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Short title: Role of ENT1 in murine and human erythropoiesis 

Key points:  

- Deficiency of the equilibrative nucleotide transporter ENT1 results in abnormal 

erythropoiesis in humans and mice 

- Inhibition of the ABCC4 cyclic nucleotide exporter enhances erythroid differentiation 

in the absence of ENT1.   
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Abstract  

The tight regulation of intracellular nucleotides is critical for the self-renewal and lineage 

specification of hematopoietic stem cells (HSCs). Nucleosides are major metabolite precursors 

for nucleotide biosynthesis and their availability in HSCs is dependent on their transport 

through specific membrane transporters. However, the role of nucleoside transporters in the 

differentiation of HSCs to the erythroid lineage and in red cell biology remains to be fully 

defined. Here, we show that the absence of the equilibrative nucleoside transporter (ENT1) in 

human red blood cells (RBCs) with a rare Augustine-null blood type (AUG:-1) is associated 

with macrocytosis, anisopoikilocytosis, an abnormal nucleotide metabolome, and deregulated 

protein phosphorylation. A specific role for ENT1 in human erythropoiesis was demonstrated 

by a defective erythropoiesis of human CD34+ progenitors following shRNA-mediated 

knockdown of ENT1. Furthermore, genetic deletion of ENT1 in mice was associated with 

reduced erythroid progenitors in the bone marrow, anemia and macrocytosis. Mechanistically, 

we found that ENT1-mediated adenosine transport is critical for cAMP homeostasis and the 

regulation of erythroid transcription factors. Notably, genetic investigation of two ENT1null 

individuals demonstrated a compensation by a loss-of-function variant in the ABCC4 cyclic 

nucleotide exporter. Indeed, pharmacological inhibition of ABCC4 in Ent1-/- mice rescued 

erythropoiesis. Overall, our results highlight the importance of ENT1-mediated nucleotide 

metabolism in erythropoiesis.  
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Introduction 

The commitment of hematopoietic stem cells (HSCs) to the erythroid lineage is a complex 

process controlled by extrinsic factors as well as the physical interaction of HSCs with their 

microenvironment1–5. Nutrient resources and their transport has recently emerged as key 

regulators of HSC proliferation and lineage commitment6–8. Notably, a sufficient intracellular 

nucleotide pool has been shown to be essential for erythroid lineage commitment of HSCs6. 

Nucleotide biosynthesis is regulated by the intracellular availability of glutamine and the 

shunting of glucose from glycolysis pathway through the pentose phosphate pathway6. 

Nucleotides are indispensable precursors for RNA and DNA synthesis and are extremely 

important for cell division9,10. Balanced pools of intracellular nucleotides are crucial to avoid 

DNA damage in erythroid and lymphoid lineages11–14. Furthermore, nucleotide homeostasis is 

also crucial for terminal erythroid differentiation and the generation of mature red blood cells 

(RBCs). cAMP- and cGMP-mediated signaling is associated with the regulation of 

erythropoiesis through the modulation of numerous signaling pathways15–23 and the activation 

of important erythroid-specific transcription factors24,25.  

HSCs lack the capacity to carry out de novo nucleoside synthesis26 and thus rely on membrane 

transporters to acquire nucleosides for DNA and RNA synthesis and ATP production26. The 

major source of nucleoside recycling is the degradation of nucleic acids, arising from 

autophagic (or phagocytic) pathways26 and the degradation of nucleotides in the extracellular 

compartment. The equilibrative nucleoside transporter 3 (ENT3) is the major nucleoside 

transporter responsible for maintaining nucleoside homeostasis in lysosomal and mitochondrial 

compartments27,28. In humans, ENT3 alteration causes numerous genetic disorders with a wide 

spectrum of clinical manifestations including hematological abnormalities29–33. 

Mechanistically, the altered commitment of ENT3-deficient HSCs is caused by the loss of 
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lysosomal adenosine transport, which impedes autophagy-regulated HSC fates33. However, 

ENT1 is the major plasma membrane transporter in HSCs that ensures nucleoside uptake from 

the extracellular compartment34,35. ENT1 plays a central role in the homeostasis of plasma 

adenosine which is generated extracellularly by the degradation of ATP via the 

ectonucleotidases CD39 and CD7336,37. While extracellular uptake of nucleosides is an 

important step in nucleotide biosynthesis, its specific contribution in driving HSC lineage 

commitment remains to be defined. This is of critical interest as humans with ENT1 deficiency, 

due to a c.589+1G>C mutation in the SLC29A1 gene encoding ENT1, have recently been 

described38. 

Here, we demonstrate that ENT1 deficiency in humans and mice is associated with erythroid 

defects and identify a functional link between ENT1 and ABCC4-mediated cyclic nucleotide 

metabolism in erythroid differentiation. Our genetic and pharmacological findings open new 

avenues for the development of novel therapeutic strategies for the treatment of anemia.  

Methods 

Detailed protocols for all methods are provided in supplemental methods. 

Blood samples 

Fresh peripheral blood samples were obtained from healthy donors from the Etablissement 

Français du Sang (EFS) and ENT1null patients after obtaining written informed consent.  

Ex vivo erythropoiesis 

Human primary CD34 cells, isolated from the peripheral blood of patients and healthy donors 

or from cord blood, were cultured as described in the Supplemental Methods.  

Lentiviral ENT1 knockdown 

ENT1 was downregulated in CD34+ progenitors using an shRNA approach.  

Metabolomics and phosphoproteomics 
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Phosphoproteomic analyses were performed using the label free proteomic methodology. 

Intracellular pools of nucleotides were quantified by high-performance liquid chromatography 

mass spectrometry (HPLC-MS). 

Ent1-/- mice model 

All protocols involving animal studies were reviewed and approved by the Institutional Animal 

Welfare Committee of the University of Texas Health Science Center at Houston.  

