 

previous scRNA-SEQ studies showing a large contribution of cell cycle genes to transcriptional 

heterogeneity observed in differentiating hematopoietic cells51, particularly stem and progenitor 

cells52,53. L1-C CD42a+ iHPCs, clusters 1 and 3 were enriched in cell cycle-related biological 

processes, whereas cluster 7 showed broad enrichment in myeloid- and especially Mk/platelet-

associated genes. Cluster 4 in L1-C CD42+ iHPCs was enriched for both types of biological processes 

(Figure 2B), suggesting an intermediate state of maturation.  

 

Most genes from a curated list of 133 known Mk-associated genes (Table S4) did not show significant 

differences in global DE analysis between CD42a- and CD42a+ iHPCs subpopulations (Figures S7C, 

S8 and S9A, and Table S5). We believe that clusters enriched in cell cycle genes are proliferating 

iHPCs, whereas those deficient are likely to be iHPCs further along in maturation (Figures S10 and 

S11, and Table S6). In support, gene-set enrichment analysis (GSEA) indicates that in both lines, 

CD42a+ iHPCs show enrichment of Mk progenitor- and myeloid-associated genes, and depletion of 

erythroid-associated genes, consistent with an early Mk-bias (Figure S12). Analysis of gene sets 

upregulated in L1 CD42a+ iHPC clusters revealed enrichment of several processes, including platelet 

degranulation, cytokine-mediated signaling, and regulation of cellular response to stress (Figure 2C 

and Table S7). Many genes found in these enriched processes were also DE in global analyses when 

comparing all cell clusters from L1-C and L1 CD42+ iHPCs (Figures 2D and 2E, and Table S8).  
 

For CD42a- iHPCs, RNA SEQ was done on N=2,909 L1-C cells and 2,270 L1 cells. UMAP clustering 

defined 6 transcriptomically distinct cell clusters (Figure 3A). Functional profiling of control L1-C 
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CD42a- iHPC clusters showed a similar pattern of distinct cluster-specific enrichment of cell cycle and 

erythroid, myeloid and Mk/Plt gene sets (Figure 3B). Interestingly, DE genes in RUNX1+/- CD42a- 

iHPC clusters showed broad enrichment for stress-associated processes (Figure 3C), although L1 

CD42+ iHPCs showed a greater number of DE and upregulated genes than L1 CD42a- iHPCs 

(Figures 3D and 3E, Figure S7A-B), wherein functional profiling revealed a similar enrichment for 

stress-associated and pro-inflammatory processes (Figure S9B).  
 

Our analysis of Mk/platelet-associated genes in RUNX1+/- CD42+ iHPCs indicated that TGFB1 was 

among the highest DE genes overall (Figure 2E) and that thrombospondin 1 (THBS1), a negative 

regulator of megakaryopoiesis known to be involved in regulating TGFβ1 activity54,55, was also among 

the highest DE genes in cluster-specific analyses (Figure S13). Together, local and global analyses of 

genes in RUNX1+/- L1 iHPCs revealed upregulated TGFβ1-related processes. 

 

Augmented TGFβ1 and JNK signaling in RUNX1+/- 

Many of the augmented cytokine and cellular stress response genes in the RUNX1+/- CD42a+ iHPCs 

involve TGFβR1-associated pathways56-61. Therefore, their deficiency could be due to elevated TGFβ1 

and/or TGFβR1-associated levels or signaling. As TGFβ1 is released in the marrow predominantly by 

Mks62,63, we tested whether RUNX1+/- iMks release excess TGFβ1; however, instead of elevated 

levels, we found decreased TGFβ1 levels in RUNX1+/- iMks (Figure 4A). With correction of quantitative 

defects in iMk yield in RUNX1+/- iMks cultures, TGFβ1 yield per iMk was similar in L1 compared to L1-

C iMk cultures (Figure 4B). We next tested whether defective RUNX1+/- CD42+ iHPC production and 

iMk yield were due, in part, to enhanced sensitivity to TGFβ1, isogenic control and RUNX1+/- iHPC 

cultures were exposed to increasing doses of recombinant human (rh) TGFβ1 protein, which is known 

to inhibit Mk proliferation64. RUNX1+/- cultures showed greater sensitivity to rhTGFβ1 (Figure 4C), 

which could be rescued by treatment with anti-TGFβ1 blocking antibodies65 (Figure 4D).  
 

