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ABSTRACT 

While enucleation is a critical step in the terminal differentiation of human 
red blood cells, the molecular mechanisms underlying this unique process 
remain unclear. To investigate erythroblast enucleation we studied the 
erythroid differentiation of human embryonic stem cells (hESCs), which 
provide a unique model for deeper understanding of the development and 
differentiation of multiple cell types. Firstly, using a two-step protocol, we 
demonstrated that terminal erythroid differentiation from hESCs is directly 
dependent on the age of the embryoid bodies. Secondly, by choosing 
hESCs in two extreme conditions of erythroid culture, we obtained an orig-
inal differentiation model which allows one to study the mechanisms un-
derlying the enucleation of erythroid cells by analyzing the gene and miR-
NA (miR) expression profiles of cells from these two culture conditions. 
Thirdly, using an integrated analysis of mRNA and miR expression profiles, 
we identified 5 miRs potentially involved in erythroblast enucleation. Final-
ly, by selective knockdown of these 5 miRs we found miR-30a to be a regu-
lator of erythroblast enucleation in hESCs. STEM CELLS 2015; 00:000–000 
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INTRODUCTION 

Erythropoiesis is a multi-stage process during which a 
hematopoietic stem cell undergoes a series of differen-
tiation steps to generate mature and enucleated eryth-
rocytes. As erythroblasts mature, they decrease in size, 
synthesize more hemoglobin and undergo membrane 
reorganization and chromatin condensation, which 
terminates in extrusion of the nucleus before the cells 
take up a biconcave discoid structure [1, 2]. While enu-
cleation is the final step in the development of mature 
erythrocytes, the molecular mechanisms involved in 
this process are poorly understood. 

Identifying the specific genes expressed during 
erythropoiesis will be essential to understand erythroid 
developmental biology and to elucidate the mecha-
nisms involved in the terminal differentiation of red 
blood cells, which in turn will help us to optimize the 
conditions for efficient generation of cultured red blood 
cells (cRBC). 

The mechanisms reported to play a central role in 
terminal erythroid differentiation and enucleation may 
be classified in two main groups: (1) nuclear modifica-
tions including chromatin condensation and processes 
involving transcriptional factors and miRs and (2) cellu-
lar processes including protein sorting, membrane mat-
uration, vesicle trafficking and cytoskeletal remodeling 
[3-8]. 

Recent studies have shown that miRs play an im-
portant role in the proliferation, differentiation and 
terminal differentiation of erythroid cells [9-15]. In late 
erythropoiesis, miR-144/451 and miR-191 were identi-
fied as regulators of erythroid differentiation [16-18], 
while miR-451 plays a role in mediating erythropoiesis 
by repressing negative regulators of erythroid differen-
tiation such as GATA2 [19]. In 2011, Zhang et al showed 
that erythroid enucleation in mice requires the down-
regulation of miR-191 through the derepression of 
RIOK3 and MXI1 translation, consistent with the essen-
tial role of these genes in chromatin condensation [18]. 

Our team has described all the major steps towards 
the generation of cRBCs for transfusion purposes: in 
vitro production of cRBCs from CD34+ hematopoietic 
cord blood stem/progenitor cells [20], in vitro genera-
tion of cRBCs from pluripotent stem cells [21], the first 
injection of cRBCs into human donors [22] and recently 
complete terminal erythroid maturation of human in-
duced pluripotent stem cells in vivo [23]. Pluripotent 
stem cells appear to be the best cell source for our pur-
poses. They also provide a unique model for fundamen-
tal research, to investigate the different stages of eryth-
ropoiesis, especially terminal maturation and in particu-
lar the mechanisms involved in the enucleation of 
erythroblasts. Enucleation remains one of the critical 
steps of in vitro RBC production, especially starting from 
pluripotent stem cells. 

In this work, using a model of erythroid differentia-
tion in hESCs, we found that terminal erythroid differ-

entiation is directly dependent on the age of the em-
bryoid bodies (EBs) and determined the expression pro-
files of mRNAs and miRs in erythroid cells derived from 
early and late EBs. Subsequent integrated analysis of 
mRNA and miR expression profiles during terminal 
erythroid differentiation allowed us to identify several 
genes and miRs potentially involved in erythroblast 
enucleation. Finally, knockdown studies of candidate 
miRs led us to identify miR-30a as a key regulator of 
erythroblast enucleation in hESCs. 