Results 

ENT1-deficiency in human RBCs is associated with membrane and metabolomic 

disorders  

A homozygous splicing mutation in the SLC29A1 gene was previously identified in three 

Augustine-null phenotype siblings (P1, P2, P3), resulting in total deficiency of ENT138 (Figure 

1A; Supplemental Figure S1). RBC indices of the three ENT1null probands revealed 

macrocytosis (MCV; 104-108 fL) and increased cell hemoglobin (Hb) content (MCH; 34-37 

pg) but normal cell Hb concentration (MCHC) (Supplemental Table S1). The normal 

reticulocyte counts in all probands are consistent with the absence of anemia and hemolysis 

(normal LDH and haptoglobin values). However, morphological examination revealed >40% 

of RBCs with altered cell shapes and sizes, a characteristic of anisopoikilocytosis, in all three 

patients (Figure 1B). While RBCs from P1 and P2 showed similar morphological alterations, 

the blood smear of P3 revealed a more severe phenotype with the presence of elliptocytes and 

a higher percentage of schizocytes (Figures 1B; 1C). Furthermore, in conjunction with more 

severe morphological abnormalities, RBC membrane deformability was impaired in the P3 

proband as reflected by the extent of increase in Elongation Index (EI) as a function of 

increasing applied shear stress39 (Figure 1D). ENT1null RBCs displayed heterogenous osmotic 

gradient ektacytometry profiles, confirming distinct RBC changes in these patients with the 

profile in P3 consistent with elliptocytosis (Figure 1E). This macrocytosis was not due to 
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deficiency of either Vitamin B12 or folate in ENT1null probands since their levels were within 

the normal range (539±134 pmol/L and 9.2±0.2 nmol/L, respectively). Except for moderate 

ectopic mineralization also observed in slc29a1−/− mice40, ENT1null probands did not exhibit 

significant non-hematological clinical manifestations38.  

To further evaluate the RBC membrane defect in ENT1null RBCs, we performed a comparative 

global phosphoproteomic analysis of RBC membrane proteins. This analysis was performed as 

changes in cyclic nucleotide levels have long been known to impact protein kinases and thereby 

the phosphorylation state of the cell41. Phosphoproteome analysis identified 501 serine, 

threonine and tyrosine phosphorylation sites in 182 cytoskeletal and transmembrane proteins 

across all samples (Supplemental Excel file). Ten serine sites were differentially 

hypophosphorylated in eight proteins from ENT1null RBCs (Figure 1F, p<0.01; Supplemental 

Figure S2); these proteins included membrane proteins such as spectrin, ankyrin, adducin and 

protein 4.1 as well as non-membrane proteins such as ALDOA. Notably, these membrane 

proteins form a complex that is critical for membrane stability and RBC morphology42,43. 

Interestingly though, Triton X-100 extractability of these proteins from ENT1null RBCs was 

unchanged compared to controls (Supplemental Figure S3), suggesting that other molecular 

mechanism(s) besides spectrin-based skeletal complexes underlie the abnormal RBC 

morphology of ENT1null individuals. On the other hand, two proteins were hyperphosphorylated 

in ENT1null RBCs as compared to controls; the chloride nucleotide-sensitive channel CLNSA1 

(also called pICln) and PNPLA6 (Figure 1F, p<0.01). Interestingly, CLNSA1 has been shown 

to regulate RBC volume via its interaction with the 4.1R protein44. Moreover, some differences 

in protein phosphorylation can be appreciated among ENT1null ghosts (Supplemental Excel 

file).  
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As ENT1 is the major nucleoside transporter in RBCs45, we evaluated the nucleotide-derived 

metabolites in ENT1null RBCs by HPLC-MS. Importantly, we noted that the intracellular levels 

of both purine and pyrimidine nucleotides (dCTP, dCDP, CMP, GTP, and dATP) were 

significantly increased in ENT1null RBCs compared to control RBCs (Figure 1G, p<0.05, 

p<0.01 and p<0.001). This accumulation of deoxynucleotides (dNTPs) in ENT1null RBCs could 

either be due to the altered dNTP uptake from the plasma, or to an inappropriate uptake of 

dNTPs by the mitochondria of ENT1null erythroblasts since ENT1 has been implicated in dNTP 

transport across the mitochondrial membrane46–48. Concerning the cyclic nucleotides, there 

were no statistically significant differences in cAMP levels between patient and control RBCs 

(Figure 1G). Interestingly though, cGMP levels were extremely variable, with high levels in 

RBCs from P1 and P2 and very low levels in P3.  

These data indicated that the absence of ENT1 results in a greater phenotypic change in red 

cells from patient P3 as compared to patients P1 and P2. We therefore performed whole exome 

sequencing (WES) to assess whether other genetic variant(s) might account for these 

differences (Figure 1H). Analyzing WES data by filtering common pathogenic variants shared 

by P1 and P2, and not P3, led to the identification of a heterozygous loss-of-function variant in 

ABCC4 gene (c.559 G>T; p.Gly187Trp). ABCC4 encodes a cyclic nucleotide exporter highly 

expressed in erythroid precursors (Figure 1I)49. Interestingly, this finding is consistent with the 

6.3- and 5.2-fold higher level of cGMP in P1 and P2 RBCs, respectively, as compared to 

controls (Figure 1G). Moreover, cGMP levels in P3 RBCs were actually 2.8-fold lower than in 

control RBCs. Thus, the ABCC4 mutation in P1 and P2 is associated with a significant increase 

in RBC cGMP levels as compared to P3 and healthy controls, and may function to compensate 

for the loss of ENT1.  

Differences in the ex vivo erythroid differentiation potential of CD34+ progenitors from 

ENT1null individuals  
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Having documented alterations in mature erythrocytes from ENT1null individuals, we 

investigated the role of ENT1 during erythropoiesis. Ex vivo erythropoiesis of CD34+ cells from 

the peripherical blood of all three ENT1null patients was investigated. CD34+ progenitors from 

P1 and P2 underwent erythroid differentiation in the presence of rEPO with increased 

expression of the GPA and Band 3 erythroid markers, to similar levels as control progenitors 

(Figure 2A). Furthermore, in vitro reticulocyte levels for both patients at day 12 were similar 

to controls (40±2% vs 38±6% in two independent experiments, respectively), indicating that 

the absence of ENT1 in erythroid precursors from P1 and P2 did not inhibit erythroblast 

enucleation (Figure 2B). Interestingly, macrocytic reticulocytes were observed from the ex vivo 

erythroid culture of P2 (Supplemental Figure S4).  