We examined which components of TGFβ1 signaling pathway were responsible for enhanced TGFβ1 

sensitivity in RUNX1+/- cells by immunoblot studies on Day 13 iMks, focusing on canonical TGFβ1 

signaling pathways (Figure 4E). We did not detect differences in levels of TGFβR1, p21 and p57. 

SMAD 2/3 protein or phosphorylation levels were not detected in iMks from both L1-C and L1 by 

immunoblotting and by intracellular flow cytometry of iHPCs (Figure S14). Therefore, we next 

evaluated phosphorylation of c-Jun N-terminal kinase (JNK), a stress responsive mitogen-activated 

protein kinase (MAPK) that is known to be activated by TGFβ166. We identified a significant elevation 

of JNK phosphorylation in RUNX1+/- CD42+ iHPCs (Figure 4F) and iMks (Figures 4G and 4H) not due 

to JNK protein levels (Figure 4G).  

 

Drug intervention to correct iMK deficiency from RUNX1+/- iHPCs 
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To determine whether decreasing JNK signaling in differentiating RUNX1+/- iHPCs would correct 

defective megakaryopoiesis, we evaluated the effect of JNK inhibition on iMk using the small molecule 

JNK inhibitors, J-IN867 and J-IX68. Treatment of L1 iHPCs with J-IN8 improved iMk yield, although J-IX 

did not (Figures 5A and 5B), which may be related to the relatively reduced potency and increased  

reversibility of J-IX inhibition68.  
 

We next tested whether targeting TGFβ1 signaling would improve iMk yield from RUNX1+/- iHPCs. 

RepSox (RS), a small compound TGFβR1 inhibitor, promotes human megakaryopoiesis and 

increases RUNX1 expression in vitro and in vivo-platelet release in mice69. RS-treatment improved 

iMk yield from L1- iHPCs to near L1-C levels (Figure 5C). Further, in colony-forming assays on sorted 

CD42- and CD42+ iHPCs, RS increased the number of iMk colonies, but did not significantly affect the 

numbers of erythroid and myeloid colonies (Figures 5D-F). We also tested the effect of these 

compounds on agonist-induced integrin αIIbβ3 activation as determined by PAC-1 binding on Day 13 

iMks. Thrombin-stimulated Day 13 iMks cultured with J-IN8 or RS showed no suppression of PAC-1 

binding compared to dimethyl sulfoxide (DMSO) vehicle-only controls, suggesting these drugs 

improve differentiation, but do not interfere with agonist-induced integrin activation signaling (Figure 

5H).  

 

Studies of RUNX1in adult CD34+ HSPCs  

FPDMM platelet defect and oncogenic risk involve adult hematopoietic tissues70. To determine 

whether our findings in iHPCs are applicable to adult hematopoiesis, we transduced mobilized, 

peripheral-blood CD34+ HSPCs with lentiviruses expressing RUNX1-targeting shRNAs (Figure S15). 

Both RUNX1 shRNAs 386 and 813 lentiviruses reduced by ~50% both RUNX1 message (Figure 6A) 

and Mk yield in liquid culture conditions (Figure 6B) compared to non-targeting (NT) shRNA controls.  
 

To identify an immunophenotypic Mk-biased HSPC subpopulation from the overall CD34+ HSPC 

population, we sorted for CD34+CD38-CD45RA-CD41+ HSPCs (CD41+ HSPCs) and CD34+CD38-

CD45RA-CD41- HSPCs (CD41- HSPCs). We demonstrate that CD41+ HSPCs almost exclusively form 

Mk colonies, whereas CD41- HSPCs displayed multilineage potential (Figure 6C). On Day 4 of culture, 

total numbers of RUNX1-386 shRNA-transduced CD41+ HSPCs were reduced and CD41- HSPCs 

increased compared to non-targeting shRNA controls (Figure 6D). When we seeded equals numbers 

of sorted cells, RUNX1in introduced by shRNA-transduction resulted in reduced Mk yield both in the 

CD41- and CD41+ HSPCs (Figure 6E). Thus, both Mk-biased and not biased HSPCs contribute to the 

observed decrease in megakaryopoiesis. RUNX1-386 shRNA also significantly reduced the Mk 

colony number, but erythroid and myeloid yields were either minimally affected or unaffected (Figure 

6C). This differs from the pan reduction in terminal hematopoietic lineages seen using RUNX1+/- 

iHPCs (Figure 2D), but is similar to what is observed in FPDMM patients where cytopenia is limited to 
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platelets71. Further analysis of sorted CD41- and CD41+ HSPCs on Day 6 of culture showed a 

marked enhancement of apoptotic cells in RUNX1in CD41+ HSPCs (Figure 6F). 
 