MATERIALS AND METHODS 

Cells and culture conditions 
The research on embryonic stem cells was authorized 
by the French Biomedicine Agency (R0500225A, 
R0500226A and R0500227A). The hESC lines H1 and H9 
(National Institute of Health [NIH]: code WA01, passag-
es 28-30 and code WA09, passages 27-33) were main-
tained in an undifferentiated state by weekly mechani-
cal passage on Matrigel (BD Biosciences, San Jose, CA, 
USA). Matrigel was diluted in KO-DMEM (1:100) and 
used to coat tissue culture dishes for 1 h at room tem-
perature. After coating, the Matrigel solution was com-
pletely removed and mTeSR-1 medium (Stemcell Tech-
nologies, Vancouver, Canada) was added to the coated 
dishes. Thereafter the medium was changed on a daily 
basis. The normal karyotype of H1-hESCs and H9-hESCs 
was confirmed by performing karyotyping analysis at 
passage 24 and passage 26 respectively. 

For erythroid induction and differentiation we used 
a two-step protocol adapted from our previous proce-
dures [20, 21, 23]. To allow hEB formation, undifferen-
tiated hESCs were treated with collagenase IV (1 
mg/mL; Invitrogen) and transferred to low attachment 
plates (Nunc) in liquid culture medium (LCM: IMDM 
[Biochrom], 450 μg/mL holo-human transferrin [Scipac], 
10 µg/mL recombinant human insulin [Incelligent SG, 
CellGen], 2 IU/mL heparin and 5% human plasma) in the 
presence of stem cell factor (SCF, 100 ng/mL), throm-
bopoietin (TPO, 100 ng/mL), FLT3 ligand (FL, 100 
ng/mL), recombinant human bone morphogenetic pro-
tein 4 (BMP4, 10 ng/mL), recombinant human vascular 
endothelial growth factor (VEGF-A165, 5 ng/mL), inter-
leukin-3 (IL-3, 5 ng/mL), interleukin-6 (IL-6, 5 ng/mL) 
(Peprotech) and erythropoietin (Epo, 3 U/mL) (Eprex, 
kindly provided by Janssen-Cilag, France). hEBs were 
cultured for 9 days or 20 days at 37°C in a humidified 
5% CO2 atmosphere. The cells were then dissociated 
into a single cell suspension by incubation with colla-
genase B (0.4 U/mL; Roche Diagnostics, Laval, QC, Can-
ada) for 30 min at 37°C followed by cell dissociation 
buffer (Invitrogen) for 10 min at 37°C. 

The erythroid protocol (days 0 to 31) was adapted 
from our previous procedures for EB9 and EB20 [21, 
23]. On day 0 dissociated hEBs were plated at a density 
of 1x106 cells/mL in LCM containing 10% human plasma, 
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heparin (3 U/mL), SCF (100 ng/mL), IL-3 (5 ng/mL) and 
Epo (3 U/mL). On day 8 the cells were resuspended at a 
density of 3x105 to 1x106 cells/mL and cultured in fresh 
medium supplemented with SCF (100 ng/mL) and Epo 
(3 U/mL). On day 18 the cells were resuspended at a 
density of 2x106 or 5x106 cells/mL and cultured until day 
31 in fresh medium supplemented with Epo (3 U/mL). 
The cultures were maintained at 37°C in 5% CO2 in air. 
To evaluate the maturation and enucleation of erythro-
blast, from day 4 to 25, 1-2x105 cells were washed and 
spun onto slides by cytocentrifugation. Cytological ex-
aminations were performed on slides stained with May-
Grunwald Giemsa (Sigma). The percentage of enuclea-
tion was determined by counting at least 500 cells per 
slide. 

FACS analysis and sorting 
Samples were analyzed using a FACSCalibur flow cy-
tometer with CellQuest acquisition software (Becton 
Dickinson, San José, CA, USA). The following antibodies 
were used for flow cytometric analysis: SSEA4-PE (phy-
coerythrin) and SSEA1-PE (Clinisciences, Montrouge, 
France); TRA-1-60, TRA-1-81, goat anti-mouse IgM-PE 
and goat anti-mouse IgG-PE (Chemicon, Saint-Quentin 
en Yvelines, France); CD34-PE, CD45-PE, CD45-PC7, 
CD71-FITC, CD36-FITC and CD235a-PE (glycophorin A) 
(Beckman Coulter, Immunotech, Marseille, France). 
Hoechst 33342 was used for nuclei detection (Invitro-
gen). For miRNA knock-down experiments, green fluo-
rescent protein (GFP)-positive in vitro cultured erythroid 
cells were sorted on a MoFloAstrios Cell Sorter (Beck-
man Coulter), 96 h after transduction. 