In contrast to P1 and P2, CD34+ progenitors from P3 patient failed to undergo ex vivo erythroid 

differentiation (n=4; Figure 2A). Only 16±5% of P3 cells acquired GPA expression at day 5 as 

compared to 88±9% for controls (Figure 2A and Figure 2C, p<0.0001). Furthermore, within 

the GPA+ subset, only 3±2% erythroblasts exhibited an up regulation of Band3 versus 24±6% 

in control erythroblasts (Figure 2C, p<0.001). This markedly delayed erythroid differentiation 

was associated with increased cell death (Figure S5) and markedly decreased cell proliferation 

(Figure 2D, p<0.01). The ineffective in vitro erythropoiesis of P3 progenitors was confirmed 

by MGG staining, revealing immature erythroblasts in controls conditions while myeloid cells 

were noted in cultures of P3 patient (Figure 2E). Furthermore, only 4% of P3 progenitors 

progressed to the erythroid colony forming unit (CFU-E) stage, defined as IL3R-CD34-CD36+, 

as compared to 33% of control progenitors (Figure 2F). Consistent with these data, P3 CD34+ 

cells failed to give rise to colony-forming unit-erythroid (CFU-E) colonies in methylcellulose 

assays while control cells were able to form large BFU-E and CFU-E colonies (Figure 2G). 

Interestingly, this defect may be due to alterations in the characteristics of CD34+ progenitors 

migrating to the peripheral circulation; while CD34+ cells generally account for approximately 
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0.5% of PBMC50 and we detected 0.63% CD34+ cells in a representative healthy donor, the 

percentage of CD34+ progenitors in P3 was much lower, at 0.17% (Figure S6). Altogether, our 

findings highlight a difference in the ability of circulating CD34+ progenitors from P1/P2, as 

compared to P3, to undergo ex vivo erythroid differentiation. 

shRNA-mediated knockdown of ENT1 inhibits erythroid differentiation of CD34+ 

progenitors 

In order to specifically assess the impact of ENT1 on erythropoiesis, we pursued an shRNA-

mediated ENT1-knockdown strategy as illustrated in Figure 3A. Monitoring the surface 

expression profile of ENT1 during erythropoiesis by flow cytometry showed a high-level 

expression of ENT1 on progenitor cells prior to rEPO stimulation (day 0) followed by a gradual 

decrease during terminal erythroid maturation (Figure 3B). Transduction of cord blood CD34+ 

progenitors with an shENT1 lentiviral vector resulted in a pronounced reduction in SLC29A1 

mRNA levels (90±4%, Figure 3C) and a concomitant decrease in cell surface expression of 

ENT1 (40±8% at day 0, Supplemental Figures S7A; SB). While ENT1 knockdown did not 

significantly alter expression of CD34, CD36 or IL3R prior to rEPO-induced erythroid 

differentiation (day 7, Figure S8), shENT1-transduced progenitors were counter-selected 

following addition of EPO. The percentages of GFP+ cells decreased by more than 50% 

between day 0 and day 5 of erythroid differentiation and by more than 80% at day 7 (Figure 

3D). The negative impact of ENT1 knockdown was specific for erythroid differentiation as the 

percentage of shENT1-GFP+ progenitors remained stable upon expansion of CD34+ progenitors 

in the absence of rEPO (Figure 3D). In addition, the EPO-induced expansion of GFP+ cells was 

significantly lower for shENT1-transduced as compared to shControl-transduced progenitors 

(Figure 3E). These findings strongly suggest that ENT1 expression is crucial for erythroid, but 

not non-erythroid, differentiation. 
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To address the effect of ENT1 down-regulation on terminal erythroid differentiation, we 

monitored the surface expression of the GPA and CD71 erythroid markers. EPO-induced 

erythroid differentiation of hematopoietic progenitors was significantly attenuated following 

ENT1 down-regulation, and notably, this effect was only detected in the shENT1-transduced 

subset (Figures 3F; 3G). At day 3 of differentiation, only 42±5% and 41±8% of shENT1-

transduced cells expressed GPA and CD71, respectively, as compared to 55±9% and 66±5% of 

shControl-transduced cells (p<0.01 and p<0.05; Figure 3G). Consistent with this finding, 

erythroblast enucleation was significantly reduced in shENT1-GFP-transduced cells (5±2% vs 

20±6%, p<0.05; Figure 3H). In addition, flow cytometry analysis revealed that >25% of 

shENT1-transduced progenitors expressed the CD11a and CD33 myeloid markers as compared 

to only 4% of control cells (p<0.05; Figure 3I). Overall, these findings reveal an important role 

for ENT1 in erythroid differentiation. 

Ent1-/- mice resemble ENT1null patients displaying macrocytic RBCs and exhibit altered 

erythroid lineage differentiation 

To assess whether the absence of ENT1 in humans results in similar alterations in ENT1null 

mice, we analyzed the complete blood count (CBC) in 8-12-week old Ent1-/- mice as compared 

to their wild-type counterparts. Both male and female Ent1-/- mice exhibited a macrocytosis and 

increased MCH that was similar to that detected in ENT1-deficient patients (Supplemental 