We next determined whether small molecule inhibitors of JNK and TGFβR1 signaling could promote 

Mk yield from RUNX1in HSPCs introduced by transduction with lentiviral shRNA. Sorted, mobilized 

peripheral blood CD34+ HSPCs were transduced with NT or RUNX1-targeting lentiviral shRNA and 

showed that both J-IN8 and RS corrected Mk yield per initial HSPC, but that J-IN8 displayed no 

statistically significant additive effect with RS on Mk yield (Figure 7A and data not shown). RS 

corrected the yield of Mks from both RUNX1in CD41- and CD41+ HPCs (Figure 7B), but did not affect 

erythroid or myeloid cells (Figures 7C and 7D, respectively). Moreover, a different TGFβR1 inhibitor, 

Galunisertib (GS), in clinical development72, also corrected Mk yield (Figure 7A). 

 

Previously defined defects in RUNX1+/- Mks 

Most groups studying RUNX1+/- have focused on the observed final Mk yield from iHPCs36,73 and from 

CD34+ HSPCs11,18. Our group and others have defined defects in multiple late cytoskeletal proteins 

(e.g., non-muscle myosins IIA and IIB, and myosin light chain 9) 36; granule contents or granule 

trafficking proteins (e.g., PF4, PLDN, RAB1B)15,17; platelet activation signaling proteins (e.g., ALOX12 

or MYL9)10 or Mk-lineage-enriched transcription factors (e.g., NFE2)13. A recent study using L2 iPSCs 

showed that NOTCH4 downregulation in iMks by RUNX1 was defective in RUNX1+/-, and that 

targeting NOTCH signaling with γ−secretase inhibitor DAPT corrected defective megakaryopoiesis37. 

We confirmed that RUNX1 regulates PF4 levels using lentiviral shRNA transduction in adult CD34+ 

HSPCs to introduce RUNX1in (Figure S16A). However, we did not detect elevation of NOTCH4 in 

RUNX1+/- iMks, studying line L1 (Figure S16B). We also tested the effect of γ-secretase inhibitor 

DAPT in adult CD34+ HSPCs with RUNX1 shRNA, and saw no significant improvement in Mk yield 

(Figure 7A). The basis for this difference in NOTCH4 role in RUNX1+/- iMk defect is unclear, but may 

be related to the use of different RUNX1+/- iPSC lines in the two studies. 
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Discussion 

 

FPDMM patients are at high risk for oncogenic progression, but initially manifest predominantly 

quantitative and qualitative platelet defects. Thus, many investigators have focused on the role of 

RUNX1 in Mks and platelets. How these insights in platelets may translate into other aspects of the 

disease is unclear. Recent reports have shown that the Mk lineage emerges, in part, early at the 

HSPC level, and that a subset of these cells display Mk features and a bias towards terminal Mks21. 

We reasoned that RUNX1 activity in HSPCs promotes Mk-biased differentiation and that targeting 

effected pathways elevated in these cells might correct at least the Mk and platelet defects. To this 

end, we explored several approaches, including an FPDMM iPSC-derived model of Mk-biased 

differentiation and shRNA-derived RUNX1in in adult CD34+ HSPCs. Both studies support that 

RUNX1+/-  results in a deficiency of Mk-biased progenitors which contribute to the observed Mk defect 

and that these Mk-biased progenitor defects are associated with elevations in druggable stress and 

proinflammatory pathways.  
 

Prior studies of single cell transcriptomics, lineage tracing and in vivo xenotransplantation assays 

provided evidence that the Mk lineage can be specified at the level of HSPCs19,21, and that 

differentiation directly toward the Mk/platelet lineage occurs under steady-state conditions and in 

response to inflammatory stimuli25,29. In mice, VWF expression marks adult HSCs with Mk-biased 

differentiation22. In humans, we detected VWF expression in both Mk-biased and -unbiased iHPCs, 

and both were unaffected by RUNX1+/-. Since CD41 and CD42 surface markers were reported to 

enrich for human common myeloid progenitors (CMPs) with Mk-bias27, and our iPSC system 

produces functionally multilineage primitive CMPs43,44, we examined whether CD42 surface 

expression can enrich for Mk-biased CD235+CD41+ HPCs and found that CD42+ Mk-biased iHPCs 

emerge concurrently with multipotent iHPCs. Our single cell transcriptomic data revealed the 

heterogenous nature of CD42+ iHPCs along with enrichment for several Mk-associated genes and 

depletion of cell cycle-associated genes. Comparison of our control iHPC transcriptomic data with 

published gene sets of terminal Mks74,75, Plts75, and Mk progenitors (MkPs)76,77, monocyte dendritic 

cell progenitors (MD-P), granulocytes (Gran), and erythrocyte progenitors (EryP)77 suggests that 

although most known Mk-associated genes are not significantly upregulated, CD42+ iHPCs are 

enriched for MkP- and granulocyte-associated genes, further supporting that these cells are not just 

early maturing Mks (Figure S12 and Table S5). 
 