Total RNA isolation 
Total human RNA was isolated with Trizol (Sigma-
Aldrich). RNA quality and integrity were determined 
using an Agilent RNA 6000 Nano Kit and an Agilent 2100 
Bioanalyzer (Agilent Technologies). RNA was quantified 
by measuring the absorption at 260 nm on an ND-1000 
Spectrophotometer (NanoDrop Technologies). 

Microarray design and analysis 
Microarray analysis was performed in triplicate and the 
samples were selected on the basis of the RNA integrity 
(RIN>8.1). A total of 12 RNA samples were hybridized 
with 12 Agilent 4X44K Whole Human Genome Oligo 
microarrays (One-color) and with 12 miRXploreTM mi-
croarrays. Detailed information of microarray experi-
mental procedures is provided in the supplemental da-
ta. The data discussed in this manuscript were submit-
ted to the NCBI Gene Expression Omnibus and are ac-
cessible through the GEO Series accession number 
GSE55532 
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token
= uvslgkccxxgrjir&acc=GSE55532). 

Quantitative PCR analysis 
RNA (1 µg) taken from individual samples was treated 
with DNAse and cDNA was synthesized using a High 
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Foster City, CA, USA). Quantitative polymerase 
chain reaction (qPCR) analysis was performed using a 
TaqMan® Universal PCR Fast Master Mix (Applied Bio-
systems) with Taqman® primers and probes from Ap-
plied Biosystems. The expression data for each tran-
script were normalized to those for the reference gene 
GAPDH and for expression of the same gene in Univer-
sal cDNA (Clontech). 

For miRNA expression, RNA from cells derived from 
H1 and H9 hESCs was reverse transcribed using a Taq-
Man® MicroRNA reverse transcription kit and TaqMan® 
MicroRNA assays (Applied Biosystems) specific for the 
mature form of miRs, with human RNU6B and RNU48 
for normalization to an endogenous control. Real-time 
PCR amplification was carried out using standard Taq-
Man® PCR reagents and TaqMan® MicroRNA assays for 
the differentially expressed miRs, with human U6 and 
U48 controls (all from Applied Biosystems). Triplicate 
analyses were run for each sample and data were col-
lected with 7500 System Sequence Detection Software 
(Applied Biosystems). One tail student's t-test was car-
ried out to determine the statistic significances. 

Knockdown of miRNAs 
Pseudoviral particles for miRNA knockdown were gen-
erated using lentivector-based anti-miRNA constructs as 
instructed by the manufacturer (miRZIP, System Biosci-
ences, Mountain View, CA, USA). EB9-derived erythroid 
cells were transduced with pseudoviral particles (MOI 
10) containing vectors coding for anti-miRNAs on day 4
of culture. Stably expressing cells were selected on day 
8 of culture by green fluorescent protein-based cell 
sorting. 

RESULTS 

We have previously developed robust culture condi-
tions for the ex vivo generation of cRBCs from both fetal 
and adult human induced pluripotent stem cells (hiP-
SCs) and hESCs [21]. In this study, our protocol com-
prised two steps: (1) differentiation of hESCs through 
formation of hEBs in the presence of cytokines and hu-
man plasma to induce mesodermic and early erythroid 
commitment and (2) differentiation/maturation to form 
cRBCs in the presence of cytokines without co-culture 
on a cellular stroma. 

Erythroid differentiation and maturation 

Differentiation of hESCs into hEBs condi-
tioned for erythroid commitment 
Using our protocol we intended to identify the stage of 
differentiation of hEBs having the best erythroid poten-
tial. We therefore studied early hEBs from day 9 (called 
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EB9-D0) and late hEBs from day 20 (called EB20-D0) by 
following the expression of specific markers of hemato-
poiesis and erythropoiesis by flow cytometry. Prior to 
their differentiation, hESCs expressed high levels of a 
marker of undifferentiated human cells (SSEA4). As ex-
pected the expression of SSEA1 (stage-specific embry-
onic antigen 1) was low and hematopoietic markers 
(CD45, CD34, CD36 and CD235a) were undetectable. 
During hEB differentiation, expression of the marker of 
undifferentiated human cells decreased significantly 
and remained weakly positive. EB9-D0 and EB20-D0 
expressed hematopoietic and erythroid markers such as 
CD45, CD34, CD45/CD34, CD71 and CD235a. EB20-D0 
cultures displayed more cells expressing CD45, CD235a 
and CD36 than EB9-D0 cultures (Table 1A). 