Table S2); blood smears revealed an increased size of RBCs in Ent1-/- mice (Figure 4A) as well 

as a significantly increased mean corpuscular volume (MCV) (p<0.01). Additionally, RBC 

numbers and hematocrit were reduced in both male and female Ent1-/- mice as compared with 

gender-matched control mice (Supplemental Table S2). These findings point to similarities as 

well as differences in the erythroid phenotype resulting from ENT1 deficiency in humans and 

mice.  
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Erythropoiesis is initiated from BM-derived HSCs that differentiate to common myeloid 

progenitors (CMPs), followed by commitment to megakaryocyte erythroid progenitors (MEPs) 

vs granulocyte myeloid progenitors (GMPs). MEPs generate erythroid progenitors that undergo 

terminal differentiation to generate mature RBCs51,52 (Figure 4B). Given that Ent1-/- mice 

displayed mild anemia, we evaluated the phenotype of hematopoietic progenitors in their BM 

as compared to WT mice. There were no differences in the number of Lin-cKit+ cells between 

both mice groups (Figure 4C). However, Ent1-/- mice displayed a significant decrease in CMP 

(CD34+CD16/32-) and MEP (CD34-CD16/32-) cells but an increased GMP (CD34+CD16/32-) 

cells compared to WT mice (p<0.05, Figure 4C). These data point to decreased erythroid 

differentiation and indeed, the percentage of Ter119+ erythroid cells in the BM of Ent1-/- mice 

was lower than WT mice, while the level of Gr-1+ granulocytes was increased (p<0.05, Figure 

4D).  

In mice, the spleen is the major site for stress erythropoiesis53. Surprisingly, we found that Ent1-

/- mice displayed splenomegaly (p<0.05, Figure 4E) compared with their WT counterparts at 8-

12-week age, raising an intriguing possibility of an increased erythropoiesis to counteract the 

anemic state of these mice. Interestingly, flow cytometry analysis of erythroid precursors in the 

spleen showed an increase in early progenitors (populations I and II) with equivalent levels of 

later progenitors (Figure 4F). Thus, there is an increase in the total splenic Ter119+ population 

in Ent1-/- mice (Figure 4G). To rule out the possibility that the splenomegaly in Ent1-/- mice is 

due to increased clearance of RBCs by the spleen, we measured red cell life span by labeling 

all circulating erythrocytes in vivo by injection of N-succinimidyl-6-[biotinamido] hexanoate. 

The percentage of biotinylated erythrocytes in the circulation in Ent1-/- mice was not decreased 

as compared to WT mice (Figure 4H), strongly suggesting that increased RBC destruction was 

not responsible for the splenomegaly detected in Ent1-/- mice.  
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ENT1-mediated adenosine uptake induces cyclic nucleotide accumulation and enhanced 

in vitro erythropoiesis  

The abnormal protein phosphorylation and nucleotide metabolome in human mature ENT1null 

RBCs, in conjunction with the increased adenosine plasma levels in ENT1null probands (p< 

0.0001, Supplemental Figure S9), as previously reported for Ent1-/- mice54, confirm the 

importance of adenosine as a substrate of ENT1. In order to address the question of whether 

ENT1 regulates erythropoiesis via its capacity to transport adenosine, we performed ex vivo 

differentiation of CD34+ progenitors from healthy donors following addition of adenosine. 

Enhanced terminal erythroid differentiation was noted in the presence of adenosine (15 µM), a 

concentration that did not alter proliferation or survival (not shown). Differentiation was 

monitored as a function of α4-integrin/ Band3 staining on GPA+ cells, with an α4-integrinlow/ 

Band3low phenotype representing the most differentiated erythroblasts. Notably, adenosine 

significantly accelerated erythroid differentiation in control progenitors (Figures 5A; 5B) and 

this finding was also confirmed by MGG staining (Figure 5C). However, adenosine did not 

enhance erythroid differentiation following shRNA-mediated knockdown of ENT1, as 

monitored by GPA and Band3 expression (Figures 5D; 5E), and did not rescue shENT1-

transduced progenitors from being negatively selected (Figure S10). These data are in accord 

with ENT1’s role as a major adenosine transporter expressed in erythroid precursors34,35. 

Furthermore, shENT1-transduced progenitors upregulated myeloid lineage markers despite the 

presence of rEPO and adenosine (Figure 5D). These findings demonstrate the inability of 

adenosine to enhance erythroid differentiation in the absence of ENT1, strongly suggesting that 

ENT1 regulates erythroid differentiation via its role as adenosine transporter.  

Since adenosine is an important precursor in the synthesis of other adenine nucleotides, we 

analyzed the nucleotide metabolome of control erythroblasts cultured in the presence of 

adenosine. Interestingly, the cyclic nucleotides cAMP and cGMP were significantly increased 
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in erythroblasts treated with adenosine (Figure 5F). Phosphorylation of the cAMP-response 

element-binding (CREB) protein, a transcription factor activated by cyclic nucleotides, 

decreased as a function of erythroid differentiation (Supplemental Figure S11). However, under 

conditions where extracellular adenosine was increased, CREB phosphorylation was increased 

(Figure 5G and Supplemental Figure S12). Accordingly, PKA phosphorylation was also 

significantly increased in the presence of adenosine, confirming an adenosine-stimulated cyclic 

nucleotide biosynthesis (Figure 5H). Together, these data reveal the importance of ENT1 in 

mediating adenosine uptake to regulate cyclic nucleotide biosynthesis and erythropoiesis.  

Role of ABCC4 in cyclic nucleotide homeostasis in ENT1null cells  

While all ENT1null patients exhibited macrocytosis, the impact of ENT1 on RBC deformability 

was more pronounced in P3 as compared to P1/P2. Furthermore, in vitro erythroid 

differentiation was altered in P3 progenitors but was not significantly attenuated in P1 and P2 

progenitors. The attenuated erythroid phenotype of P1 and P2 as compared to P3 was associated 

with increased RBC cyclic nucleotide levels (Figure 1G). In addition, P2 erythroblasts exhibited 

an increased accumulation of cAMP and cGMP as compared to control erythroblasts, while 

shENT1-transduced erythroblasts exhibited a reduced level of cAMP (Supplemental Figures 

S13 and S14). Thus, ENT1 may regulate erythropoiesis via cyclic nucleotide metabolism and 

our data further suggest that a mutation in ABCC4 compensates for the absence of ENT1, 

attenuating the erythroid phenotype in patients P1 and P2.  

