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In recent years it has been discovered that long non-
coding RNAs are important regulators in many biologi-
cal processes. In this review, we summarize the role of  
lncRNA in erythropoiesis. lncRNA are crucial for regula-
tion of gene expression during both, proliferation and 
differentiation stages of red blood cell development. 
Many are regulated by erythroid-specific transcrip-
tion factors and some are expressed in a developmen-
tal stage-specific manner. The majority of individually 
studied lncRNAs are involved in regulating the terminal 
maturation stages of red cell differentiation. Their regu-
latory function is accomplished by various mechanisms, 
including direct regulation in cis or trans by the lncRNA 
product or by the cis-localized presence of the lncRNA 
transcription itself. These add additional levels of regula-
tion of gene expression during erythropoiesis.
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INTRODUCTION

Erythropoiesis is a process characterized by com-
mitment of pluripotent hematopoietic stem cells to the 
erythroid lineage. During mammalian development, 
erythropoiesis occurs successively in the yolk sac, the 
fetal liver and the bone marrow (Barker, 1968). Eryth-
rocytes are short-lived, continuously replenished cells. 
Erythropoiesis comprises several developmental stages, 
during which hematopoietic stem cells are committed to 
progenitor and precursor cells with gradually restricted 
potential. In erythroid lineage development, a bipoten-
tial megakaryocytic-erythroid progenitor gives rise to a 
burst-forming unit-erythroid (BFU-E), which differenti-
ates into a colony-forming unit-erythroid (CFU-E) and 
finally to erythroblasts. In hematopoietic tissue, these 
cells differentiate in the context of a specialized niche, 
the erythroblastic island, where erythroblasts are attached 
in concentric rings to one or more central macrophages. 
At this stage, cells decrease their size, nucleus is con-
densed and ultimately is expelled; cells become reticulo-
cytes. The final stage of erythroid differentiation involves 
maturation of the reticulocytes into circulating, mature 
red blood cells (RBC). The reticulocytes dismantle their 
ribosomal machinery, expel organelles, and assume a bi-
concave discoid shape. (Manwani & Bieker, 2008; An & 
Mohandas, 2011; Palis, 2014).

To ensure a continuous and controlled production of 
red cells, this process has to be tightly regulated. Fun-
damental to the homeostasis of the hematopoietic sys-
tem is the correct balance of progenitor cell proliferation 

versus lineage committed differentiation (Orkin & Zon, 
2008). Growth factors play a critical role in preventing 
apoptosis and in inducing proliferation, while successive 
combination of a complex network of transcription fac-
tors drives differentiation (Novershtern et al., 2011).

In recent years a new class of small, endogenous non-
coding RNAs (ncRNAs) emerged as important regula-
tors of gene expression at the post-transcriptional level. 
MicroRNAs are the best-known family of ncRNAs. 
These molecules are 19–23 nucleotides long and bind to 
specific sites within the 3’-UTR of regulated transcripts.  
MicroRNAs can decrease gene expression of various 
mRNAs by either inhibiting translation or directly caus-
ing degradation of the transcript. MicroRNAs demon-
strate evolutionary conservation as well as tissue and 
developmental stage specific expression patterns (Wie-
nholds & Plasterk, 2005). In 2005, Lu and coworkers 
found for the first time that miRNAs expression chang-
es during erythropoiesis (Lu et al., 2005; for reviews see: 
Lawrie, 2009; Listowski et al., 2013; Zhao et al., 2010).

This review focuses on long non-coding RNAs  
(lncRNAs) and their involvement in regulation of red 
blood cell development, particularly the late stages of 
adult erythropoiesis that comprise maturation of erythro-
cytes characterized by hemoglobinization, cell size reduc-
tion and extrusion of nucleus.