Differentiation/maturation of hEBs into 
erythroid cells 
Dissociated hEBs from both EB9-D0 and EB20-D0 cul-
tures were replated using our liquid culture protocol for 
erythroblastic differentiation/maturation as previously 
described [21, 23]. Erythroid maturation was evaluated 
regularly according to the cell morphology after staining 
with May-Grünwald-Giemsa (MGG) and the expression 
of erythroid membrane antigens as determined by flow 
cytometry. 

The erythroid commitment of hEBs was complete 
after 8 days of liquid culture with up to 95% production 
of erythroblasts from both EB9 and EB20 populations. 
On day 25 the EB20 population contained 42 to 65% 
enucleated cRBCs and 38 to 45% orthochromatic eryth-
roblasts. In contrast, on day 25 we observed no enucle-
ated cells in EB9 cultures and all the cells were blocked 
at the orthochromatic megaloblastic stage (Figure 1A 
and Table 1B). At the end of erythroid culture, on day 
31 almost no enucleated cells had been generated from 
EB9 cells. 

Flow cytometric analysis of the cells confirmed their 
degree of maturity. In both populations, by day 18 the 
cultured erythroid cells strongly expressed CD235a and 
CD71 (Figure 1B). Depending on the duration of EB cul-
ture, we obtained either a substantial percentage of 
enucleated cRBCs (up to 65%: 55±11 for EB20-D25) or 
no enucleation (less than 1%: 0.6±0.5 for EB9-D250). 

Transcriptome analysis during erythroid dif-
ferentiation 
To identify the molecular mechanisms involved in ter-
minal erythroid differentiation, we compared the gene 
and miRNA expression profiles of the erythroid popula-
tions obtained from early hEBs (EB9) and late hEBs 
(EB20) on day 18 (EB9-D18 versus EB20-D18) of 
erythroid culture starting from hESCs H1. On day 18 
each condition displays the most morphologically and 
phenotypically homogeneous cell populations repre-
senting late erythroblast populations containing mostly 
orthochromatophilic erythroblast/reticulocytes (Figure 
1, Table 1B). 

Due to the large number of differentially expressed 
genes, we performed several levels of analysis in order 
to define more specific gene categories which were 
repressed or strongly present in EB9 as compared to 
EB20 cells. Supplemental Figure 1 presents an overview 
of the experiments. 

Level I of analysis: Genes differentially ex-
pressed in EB9-D18 versus EB20-D18 cultures 
Pairwise comparisons of gene expression between EB9-
D18 and EB20-D18 samples were considered to be sig-
nificant if the P value was ≤ 0.05 and the fold change ≥ 2 
(log2 = 1). 

A total of 3638 reporters fulfilled our selection crite-
ria after comparison of cultured cells blocked in termi-
nal erythroid differentiation (EB9-D18) with cells, which 
had fully differentiated (EB20-D18). This corresponded 
to 1278 up-regulated reporters and 2360 down-
regulated reporters in EB9-D18 as compared to EB20-
D18 cultures (Supplemental Table 1). Among the down-
regulated genes in EB9-D18 samples, we found 
erythroid-specific genes of several classes including 
transcription factors and regulators such as SOX6, MYB, 
FOXO3, E2F2 and ID2, genes playing a key role in 
erythroid maturation and enucleation like RIOK3, MXI1, 
RAC2 and BNIP3L, signaling molecules like MAP2K3 and 
PIK3 and genes associated with apoptosis such as BIRC3, 
HMOX1 and BCL6. The complete list of differentially 
expressed (DE) reporters with intensities for each sam-
ple is given in Supplemental Table 1. 

Validation of gene expression by quantitative 
PCR analysis 
RT-qPCR analysis confirmed the array signal intensity 
for a selection of differentially expressed genes with 
expression ratios greater than those observed using the 
microarray (Figure 2A). 

miRs differentially expressed in EB9-D18 as 
compared to EB20-D18 cells 
DE miRs were required to have a corrected P value of 
less than or equal to 0.05 and at least a 2-fold change in 
expression level. 

We identified 35 miRs with at least a 2-fold higher 
mean expression in EB9-D18 cells, while 26 miRs dis-
played lower expression in EB9-D18 as compared to 
EB20-D18 cells (Supplemental Table 2). As a result, the 
majority of miRs were more strongly expressed in EB9-
D18 cultures. This was to be expected since these cells 
were blocked in terminal differentiation and should 
thus represent a less differentiated cell type. It also cor-
relates with the whole genome analysis as we found a 
greater number of genes to be repressed in EB9-D18 as 
compared to EB20-D18 cultures. 