To test this hypothesis, we evaluated the effect of an ABCC4 inhibitor (MK-571) on ex vivo 

erythropoiesis of healthy donors (Supplemental Figure S15A). As shown in Figure 6, MK-571 

significantly enhanced erythropoiesis as indicated by the increased GPA expression (Figure 

6A). Moreover, MK-571 increased terminal erythroblast maturation and dramatically increased 

enucleation by approximately 2-fold (p<0.05, Figure 6B; 6C). MK-571 also enlarged the pool 
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of erythroid cells as shown by a significant increase in expansion without changes in apoptosis 

or cell death (Supplemental Figures S15B; S15C).  

To specifically evaluate the impact of ABCC4 function on erythroid differentiation in the 

murine system, we inhibited ABCC4 function in Ent1-/- mice with MK-57155. Retro-orbital 

administration of MK-571 (10mg/kg for 6 days) increased total RBCs, Hb and hematocrit in 

Ent1-/- mice to levels similar to those detected in WT mice (Figure 6D). Interestingly though, 

MK-571 treatment did not alter red cell macrocytosis in Ent1-/- mice, strongly suggesting that 

erythropoiesis, but not macrocytosis, is regulated by ABCC4 in the absence of ENT1. 

Moreover, our data suggest that ABCC4 negatively regulates erythroid differentiation even in 

the presence of ENT1. MK-571 treatment significantly increased total RBCs, Hb production 

and hematocrit in WT mice. MK-571 treatment increased the percentage of circulating 

reticulocytes in both Ent1-/- and WT mice (Figure 6D), supporting this newly described 

association between ABCC4 and ENT1 in erythropoiesis. We then evaluated the potential 

impact of this drug on early stages of erythroid commitment. MK-571 treatment led to an 

increased percentage of BM MEPs in both WT and Ent1-/- mice (p<0.05 and p<0.001, 

respectively; Figures 6E and Supplemental Figure S16), but did not alter the percentage of Lin-

/cKit+ progenitors in either group (Figure 6F). This increase was associated with a significantly 

decreased percentage of BM GMPs in WT mice as well as BM CMPs in Ent1-/- mice (p<0.05; 

Figures 6E). This MEP/CMP shift was coupled to a significant increase in BM Ter119+ 

erythroid cells in both WT and Ent1-/- mice and a decreased percentage of Gr-1+ cells in BM of 

WT mice (Figure 6G). These experiments, performed on patient cells and following 

pharmacological manipulation of both human and murine ENT1-/- progenitors, highlight a novel 

crosstalk between ABCC4 and ENT1 in regulating erythroid differentiation.  

DISCUSSION 
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Here, we show that ENT1null RBCs exhibit a defective phosphorylation of membrane proteins 

that is associated with distinct misshaped cells, confirming the crucial role of ENT1-mediated 

nucleoside transport in the regulation of metabolic pathways and kinase activities. While the 

finely-tuned regulation of membrane protein phosphorylation has previously been shown to be 

critical in the control of cell volume and membrane organization via ion channel activities and 

protein-protein interactions, respectively42,56–59, our finding of dNTPs accumulation in ENT1null 

RBCs, reveals an important role of ENT1 in deoxynucleotide recycling and nucleotide 

homeostasis during erythroid diffrentiation48. Balanced nucleotide pools, controlling 

replication stress, DNA damage, protein kinases, as well as transcription factors,19,23,60–62 have 

been shown to regulate hematopoietic lineage fate13,14. Indeed, we provide unequivocal 

demonstration that ENT1-mediated adenosine transport regulates the intracellular level of 

cyclic nucleotides in hematopoietic progenitors, altering erythroid differentiation under 

conditions where the phosphoproteome of ENT1null RBCs is abnormal. Finally, our data shows 

that knockdown of ENT1 in human CD34+ progenitors impede in vitro erythropoiesis while 

increasing ENT1-mediated adenosine transport enhances erythroid differentiation.  

The absence of anemia in ENT1null patients is particularly intriguing considering the numerous 

erythroid alterations including, macrocytosis, anisopoikilocytosis and abnormal deformability. 

These data are even more surprising given that Ent1-/- mice exhibit a reduced RBC count, Hb 

and hematocrit. Interestingly though, red cells in Ent1-/- mice are not destroyed and ENT1null 

patients exhibit normal hemolysis markers. These data suggest that the lifespan of murine and 

human ENT1null RBCs is not shortened (Supplemental Table S1). In this regard, it is notable 

that neither S-adenosyl-methionine nor nucleotides are significantly altered in mature murine 

Ent1-/- red cells63. An attractive hypothesis to explain differences in the role of Ent1 in murine 

versus human red cell differentiation may be related to the hypoxia-mediated up regulation of 

key metabolites, including nucleotides, within the low-oxygen BM microenvironment54,64–66.  
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The hypoxic microenvironment of the BM niche influences the metabolic pathways used by 

HSCs and consequently their erythroid differentiation. In line with these findings, we have 

recently shown that ENT1 and adenosine signaling are involved in the adaptation to high-

altitude hypoxia45. Thus, molecules and signaling networks that are yet to be identified may 

complement ENT1 function in the murine spleen where Ter119+ cells were increased as 

compared to bone marrow where erythroid differentiation was negatively impacted. 

Furthermore, while the specific ablation of Ent1 in erythroblasts, using an EpoR-Cre, also 

resulted in macrocytosis67 , RBC numbers as well as other RBC parameters were less affected 

than those reported here using a complete Ent1 knockout. These data therefore raise the 

important possibility that ENT1 plays a role in erythroid differentiation at a progenitor stage 

upstream of EpoR+ erythroblasts.  

Our findings reveal a critical role of ABCC4 in regulating erythroid differentiation in the 

absence of ENT1 and moreover, we find that inhibition of ABCC4 enhances human and murine 

erythroid differentiation under physiological conditions. Notably, we identified ABCC4 as a 

crucial factor by documenting its role in explaining the differences in the ex vivo erythroid 

differentiation potential of P1 and P2 progenitors as compared to P3 progenitors. 