We also investigated Mk bias using adult CD34+ HSPCs mobilized into the peripheral blood. We 

found that a subpopulation of immunophenotypic CD34+CD38- HSPCs express CD41 and are Mk-

biased in colony assays. The frequency of adult CD34+CD38-CD41+ progenitor cells (~25%) reported 

here is higher than prior reports in freshly isolated bone-marrow HSPCs27,78, likely due to longer time 

in HSPC expansion culture media containing fms-like tyrosine kinase 3 ligand (FLT3L), 
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thrombopoietin (TPO) and stem cell factor (SCF), which also promotes Mk differentiation. The 

lentiviral shRNA approach utilized here achieved ~50-70% reduction of RUNX1 levels in terminal adult 

Mks, and a Mk yield defect as anticipated. We show that RUNX1+/- causes marked defects in 

production of iMk progenitors; however, Mk-bias is intact in colony assays in RUNX1+/- CD42+ iHPCs, 

similar to control CD42+ iHPCs, suggesting RUNX1 promotes early iHPC to iMk commitment, but is 

not required for iMk bias itself.  

 

scRNA-SEQ revealed that RUNX1+/- CD42+ iHPCs display transcriptional deregulation associated with 

stress, immune and cytokine response pathways. Among DE Mk-associated genes we identified 

upregulation of TGFB1 and THBS1, both known for playing a role in TGFβR1 signaling54,55, 

suggesting elevated TGFβ1 signaling contributes to the underlying defect in RUNX1+/- iHPCs. Other 

upregulated genes in RUNX1+/- iHPCs, such as KLF6, TIMP3, and HIPK2 are reportedly associated 

with or induced by TGFβ1 signaling56,57,60. While we saw no elevation of TGFβ1 levels in conditioned 

media, RUNX1+/- iHPCs displayed enhanced sensitivity to TGFβ1 and enhanced baseline JNK2 

phosphorylation, known to be activated by TGFβ166. Further investigation is required to determine 

how RUNX1 regulates these genes, the role of these molecules in the CD42+ iHPC defect, and 

whether these pathways offer druggable targets in FPDMM patients that would improve the platelet 

defect and perhaps the oncogenic proclivity. We treated RUNX1+/- HPCs with TGFβR1 and JNK 

inhibitors to determine if TGFβ1-associated signaling played a role in our embryonic model of 

FPDMM, and found a significant correction of megakaryopoiesis. Additionally, treatment of RUNX1+/- 

HPCs with a TGFβR1 inhibitor in colony assays showed selective improvement of the Mk progenitor 

defect. The response of adult CD34+ HSPC controls to TGFβR1 inhibition was greater than RUNX1in 

CD34+ HSPCs in colony assays (Figure 7B), suggesting additional TGFβR1-independent pathways 

may be involved. Nonetheless, these results support our hypothesis that elevated TGFβ1-associated 

and JNK2 signaling pathways in RUNX1+/- contribute to defective megakaryopoiesis.  
 

In summary, we demonstrate that RUNX1+/- causes defects in early hematopoietic cells and in Mk 

lineage differentiation. RUNX1 activity in these cells is important for repression of TGFβR1/JNK2-

associated signaling, and proinflammatory pathways that inhibit Mk progenitor differentiation and 

expansion. These studies, which extend RUNX1 function in terminal megakaryopoiesis to also 

promoting the earliest stages of Mk specification from HSPCs, have implications for developing better 

human models of FPDMM and provide insights that may lead to therapeutic strategies to alleviate the 

platelet defects and perhaps prevent the preleukemic evolution in FPDMM. Further work is needed to 

determine if blocking aberrant signaling in RUNX1+/- progenitor cells will restore platelet counts and 

suppress progression of progenitor cells towards myelodysplastic/leukemic transformation in FPDMM 

patients. 
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Figure Legends 

 

 

Figure 1. Deficiency in a Mk-biased CD42a+ subpopulation in RUNX1+/- iHPCs. 