Gene set enrichment (GSE) analysis 
GSE analysis of the genes more strongly expressed in 
EB9-D18 cultures revealed only a few categories. These 
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gene sets were however enriched for cell differentiation 
and regulation of cellular processes and cell develop-
ment (Table 2A). Genes more weakly expressed in EB9-
D18 cultures were enriched in categories associated 
with the immune response, predominantly related to 
regulation of this response and cell surface receptor-
linked signaling pathways (Table 2B). 

Level II of analysis: Comparison of EB20-D18 
versus EB20-D0 and EB9-D18 cells 
To identify a gene signature involved in the final step of 
erythroid differentiation, we compared the list of up-
regulated genes in EB20-D18 cells with those in EB20-
DO and EB9-D18 cells. We found 1397 commonly up-
regulated genes in the two settings (Figure 2B, Supple-
mental Table 3). Interestingly, GSE analysis of the over-
lapping genes revealed several categories mostly pre-
sent in erythroid cells, with strongest enrichment of the 
FOXO family implicated in signaling and protein degra-
dation pathways (Figure 2C). Genes belonging to these 
most significantly enriched categories included the 
transcription factor FOXO3 and its transcriptional tar-
gets involved in erythropoiesis such as the cyclin-
dependent kinase inhibitor CDKN1B, CREBBP which is a 
co-activator in erythroid differentiation and anti-
oxidant gene catalysis (CAT) and sets of genes associat-
ed with autophagy and the formation of autophagic 
vacuoles like ULK1, PI3K, GABARAPL1/2 and 
MAP1LC3A/B. 

Level III of analysis: Integrated analysis of 
miRNA and mRNA transcriptomes 
In an effort to perform a robust integrative analysis, we 
combined the mRNA and miRNA expression profiles on 
day 18 of erythroid culture and then carried out GSE 
analysis to identify associated pathways and biological 
functions which are altered during the terminal phase 
of erythroid differentiation. 

Lists of potential and validated targets of over-
expressed miRs were established using eight target 
prediction algorithms: miRDb [41], PicTar [42], DI-
ANAmT [43], miRanda [44], PITA [45], RNAhybrid and 
TargetScan [46]  and miRWalk [24]. In order to combine 
the mRNA and miR expression data, we compared po-
tential and validated targets for 35 up-regulated miRs of 
EB9-D18 cells with genes down-regulated in EB9-D18 as 
compared to EB20-D18 cells. A total of 1026 repressed 
genes were found to be potential targets of miRs and 
127 repressed genes to be validated targets (Supple-
mental Table 4-5). 

Combining the 35 up-regulated miRs and the 
1026/127 down-regulated genes, we found 5 miRs to be 
the most frequently appearing candidates: miR-34a, 
miR-9, miR-30a, miR-221 and Let-7e. 

miR-30a modulates erythroblast enucleation 
To determine whether down-regulation of miR-34a, 
miR-9, miR-30a, miR-221 or Let-7e correlates with 

erythroid enucleation, we transduced day 4 erythroid 
cells from EB9 cultures with a lentivirus harboring anti-
miR (miRZIP). On day 8 of erythroid culture, GFP-
positive transduced cells were sorted and cultured until 
day 25. 

On day 25, the enucleation status of anti-miR-
infected cells was determined by MGG staining, as 
compared to controls. Knockdown of Let-7e or miR-221 
had no effect on terminal erythroid enucleation (data 
not shown). Knockdown of miR-34a or miR-9 slightly 
increased enucleation with 13-15% enucleated cells. 
Strikingly, knockdown of miR-30a significantly increased 
the enucleation of erythroblasts with 51±10% enucleat-
ed cells as compared to cells infected with a scramble 
vector, which generated 0.4±0.3% enucleated cells (Fig-
ure 3A, Supplemental Figure 2). Importantly we didn’t 
observe any significant difference in the rate of prolif-
eration of erythroid cells in miRZIP-30a infected EB9 
cells compared to controls (Table 1C). 

RT-qPCR analysis of the expression of miR-9, miR-
34a and miR-30a showed that the level of miR expres-
sion in anti-miR cells was significantly inhibited relative 
to that in cells infected with a scramble vector control 
(Figure 3B). 