Mechanistically, we found that P1/P2 RBCs exhibited high levels of intracellular cyclic 

nucleotides whereas P3 RBCs are characterized by low cyclic nucleotide levels. This significant 

difference was associated with a heterozygous loss-of-function variant in the ABCC4 cyclic 

nucleotide exporter in P1/P2, but not in P3. The finding that ABCC4 inhibitor significantly 

rescued the anemic phenotype and increased erythroid differentiation in Ent1-/- mice strongly 

suggests a crosstalk between ABCC4 and ENT1 in regulating erythropoiesis. Notably though, 

ABCC4 inhibition did not correct the macrocytic phenotype of these Ent1-/- mice, indicating 

that in our murine model, the macrocytic red cell phenotype is ABCC4-independent. 

Collectively, these data indicate that the intracellular level of cyclic nucleotides is crucial for in 
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vivo erythropoiesis and highlight the interdependence of the ABCC4 and ENT1 transporters in 

erythropoiesis. 

In conclusion, we show that ENT1 plays a key role in nucleotide homeostasis and optimal 

erythropoiesis and provide both genetic and pharmacological evidence that ABCC4 is a key 

negative regulator of erythropoiesis in the absence of ENT1, exacerbating a perturbation in 

cyclic nucleotide homeostasis and downstream erythroid defects. Moreover, we find that 

inhibition of ABCC4 by MK-571 results in a rescue of the anemic phenotype in Ent1-/- mice, 

and an enhanced RBC production in WT mice without a significant reduction in circulating 

white blood cells. Notably, MK-571 has been tested in clinical trials as a therapeutic molecule 

to treat asthma68–70, pulmonary arterial hypertension (PAH)71, and platelet aggregation55,72,73, 

via increasing the intracellular levels of cAMP and cGMP. The impact of MK-571 in PAH was 

specific to its effects on ABCC4 as deletion of this gene resulted in a notable reduction in 

hypoxia-induced inflammatory response71. MK-571 could therefore represent a novel drug for 

the therapeutic treatment of anemia.  
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Figure legends 

Figure 1. Red cell alterations in ENT1null individuals. (A) Western blot analysis of ENT1 

expression in ENT1null RBC membranes from the three siblings. b-actin was used as loading 

control. (B) Blood smears of ENT1null individuals showing a macrocytosis and marked 

anisopoikilocytosis, characterized by the presence of RBCs with abnormal sizes and 

morphologies, including elliptocytes (black arrow), dacrocytes (red arrow) and schizocytes 

(blue arrow). Bar represents 10 µm. (C) Quantification of the different RBC populations was 

calculated from 300 RBCs per slide. (D) RBC deformability was assessed by an ektacytometry 

approach and elongation index relative to shear stress is shown for controls, P1, P2 and P3 and 

seven controls. (E) Osmoscan test of ENT1null RBCs from the three patients and a healthy 

control was monitored by ektacytometry. (F) The phosphoproteome of ENT1null (n=3) and 

control (n=5) RBC membranes was evaluated. Each dot represents a phosphorylated protein 

with blue dots corresponding to significantly hypo-phosphorylated (left) and hyper-

phosphorylated (right) proteins. (G) Nucleotide-targeted metabolomic analysis of ENT1null 

(n=3; P1, blue; P2, green; P3, red triangles) and control (n=3; black circles) RBCs were 

performed and intracellular levels of deoxynucleotides and cyclic nucleotides (cAMP, cGMP) 

are shown. (H) Schematic representation of the variant filter strategy used to analyze the exome 

sequencing of ENT1null patients. Common mutations between P1 and P2, but absent in P3 (blue 

filled area) were filtered, candidate genes identified and their chromosomes are shown in the 

table. (I) Sanger sequencing confirmation of the c.559 G>T; p.Gly187Trp mutation on the 

ABCC4 gene, showing the absence of the mutation in P3, and its presence in the heterozygous 

state in P1 and P2. 

Figure 2. Ex vivo erythroid differentiation of CD34+ from ENT1null patients. (A) Erythroid 

differentiation of CD34+ progenitors was evaluated following rEPO-induced differentiation as 
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a function of expression of the erythroid surface markers GPA and Band3. Representative 

histograms showing the differentiation of CD34+ progenitors from P1 (blue), P2 (green), P3 

(red), controls (black) and non-specific IgG staining (grey shaded) are presented at days 5 and 

8 of differentiation. Crossed boxes are present when insufficient cells were available for 

analyses. (B) Enucleation of erythroblasts from P1 and P2 ENT1null patients and respective 

controls (Ctrl1 and Ctrl2) was monitored at day 12 of erythroid differentiation as a function of 

DRAQ5 staining. Representative FACS plots and the percentages of enucleated cells (DRAQ5-

negative) are shown. (C) The percentages of GPA+ cells and Band3+ cells were quantified at 

day 5 of differentiation. Mean percentages ± SEM for controls (black dots, n=7 independent 

experiments) and P3 ENT1null patient progenitors (red triangles, n=2 independent experiments 

in duplicate) are presented. ****p<0.0001; ***p=0.0002 (unpaired t-test). (D) Growth curves 

of progenitors from the three ENT1null patients (P1, n=1; P2, n=1; P3, n=4) and healthy donors 

(n=9) were evaluated at indicated days of erythroid differentiation. **p<0.01 (unpaired t-test). 