(A) Schematic of megakaryopoiesis in a human iPSC system highlighting generation of iHPCs and 

iMks. On Day 7 after exposure of adherent iPSCs to a directed differentiation protocol, free-floating 

multipotent CD235+CD41+ iHPCs emerge that include CD42a- and CD42a+ iHPC subpopulations. (B) 

Flow cytometric analysis of Day 7 iHPCs showing the CD42a+ iHPC subpopulation that is present at 

similar frequencies in all control lines, but is severely reduced in all RUNX1+/- lines. (C) is quantitation 

of (B) showing the mean number of CD42+ iHPCs detected normalized per well of iPSCs seeded ± 1 

standard error of the mean (SEM). N = 5-15 studies/arm. P value was determined by Student’s t-test. 

(D) Colony-forming assays of L1-C versus L1 iHPCs, showing quantitation of mean numbers of Mk, 

erythroid, and granulocyte/macrophage colonies normalized to the number of Day 7 iHPCs seeded ± 

1 SEM. N = 4 studies/arm. P value was determined by Student’s t-test. (E) Same as (D), but for large 

Mk colonies (>20 Mks/colony). 
 

 

 

Figure 2. scRNA-SEQ analysis of Mk-biased CD42+ iHPCs.  

(A) Identification and visualization of transcriptional heterogeneity within sorted L1-C and L1 CD42+ 

iHPCs by dimensionality reduction using UMAP. (B) and (C) Gene ontology analyses using lists of 

genes from select clusters with highest detected numbers of DE genes to show functional enrichment 

in (B) control CD42a+ iHPC clusters only or (C) processes upregulated in  L1-C versus L1 CD42+ 

iHPCs. (D) and (E) Volcano plots showing significantly changed genes (D) among all DE genes or (E) 

focusing on Mk/platelet-associated genes when comparing L1-C to L1 CD42a+ iHPCs across all 

clusters. To improve clarity, only select genes are shown and labeled (see Tables S5 and S6 for a full 

list). Filled red circles denote significantly changed genes, whereas unfilled red circles indicate DE 

genes that are not Mk/platelet-associated genes.  
 

 

Figure 3. scRNA-SEQ analysis in CD42a- iHPCs and comparison of deregulated genes in 

RUNX1+/- CD42a- and CD42a+ iHPCs. 

(A) Identification and visualization of transcriptional heterogeneity within sorted L1-C and L1 CD42- 

iHPCs by UMAP. (B) and (C) Gene ontology analyses using lists of genes from select clusters with 

highest detected numbers of DE genes to show functional enrichment in (B) control CD42a- iHPC 

clusters only or (C) processes upregulated in RUNX1+/- L1 compared to L1-C CD42a- iHPCs. (D) and 

(E) Venn diagrams comparing similarities and differences in DE and upregulated genes in RUNX1+/- 

CD42- and CD42+ iHPCs for (D) all DE genes or only (E) upregulated genes. 
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Figure 4. Augmented TGFβ1 and JNK signaling in RUNX1+/- iHPCs and iMks. 

(A) and (B) ELISA of TGFβ1 levels in iMk culture conditioned medium. Cell culture supernatants were 

collected from L1-C and L1 Day 13 iMk liquid cultures and used to measure levels of active TGFβ1. 

(A) Mean ± 1 SEM of TGFβ1 without normalization for differences in iMk number and (B) with 

normalization for iMk numbers. N = 5 studies/arm with P values determined by Student’s t-test. (C) 

Effect of TGFβ1 exposure on Mk yield from L1-C and L1 iHPCs. Cultures were exposed to rhTGFβ1 

for 5 days at indicated doses, and Mk yield was quantified per input iHPC as in Figure 1C. Results are 

shown as a percent of untreated iMk yield. (D) Effect of 20 µg/mL anti (α) -TGFβ blocking antibodies 

(Abs) on Mk yield suppression resulting from TGFβ1 exposure. Mean ± 1 SEM. N = 6 studies/arm with 

P values calculated two-way ANOVA. (E)-(G) are immunoblots. (E) Day 13 iMk proteins with 

antibodies directed against TGFβR1, p21, p57 and pSMAD2/3 with GAPDH as a loading control. (F) 

Day 7 iHPC immunostained with antibodies against phosphorylated (p) JNK. Mean ± 1 SEM. N = 4 

studies/arm with P values calculated Student’s t-test. (G) Elevated JNK phosphorylation in Day 13 L1 

iMks. These iMks were solubilized and immunoblotted with antibodies against pJNK, total JNK and 

vinculin as a loading control. (H) Experiments in (G) were scanned and quantified optical density. 