The up-regulation of these 3 miRs was also detected 
in erythroid cells derived from hESC H9-EB9 as com-
pared to H9-EB20 cells, and was correlated with the 
absence of enucleation in H9-EB9 cells (Figure 4A). The 
inhibitory effect of miR-30a on the enucleation of eryth-
roblasts was confirmed in H9-EB9-derived erythroid 
cells using the same approach (Supplemental Figure 3) 

The miR-30a expression pattern during culture of 
erythroblasts derived from H1 and H9 cells is shown in 
Figure 4B for early and late EBs. To further explore the 
correlation between expression of miR-30a and enucle-
ation of erythroblasts, we analyzed the expression ki-
netics of miR-30a during erythroid differentiation of 
CD34+ cells from human cord blood. As shown in Figure 
4C, the expression of miR-30a decreased significantly 
during erythroid differentiation, concomitant with an 
increase in the rate of enucleation of erythroblasts de-
rived from CD34+ cells (Figure 4C-D). Flow cytometric 
analysis of miRZIP-30a infected EB9 cells did not show 
any significant difference in expression of erythroid 
markers as compared to control (Supplemental Figure 
4). 

Correlation between miR-30a and gene ex-
pression 
RT-qPCR analysis was employed to search for putative 
target genes affected by miR-30a inhibition in anti-miR-
30a (miRZIP-30a)-transduced cells. Candidate genes 
were selected among putative miR-30a target genes 
down-regulated in EB9-D18 as compared to EB20-D18 
cells in the mRNA transcriptome results. The expression 
profiles of miRZIP-30a-transduced cells were compared 
to those of control cells, i.e., EB9 control cells and cells 
infected with a scramble vector. Among 30 genes ana-
lyzed, we found that knockdown of miR-30a significant-
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ly increased the expression of several potential target 
genes including RIOK3, HDAC5, BNIP3L, GABARAPL1/2 
and MAP1LC3B (Figure 5). 

DISCUSSION 

We investigated the expression profiles of genes and 
miRs during erythroid differentiation in a hESC EB sys-
tem and showed that the terminal erythroid differentia-
tion capacity of hESCs is directly depended on the age 
of the EBs. Only late EBs reached the final step of 
erythroid maturation, i.e., enucleation. In 2007, Dong 
Chen et al analyzed the definitive hematopoiesis com-
mitment of hemangioblasts in hESC-derived EBs. These 
authors determined the gene expression in EBs by mi-
croarray analysis at five specific time points and ob-
served that the transition from primitive to definitive 
hematopoiesis occurs on day 12 [25]. We then per-
formed a microarray analysis of EB9 and EB20 cells as 
representing two extreme time points in erythroid dif-
ferentiation, in order to explore the molecular mecha-
nisms underlying embryonic terminal erythroid differ-
entiation. By performing two types of microarray exper-
iment, we identified several categories of genes and 
miRs differentially expressed in cells blocked in the 
course of terminal erythroid differentiation as com-
pared to those undergoing enucleation. 

Applying different levels of analysis to day 18 cell 
samples and combining the miR and mRNA expression 
data, we identified five miRs potentially involved in the 
enucleation hESCs: miR-34a, miR-9, miR-30a, miR-221 
and Let-7e. Furthermore, by targeting these 5 miRs in 
knockdown experiments we demonstrated an inhibitory 
effect of miR-30a on erythroblast enucleation. Knock-
down of miR-30a resulted in a major increase in enucle-
ated cells in EB9 cultures, with a rate of enucleation 
comparable to that observed in EB20 cultures. 

miR-30a is identified as a negative regulator of au-
tophagy by targeting some autophagy-related genes in 
myocardial hypertrophy and cancer cells [26-28]. Alt-
hough the role of miR-30a in erythropoiesis is less un-
derstood, some studies have reported its increased ex-
pression during murine erythroid differentiation and 
the erythropoiesis of CD34+ cells derived from human 
cord blood [29, 30]. In our study, we observed an in-
crease in miR-30a expression during the differentiation 
of H1/H9 hESC-derived erythroblasts, which undergo 
erythroid differentiation but fail to extrude their nuclei, 
unlike those which give rise to mature enucleated cells. 
Interestingly, hiPSC-derived erythroblasts display a low 
rate of enucleation and express high levels of miR-30a 
(data not shown). 

To further explore the molecular mechanisms of the 
functions of miR-30a, we performed RT-qPCR assays to 
identify candidate genes involved in the miR regulation 
network. A first series of results revealed a significant 
increase in the expression of several candidate targets 
which might be directly regulated by miR-30a. The 
genes affected by miR-30a inhibition included RIOK3, 

HDAC5, BNIP3L, GABARAPL1, GABARAPL2 and 
MAP1LC3B. 