LncRNAs belong to a novel heterogeneous class of 
ncRNAs that includes thousands of different species 
identified by a high-throughput sequencing technologies 
that allow for the sequencing of the genome and tran-
scriptome at an unprecedented depth (Paralkar & Weiss, 
2011; Alvarez-Dominguez et al., 2014; Paralkar et al., 
2014). LncRNAs are longer than 200 nt, often polyade-
nylated and devoid of evident ORFs (Wilusz et al., 2009; 
Kung et al., 2013). LncRNAs can be classified based on 
genomic location relative to the well-established markers, 
such as protein-coding genes. Six classes can be distin-
guished (Table 1). The first class is located intergenical-
ly and does not overlap with any protein coding genes. 
The second class consists of lncRNAs situated within in-
tronic regions (ilncRNA). In the third class, lncRNAs are 
transcribed from the antisense strand (alncRNA). The 
fourth class consists of enhancer lncRNAs (elncRNA), 
which are expressed from active enhancers. There is also 
a class named shlncRNA, where lncRNA hosts small 
RNA (sRNA) – microRNAs. A final class comprises 
pseudogene lncRNAs (plncRNA) (Alvarez-Dominguez et 
al., 2014; Rinn & Chang, 2012). Unlike small ncRNAs, 
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lncRNAs can fold into higher ordered structures to pro-
vide greater potential and versatility for target recognition 
(Batista & Chang, 2013; Rinn & Chang, 2012; Guttman 
& Rinn, 2012). lncRNAs affect many biological process-
es, such as genomic imprinting, gene dosage compensa-
tion, gene expression, and nuclear organization. Sever-
al models have been proposed for the function of the  
lncRNAs: (1) as regulatory signals, (2) as a decoy system, 
(3) as guides of regulatory components to the genomic 
targets, and (4) as a ribonucleoprotein scaffold. The evi-
dence indicates that lncRNAs exert their function mostly 
through modulation of chromatin-remodeling complexes 
(Wang & Chang, 2011; Guttman & Rinn, 2012; Rinn & 
Chang, 2012; Arriaga-Canon et al., 2014).

Two major approaches have been applied to study in-
volvement of lncRNA in erythropoiesis: 1) global analy-
sis of lncRNA expression throughout RBC development 
using recent technologies, i.e., microarrays and next gen-
eration sequencing, 2) direct functional tests of various 
individual lncRNAs.

GLOBAL ANALYSIS AND CHANGES IN lncRNA 
EXPRESSION DURING ERYTHROPOIESIS

In the last couple of years several research groups 
performed a vast analysis of long non-coding RNAs in-
volved in red blood cell development. Owing to newly 
developed technologies, such as high-throughput next 
generation sequencing and computational methods, they 
obtained comprehensive data sets from RNA-seq ex-
periments. Diverse sources of erythroid cells were used 
for analyses covering different stages of red blood cell 
development, different source organs, and also various 

species. Researchers compared transcriptomes obtained 
from bipotential megakaryocytic-erythroid progenitors to 
lineage-committed megakaryocytes and erythroblasts us-
ing murine embryonic day 14.5 (E14.5) fetal liver and 
bone marrow cells. They identified 1109 potential lncR-
NA genes (including 683 transcribed in erythroblasts); 
around half of them were not annotated (Paralkar et al., 
2014).

There were also studies of lncRNAs related to par-
ticular stages of erythroid development. Transcriptomes 
from BFU-E and CFU-E progenitors purified from 
mouse fetal liver along with differentiated TER119 
positive erythroblasts were compared. As a result, 96  
lncRNAs were identified that are differentially expressed 
during erythropoiesis (Alvarez-Dominguez et al., 2014), 
thus showing a dynamic regulation of lncRNAs expres-
sion during erythroid maturation. In addition, separate 
RNA-seq analyses were done for the TER119 positive 
cells comparing poly(A)+ and poly(A)- transcripts. In 
total, 9512 coding messenger RNAs (mRNA) genes and 
655 lncRNA genes were identified (Alvarez-Dominguez 
et al., 2014). lncRNA included genes of all types of 
genomic location: intergenic, antisense, intronic, and en-
hancer loci, but also pseudogenes (Alvarez-Dominguez et 
al., 2014).