(E) Representative images of May-Grünwald Giemsa–stained cytospins at day 5 of rEPO 

differentiation of control and P3 ENT1null progenitors are shown (upper panel). The bar 

represents 10 µm. Quantification of the different cell types is presented (n=3 independent 

experiments, lower panel). (F) Characterization of P3 and control progenitors were evaluated 

at day 7 of the expansion phase (before addition of rEPO) as a function of IL-3R, CD34, CD36, 

CD38 and CD33. Representative histograms showing non-specific IgG staining (grey shaded), 

control (black line) and P3 (red line) staining are presented. The expression of CD34 and CD36 

surface markers was analyzed on the IL-3Rneg cells, in order to identify BFU-E (IL-3R-

CD34+CD36-, green square) and CFU-E (IL-3R-CD34-CD36+, red square) and representative 

percentages are indicated. (G) CD34+ progenitor cells from a healthy donor and the P3 ENT1null 

patient were cultured in a methylcellulose semi-solid culture assay and representative images 
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of the generated colonies are shown. Quantification of the generated colonies is presented for 

two technical replicates.  

Figure 3. shRNA-Mediated Knockdown of ENT1 negatively impacts ex vivo erythroid 

differentiation. (A) Schematic representation of the schema used for ex vivo human 

erythropoiesis and the experimental design. Cord blood CD34+ cells were differentiated using 

a three-phase culture system (containing rEPO) that recapitulates human erythropoiesis up to 

the enucleated reticulocyte. Cells were transduced at day 4 of the expansion phase with a 

lentiviral vector harboring an ENT1 shRNA or scramble together with a GFP reporter gene. 

Representative MGG-stained cells from healthy control are shown for corresponding 

differentiation stages. (B) The evolution of surface ENT1 expression during rEPO-induced (3 

U/ml) erythroid differentiation was monitored by flow cytometry and representative histograms 

showing non-specific IgG staining (grey shaded) and specific (black line) staining at days 0, 3, 

7, and 10 of erythroid differentiation are presented, differentiating negatively and positively 

stained cells. The geometric mean fluorescence intensity (GMFI) is indicated in each histogram. 

GMFIs from 3 independent experiments were quantified and are presented as means ± SEM 

(right panel). (C) Progenitors transduced with shControl and shENT1 vector were FACS-sorted 

on the basis of GFP expression 3 days post transduction and ENT1 mRNA expression levels 

were analyzed by qRT-PCR and normalized to actin mRNA. mRNA±SD relative to control 

cells is presented (n=3; unpaired t-test; ****, p<0.0001). (D) Transduced progenitors were 

cultured in the presence or absence of rEPO as indicated. The evolution of shRNA-expressing 

cells was followed and the percentages of GFP+ cells relative to day 1 are shown. Results 

correspond to data obtained from three independent experiments. (E) Progenitors transduced 

with the shControl and shENT1 vectors were FACS-sorted on the basis of GFP expression and 

then differentiated in the presence of EPO. Cells were counted at the indicated days and growth 

curves are presented for shENT1-GFP+ (grey line) and shControl-GFP+ (black line) cells. Data 
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presented are means ± SEM of four independent experiments; *p<0.05, ***p<0.001.(F) 

Progenitors were transduced with shControl or shENT1 vectors, both harboring a GFP 

transgene. Gene transfer efficiency was evaluated as a function of GFP expression 3 days 

following transduction and representative histograms are shown (top panels). The percentages 

of cells expressing GPA and CD71 were evaluated by flow cytometry and representative 

profiles in GFP- and GFP+ subsets are presented. The percentages of positively-stained cells are 

indicated. (G) Erythroid differentiation of control-GFP- and shENT1-GFP-transduced 

progenitors was monitored as a function of GPA and CD71 expression within the GFP+ cells.  

The percentages of GPA+ and CD71+ cells ± SEM in control (black circles) and shENT1-GFP 

(grey triangles) transduced progenitors are shown at days 3, 5 and 7 of culture (n=3; Unpaired 

t-test; *p<0.05, **, p<0.01, ***p<0.001). (H) Enucleation was monitored at day 10 of 

differentiation as a function of Syto-16 staining and the percentages of Syto-16-negative cells 

are presented (n=3 independent experiments; unpaired t-test; *, p=0.02). (I) At day 4 of 

differentiation, cells were FACS-sorted on the basis of GFP expression and differentiation was 

continued until day 10. Erythroid differentiation was monitored as a function of Band3 

expression and myeloid differentiation was monitored by CD11a/CD33 surface expression 

(black) and non-specific control IgG staining (grey). Representative histograms and 

quantification are shown within GFP+ cells. (n=3 independent experiments; *p<0.05). 

Figure 4. Genetic depletion of Ent1 in mice hampers erythroid lineage commitment in the 

BM. (A) Increased size of RBCs in Ent1-/- mice as compared to WT mice. EDTA-

anticoagulated mouse blood was used for Wright-Giemsa staining and representative blood 

smears are shown. (B) Schematic of MEP, CMP and GMP progenitors as well as the 

differentiation to mature red cells and granulocytes. The flow cytometry-based analytic strategy 

to identify the different populations is presented. (C) Representative FACS analysis of 

hematopoietic progenitor cells of BM of 8-12-week old Ent1-/- and WT mice. The number of 
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Lin-cKit+, CMP, MEP and GMP cells per 106 BM cells (excluded RBCs) are presented in WT 

and Ent1-/- mice (n=9, *p < 0.05). (D) Erythroid and myeloid cells were evaluated as a function 

of Ter119 and Gr-1 staining, respectively, and representative dot plots are shown (left panel). 

Quantification of the percentages of Ter119+ cells versus Gr-1+ cells in BM of Ent1-/- and WT 

mice are presented (right panel) as means ± SEM with each point corresponding to data from 

one mouse (*p < 0.05). (E) Quantification of spleen body weight ratio in Ent1-/- and WT mice 

(*p < 0.05). (F) Representative FACS analyses of differentiated erythroblasts by CD71 and 

Ter119 staining in spleens of Ent1-/- and WT mice (left). The developmental stage of 

erythroblasts was indicated by population I, II, III, and IV. The quantification of these 

populations is displayed in the right (*p < 0.05). (G) Representative FACS plots are shown for 

splenic Ter119+ cells versus Gr-1+ cells in Ent1-/- and WT mice (left) and quantification of data 

in individual mice are presented as means ± SEM (right; *p < 0.05). (H) Biotin-labeled RBCs 

in WT (black circles) and Ent1-/- (red squares) are shown as a function of time post biotin 

labelling. Means ± SEM of 5 mice in each group are shown. 