Riok3 belongs to the RIO family of atypical protein 
kinases and it was recently shown by Zhang et al that 
knockdown of Riok3 blocks chromatin condensation 
and the enucleation of erythroblasts in mouse fetal liver 
cells [18]. Several studies have investigated the role of 
chromatin condensation in erythroblast enucleation [1, 
2, 18]. In 2009, Popova et al reported that HDAC5 was 
significantly up-regulated during the terminal stages of 
differentiation of Friend virus-infected erythroblasts. 
Moreover, treatment with trichostatin A, a histone 
deacetylase inhibitor, blocked both chromatin conden-
sation and nuclear extrusion. Contrary to these results, 
Peng et al found HDAC2 but no other HDAC to be an 
important regulator in mediating chromatin condensa-
tion and enucleation during the final stages of mamma-
lian erythropoiesis [1]. In our study HDAC4, HDAC6, 
HDAC8 and HDAC9 were significantly expressed in both 
EB9- and EB20-derived cells during the late stages of 
erythropoiesis, whereas HDAC5 was only expressed in 
EB20-derived erythroid cells, which underwent enuclea-
tion. Our microarray results showed no difference in the 
expression of HDAC2 between EB9 and EB20-derived 
cells on day 18. Nevertheless, much remains to be 
learned about the mechanisms and proteins employed 
by erythroid cells to condense their nucleus. 

The ATG8 family members in humans, GABARAPL1, 
GABARAPL2, MAP1LC3A and MAP1LC3B, associate with 
autophagic vesicles and their up-regulation strongly 
induces autophagy [31-35]. The fact that ATG8 proteins 
interact with numerous RAB GTPase regulatory proteins 
also points to a role of ATG8 in controlling localized RAB 
activation and vesicle dynamics [36]. 

Several lines of evidence support the hypothesis 
that formation of cytoplasmic vesicles and autophagic 
vacuoles contributes to enucleation [4, 5]. Recently, 
Keerthivasan et al showed that vesicle trafficking, in 
particular the formation and movement of vacuoles at 
the junction of the nucleus and the cytoplasm, is a criti-
cal component of mammalian erythroblast enucleation 
[4, 5].  There is likewise evidence supporting a link be-
tween autophagy and vesicle trafficking [37]. Autopha-
gy is an important phenomenon which takes place dur-
ing enucleation and involves the segregation of cellular 
components such as organelles and proteins [3, 38] 
Several studies have demonstrated the role of BNIP3L 
(Nix), a member of the Bcl-2 family, in mitochondrial 
clearance during reticulocyte maturation. Sandoval et al 
reported that Nix-/- mice developed anemia with re-
duced mature erythrocytes, although in this study loss 
of Nix did not affect enucleation [7]. It has been report-
ed that BNIP3L interacts with GABARAPL1 and 
MAP1LC3A, pointing to a direct link with the autopha-
gosome biogenesis pathway [38, 39]. 

A recent study of erythroid differentiation showed 
that autophagy is induced at the polychromatic 
erythroid stage and that autophagosomes remain 
abundant until enucleation. These authors observed 
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that this stimulation was associated with the transcrip-
tional up-regulation of many autophagy genes including 
all members of the ATG8 mammalian paralog family 
[40]. However, there is to date no study investigating 
the direct role of autophagy and autophagy-associated 
genes such as GABARAPL1, GABARAPL2 and MAP1LC3B 
in the enucleation process and further experiments will 
be needed to explain the link between autophagy and 
the terminal differentiation of erythroblasts. 