In general, these studies revealed that mRNAs were 
expressed at higher levels than lncRNAs, but lncRNAs 
were more developmental stage-restricted than coding 
mRNAs (Alvarez-Dominguez et al., 2014). ElncRNA-
EC1, lincRNA-EC9, and alncRNA-EC3 are expressed 
in erythroblasts but not in the closely related megakar-
yocyte or megakaryocyte-erythroid progenitors (Alvarez-
Dominguez et al., 2014).

Table 1. Classification of lncRNAs based on their genomic location (taken from (Alvarez-Dominguez et al., 2014)) and examples of 
lncRNA involved in erythropoiesis.
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Paralkar and coworkers compared lncRNA expres-
sion between fetal and adult erythropoiesis. More than 
85% of fetal liver erythroid lncRNAs were detected 
in adult erythroblasts implying that most of mouse 
erythroid lncRNAs are expressed in both, fetal liver 
and adult bone marrow erythroblasts (Paralkar et al., 
2014). However, Alvarez-Dominguez et al. showed that  
lncRNAs were expressed at different levels in mouse 
fetal and adult erythroblasts (Alvarez-Dominguez et al., 
2014).

LncRNAs expressed in multiple species are less con-
served in primary nucleotide sequence than coding genes 
(Paralkar et al., 2014). Paralkar et al. identified human 
orthologous regions for 95% of all transcribed mouse 
genes. Approximately 85% of coding genes expressed 
in mouse erythroblasts were also expressed in humans, 
but only 20% of erythroid lncRNA genes expressed in 
mouse erythroblasts were expressed in matched human 
samples. Similar results were obtained from an opposite 
analysis revealing that most mouse erythroid lncRNA 
genes are not transcribed in human erythroblasts. Only 
15% of mouse lncRNAs are expressed in humans and 
vice versa, reflecting a dramatic species specificity (Par-
alkar et al., 2014). Most mouse erythro-megakaryocytic 
lncRNAs are transcribed from conventional gene pro-
moters regulated by key hematopoietic transcription fac-
tors. Around 75% of erythro-megakaryocytic lncRNAs 
are transcribed from regions with promoter-like signa-
tures and 25% from enhancer-like signatures (Paralkar et 
al., 2014).

In erythroblasts, 60 of 96 differentially expressed 
lncRNAs are bound at their promoters by erythroid 
specific transcription factors such as GATA, TAL1, or 
KLF1 (Alvarez-Dominguez et al., 2014). Transcriptional 
binding for these factors coincides with DNase I hy-
persensitive sites, with RNA pol II binding and active 
epigenetic chromatin marks. As a consequence of regu-
lation by cell-type specific transcription factors, lncRNA 
expression can be highly developmental stage-specific 
(Alvarez-Dominguez et al., 2014).

Sun and coworkers conducted RNA-seq studies com-
paring transcriptomes obtained from embryonic fetal 
liver tissues from wild-type and Klf1 knockout mice (Sun 
et al., 2012). Klf1 is a gene encoding an essential eryth-
roid transcription factor (Miller & Bieker, 1993; Siatecka 
& Bieker, 2011). Klf1 knockout mice die from anemia by 
day E15, with severe defects in differentiation, hemoglo-
binization, enucleation, and membrane cytoskeleton or-
ganization of red blood cells (Nuez et al., 1995; Perkins 
et al., 1995). Transcriptome analyses identified 13 novel 
lncRNAs that showed significantly different expression 
between the wild-type and Klf1 knockout conditions 
(Sun et al., 2012). Ten lncRNAs were repressed versus 
three activated after Klf1 was knocked out. As described 
below, these may play functional roles in the develop-
ment of erythroid cells.

THE ROLE OF INDIVIDUAL lncRNAS IN ERYTHROID 
MATURATION

Thus far, the majority of individually studied lncR-
NAs are involved in regulation of the terminal matura-
tion stage in red cell development. The hallmarks of this 
stage of erythropoiesis are: expression of the TER119 
marker, cell size reduction, progressive nuclear condensa-
tion and subsequent enucleation. Functions of lncRNAs 
were investigated through the knockdown procedure us-
ing shRNA.