Figure 5. ENT1-mediated adenosine uptake induced cyclic nucleotide accumulation and 

enhanced in vitro erythropoiesis. (A) CD34+ progenitors from peripheral blood of healthy 

donors were stimulated with rEPO in the absence or presence of adenosine (15 µM) at day 0 of 

the differentiation phase. Terminal differentiation was monitored as a function of the α4-

integrin/ Band3 profiles of GPApos cells. Differentiation steps can be followed as α4-

integrinhigh/Band3low (Quadrant 1, Q1), α4-integrinmed/Band3med (Q2), and α4-

integrinlow/Band3high (Q3). Expression levels of α4-integrin and Band3 levels inside GPA+ cells 

are shown at day 5, 9 and 12 for control and adenosine-treated cells. (B) The percentages of α4-

integrinhigh/Band3low, α4-integrinmed/Band3med, and α4-integrinlow/Band3high in control (black 

circles) and adenosine-treated (red triangles) cells are plotted in histograms. Results are 

expressed as the mean cell % ± SEM. Multiple comparisons of two-way Anova statistical test 
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were performed and corresponding significant differences are shown. *p<0.05; **p<0.005; 

***p<0.001. (C) Representative images of May-Grünwald Giemsa–stained cytospins of control 

and adenosine-treated cells (+ADO) at day 7 of differentiation. Bar represents 10 µm. (D) 

Surface expression levels of GPA and Band3 erythroid markers and CD11a and CD33 myeloid 

markers were evaluated by flow cytometry at day 7 of rEPO-induced erythroid differentiation. 

Representative histograms showing GFPpos gated cells for shControl (filled black histograms), 

shENT1 (empty black histograms) and shENT1 treated with adenosine (empty red histograms) 

transduced cells are shown (left panel); grey shaded histograms correspond to non-specific IgG 

staining and were used to evaluate positive staining. Quantification of three independent 

experiments is presented for each marker (right panel). Ns, non significant, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. (E) shENT1-and shcontrol transduced CD34+ cells were 

stimulated with EPO and cultured in absence or presence of adenosine (15 µM). Surface 

expression levels of GPA were monitored at indicated days and plotted in scatter dot plot 

histograms as mean cell % ± SEM. Two-way Anova statistical test was performed and statistical 

significance is indicated (n=3 independent experiments). **p<0.01; ***p<0.001; 

****p<0.0001. (F) Intracellular concentrations of cAMP, cGMP and adenine nucleotides inside 

erythroid precursors at day 3 of erythroid differentiation were measured by a liquid 

chromatography–mass spectrometry approach, and representative bar histograms are shown for 

control (black) and adenosine-treated cells (red). Results are expressed as mean ± SEM n=3. 

*p<0.05; **p<0.01; ***p<0.001 (paired t-test). (G) The phosphorylation state of CREB 

(Ser133) was evaluated by intracellular staining using an anti-phosphoCREB antibody and 

analyzed by flow cytometry throughout erythroid terminal differentiation. GMFI (left panel) 

and percentages of P-CREB+ cells (right panel) are presented at the indicated days as means ± 

SEM of four independent experiments. **p<0.01, ***p<0.001. (H) Phosphorylation of PKA 

RIIβ (Ser114) was monitored at the indicated time points. GMFI (left panel) and the percentages 
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of P-PKA+ cells (right panel) are shown as means ± SEM of four independent experiments. 

*p<0.05, **p<0.01. 

Figure 6. Reduced ABCC4 activity enhances in vitro erythropoiesis of human CD34+ cells 

as well as erythropoiesis in WT and Ent1-/- mice and enhances. (A) CD34+ cells from healthy 

donors were cultured in the presence or absence of MK-571 (100 μM), initiated 24 hours after 

CD34+ selection. GPA expression was monitored at day 3 of rEPO-induced erythroid 

differentiation and representative FACS histograms of control (black histogram) and MK571-

treated progenitors (orange histogram) are presented, including percentages of GPA+ cells and 

GFMI (left panels). Shaded grey histograms correspond to unstained negative controls 

specifying negative gating. GMFI (middle panel) and the percentages of GPA+ cells (right 

panel) were quantified and means ± SEM of three independent experiments are shown. 

*p<0.05. (B) Erythroblast maturation was monitored at day 12 of differentiation in the presence 

or absence of MK-571 by α4-integrin/Band3 profiles of GPApos cells. Representative dot plots 

are shown (left panel), and the percentages of cells in each quadrant are indicated. 

Quantification of cells in the more immature α4-integrinhigh/Band3low and α4-

integrinmed/Band3med subsets as compared to the more mature α4-integrinlow/Band3high subset is 

presented for 3 independent experiments (right panel). *p<0.05. (C) Erythroblast enucleation 

was evaluated as a function of Syto16 nucleic acid staining and representative dot plots 

indicating the percentages of Syto16- enucleated cells (left) and quantification of enucleated 

cells in 3 independent experiments are presented (right). *p<0.05. (D) Hematological 

parameters of wild-type and Ent1-/- mice under control conditions or following a 6-day 

treatment with MK-571. *p <0.05, **p <0.01, ***p <0.001, wild type treated versus wild type, 

Ent1-/- treated versus Ent1-/- untreated. (E) Quantification of CMP, MEP and GMP in BM of 

WT and Ent1-/- mice in the absence or presence of MK-571 treatment (10 mg/kg q.o.d. for one 

week, n=4-6). (F) Frequency of Lin-c-kit+ cells in BM and spleen of WT and Ent1-/- mice treated 
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or not with MK-571. (G) Quantification of the frequencies of Ter119+ and Gr-1+ cells in BM 

of untreated and MK-571-treated WT and Ent1-/- mice are presented (n=4-6). ns, non 

significant, *p < 0.05, **p < 0.01. 
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