In conclusion, we present a unique in vitro model of 
erythropoiesis in hESCs to explore gene and miRNA ex-
pression changes during terminal erythroid differentia-
tion. On the basis of our observations we could identify 
miR-30a as a regulator of erythroblast enucleation. We 
also investigated the expression of putative target 
genes affected by miR-30a inhibition. Further functional 
studies will be required to confirm the direct interaction 
of these putative target genes with miR-30a and their 
roles in the enucleation of hESCs. Our observation is 
nevertheless a major step towards improving the enu-
cleation of erythroblasts and opens a new field for the 
in vitro production of RBCs from pluripotent stem cells. 
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Figure 1. Characteristic of erythroid cells derived from EB9-D0 and EB20-D0.              (A) Morphology of the erythroid 
cells generated from hESCs during EB9 and EB20 differentiation. During differentiation into mature cultured RBCs 
(second step of the protocol), morphological analysis of the cells was performed by May-Grünwald-Giemsa staining. 
Photographs show representative images (n = 3) of each stage of erythroid maturation on days 4, 8, 15, 18 and 25 
(magnification x 630). (B) Flow cytometric analysis of EB9- and EB20-derived erythroid cells on day 18. Histograms 
and percentages of cells expressing erythroid markers (CD71, CD36 and CD235a). Open histograms: negative controls. 
Solid histograms: positive cells. 
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Figure 2. (A) Comparative expression of transcripts as determined by real-time qPCR and microarray analyses. For 
each gene, the fold change is given between EB20-D18 and EB9-D18 cells. Black bars represent microarray data and 
dotted bars qPCR; data were determined in triplicate from 3 biological replicates of individual samples. GAPDH was 
the loading control. The error bar is the standard deviation (SD) (n = 3). (B) Venn diagrams illustrating the 1397 over-
lapping transcripts identified by comparing transcripts up-regulated between EB20-D18 and EB20-D0 cells with tran-
scripts up-regulated between EB20-D18 and EB9-D18 cells. (C) Cross-linked gene set enrichment analysis. Enrichment 
analysis representing the most significant molecular and cellular functions associated with the 1397 overlapping tran-
scripts identified in (B).  
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Figure 3. Functional analysis of miR-30a, miR-34a and miR-9 (A) Morphology of the erythroid cells generated from 
EB9 cells. May-Grünwald-Giemsa staining of day 25 cultured cells infected with the indicated vectors; representative 
images are shown (n = 3). (B) miR expression as assessed by real-time qPCR in cells transduced with miRZIP-30a, miR-
ZIP-34a, miRZIP-9 and a scramble vector. Relative fold changes in expression (normalized to U6/U48) were calculated 
by the DDCT method and values are expressed as 2 DDCT. The error bar is the standard deviation (SD) (n = 3). (***) P < 
0.001 in Student t-test (n = 3). 
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Figure 4. Expression of miRs in erythroid cells. (A) Comparative expression of miR-30a, miR-34a and miR-9 as deter-
mined by real-time qPCR in cells derived from H1 and H9 hESCs depending on the duration of EB differentiation (9 
days versus 20 days). (B) miR-30a expression pattern during erythroid differentiation at different time points (D8-
D18) in cells derived from H1 and H9 hESCs as assessed by real-time qPCR; H1-EB20, H1-EB9, H9-EB20 and H9-EB9. (C) 
Kinetics of miR-30a expression during erythroid differentiation of CD34+ cells derived from human cord blood (CB-
CD34+) as determined by real-time qPCR and the correlation with enucleation. (D) Comparative expression of miR-
30a in CB-CD34+, H1-EB9 and H9-EB9 on day 18. U6 was the loading control. The error bar is the SD (n = 3). (***) P < 
0.001 in Student t-test (n = 3). 
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Figure 5. Expression of potential target genes in miRZIP-30a-infected cells.  RT–qPCR analysis shows the expression 
of putative targets of miR-30a on day 25 of in vitro culture of erythroid cells infected with the miRZIP-30a virus 
(hatched bar: miRZIP-30a) as compared to non transduced EB9 control cells (black bar: EB9) and cells infected with a 
scramble vector (gray bar: Scramble vector). Relative fold changes in expression (normalized to 18s and GAPDH) were 
calculated by the DDCT method and values are expressed as 2 DDCT. The error bar is the SD (n = 3). 
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Table 1. Erythroid differentiation of H1 hESCs (A) Flow cytometric analyses of H1 hESCs and cells derived from H1 

hESCs Percentages of cells expressing undifferentiated cell markers (SSEA-1, SSEA-4), hematopoietic markers (CD45, 

CD34) and erythroid markers (CD71, CD36, CD235a) during EB differentiation on day 9 (EB9-D0) and day 20 (EB20-

D0), (B) Percentage of erythroid cells at different stages of differentiation (pro-erythroblast, basophilic erythroblast, 

polychromatic erythroblast, orthochromatic erythroblast and reticulocyte) on day15, 18 and 25 in EB20 and EB9 de-

rived cell cultures. (C) Total yield of erythroid cells from EB20, EB9, EB9-scramble vector and, EB9-miRZIP30a from D0 

to D25 of erythroid differentiation. Lentiviral transfection and GFP+ based cell sorting are performed at D4 and D8 

respectively. By day 8 the transfection efficiency for EB9-miRZIP30a and EB9-Scramble vector was 51.2±13 and 

55.8±17 respectively.  

Results are mean+/- SD of three independent experiments 

14



15



Table 2. Enrichment analysis of genes differentially expressed in EB9-D18 as compared to EB20-D18 cells. Enrich-

ment analysis representing the most significant molecular and cellular functions associated with (A) transcripts up-

regulated between EB9-D18 and EB20-D18 cells and (B) transcripts down-regulated between EB9-D18 and EB20-D18 

cells.  
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