Mean ± 1 SEM is shown with N = 6 studies/arm with P values calculated by Student’s t-test. 
 

 

 
Figure 5. Drug intervention to correct iMK deficiency from RUNX1+/- iHPCs. 

(A) and (B) Representative flow cytometric analysis L1-C and L1 Day 13 iMks cultures treated with 

DMSO or J-IN8 and then stained with antibodies against Mk surface markers CD42a and CD41. (B) 

Mean ± 1 SEM quantitation of the effect of 0.6 μM JNK inhibitors (J-IN8 or JIX) on iMk yield as % 

DMSO-treated L1-C controls. N = 4 studies/arm with P values calculated one-way ANOVA. (C) 

Quantitation of the effect of 0.1 µM RS on iMk yield as in (B). N = 4-6 studies/arm with P values 

calculated one-way ANOVA. (D)-(F) Colony-forming assays performed using sorted L1-C and L1 

CD42a- and CD42a+ iHPCs treated with DMSO or RS (0.1 μM). Sorted cells were seeded in megacult 

media for (D) Mk colonies, or methacult media for (E) erythroid colonies, and (F) 

granulocyte/macrophage colonies. Mean ± 1 SEM is shown with N = 4 studies/arm with P values 

calculated two-way ANOVA. (H) Quantitation of response of agonist-induced PAC-1 binding in drug-

treated L1-C and L1 iMks. After 5 days of culture in the presence DMSO, RS or J-IN8, Day 13 iMks 

were collected, stained with Mk surface markers, and an integrin αIIbβ3 activation-dependent 

monoclonal antibody PAC-1, and  stimulated with 0.1U/mL thrombin as described45. Mean ± 1 SEM is 

shown with N = 3 studies/arm with P values calculated two-way ANOVA. 
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Figure 6. Studies of RUNX1in adult CD34+ HSPCs. 

RUNX1-targeting or NT shRNA lentiviral (Figure S2) transduced CD34+ HSCs. (A-F) Mean ± 1 SE

with P values calculated by Student’s t-test. (A) Quantitation of RUNX1 mRNA levels in Day 14 

cultures by quantitative PCR with RUNX1 levels in NT control shRNA-treated cells set as 1. N = 

studies/arm. (B) Day 14 Mk yield ± 1 SEM from RUNX1 shRNA-transduced CD34+ HSPC cultures

a percentage of NT control shRNA. N = 3-5 studies/arm. (C) Colony-forming assays performed us

sorted NT- and RUNX1 shRNA-expressing CD41- and CD41+ HPSCs. Sorted cells were seeded

megacult media for Mk colonies or methacult media for erythroid colonies, a

granulocyte/macrophage colonies. Mean ± 1 SEM are shown for N = 4 studies/arm. (D) Quantitat

of the number of Day 4 CD41- and CD41+ HSPCs in NT and RUNX1-shRNA lentiviral transduced ce

as a percentage of NT shRNA control HSPCs. N = 3-5 studies/arm. (E) Mean ± 1 SEM of Day 14 M

from sorted CD41- and CD41+ HPSCs as a percentage of NT control. N = 4 studies/arm. (F) Mean 

SEM of percent Annexin V positive cells in Day 6 sorted CD41- and CD41+ HSPCs.  
 

 

Figure 7. Effect of drugs on megakaryopoiesis in RUNX1in adult CD34+ HSPCs.  

Studies as in Figure 6, but with added J-IN8, RS, GS, and DAPT. In (A) through (D), mean ± 1 SE

are shown. N = 4 studies/arm. P values were calculated by two-way ANOVA. (A) Drug effects

correcting the Mk yield per HSPC of RUNX1- versus NT-shRNA lentiviral-transduced CD34+ HSP

after exposure to J-IN8 (0.1 μM),  RS (0.1 μM), GS (0.1 μM) or DAPT (10 μM) added Days  5-14. 

D) Effect of RS on colony-forming assays performed using sorted NT- and RUNX1 shRNA-express

CD41- and CD41+ HPSCs. Sorted cells were seeded in megacult media for (B) Mk colonies,

methacult media for (C) erythroid colonies, and (D) granulocyte/macrophage colonies.  
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