LincRNA-EPS – lincRNA–EPS (erythroid prosur-
vival) was identified during erythroid differentiation of 
mouse fetal liver progenitors. LincRNA–EPS is located 
intergenically. It is 2531 nt long, consists of 4 exons and 
3 introns and has a 5’end cap structure and a 3’ poly(A) 
tail. LincRNA-EPS is enriched in hematopoietic or-
gans, such as spleen, bone marrow and fetal liver cells. 
It is strongly induced during the transition from eryth-
roid precursors CFU-Es to hemoglobin synthesizing 
TER119+ cells (Hu et al., 2011; Paralkar & Weiss, 2011). 
The knockdown of LincRNA-EPS by shRNAs signifi-
cantly reduced the accumulation of erythroid cells by in-
ducing massive apoptosis, as revealed by cell cycle analy-
sis. A significant fraction of analyzed cells was located in 
the sub-G1 population representing cells that underwent 
apoptosis and/or necrosis. Conversely, ectopic expres-
sion of LincRNA-EPS resulted in an increased number 
of cells localized in the S and G2/M phases, indicating 
that overexpression of LincRNA-EPS protects erythro-
blasts from apoptosis. The time frame of LincRNA-EPS 
induction correlates well with the time window at which 
erythropoietin (Epo) exerts its biological function. This 
suggests that LincRNA-EPS’s anti-apoptotic ability could 
contribute to cell survival mediated by Epo (Hu et al., 
2011).

Hu and coworkers found evidence indicating that Py-
card, a signaling molecule that promotes cell death by 
activating caspases (Ohtsuka et al., 2004), is a target of 
LincRNA-EPS. Ectopic expression of LincRNA-EPS 
resulted in a dramatic repression of Pycard (Hu et al., 
2011). During normal erythropoiesis, the expression of 
Pycard is inversely correlated to LincRNA-EPS (Hu et 
al., 2011). Moreover, overexpression of Pycard inhibits 
proliferation of erythroid cells, promotes their apopto-
sis and interferes with their terminal differentiation and 
enucleation. The exact repression mechanism has not yet 
been identified (Hu et al., 2011; Paralkar & Weiss, 2011).

Summarizing, the results obtained in the described re-
search indicate that LincRNA-EPS modulates apoptosis 
at least in part through repressing Pycard expression. 
This pathway of regulation is required for the proper 
generation of mature red blood cells in response to vari-
ous physiological and pathological stimuli.

ShlncRNA-EC6, also called DLEU2, is localized at 
chromosome 14. It belongs to lncRNA transcripts host-
ing microRNAs. ShlncRNA-EC6 hosts microRNAs 15a 
and 16-1. However, it has been suggested that the func-
tion of DLEU2 is independent of microRNA generation 
(Lerner et al., 2009; Klein et al., 2010; Alvarez-Domin-
guez et al., 2014). ShlncRNA-EC6 knockout or ectopic 
expression shows a stronger phenotype compared to 
miR-15a/16-1 knockout or misexpression. Shlnc-EC6 is 
broadly expressed. In erythroblasts, it is transcribed from 
a different specific promoter than in other cell types (Al-
varez-Dominguez et al., 2014). Devoid of poly(A) tail shl-
ncRNA-EC6/DLEU2 is predominantly induced during 
erythropoiesis. It promotes red blood cell maturation at 
least in part by cis-acting, lncRNA-directed control of 
expression of neighboring genes (Alvarez-Dominguez 
et al., 2014). Inhibition of DLEU2 caused up-regulation 
of SPRYD7/CLLD6, residing 45 kb away. No function 
is known for the SPRYD7 protein, although an RNA 
binding role has been proposed (Ponting et al., 1997).

Another study regarding shlnc-EC6 revealed its con-
nection with the Rac1-PIP5K pathway. Knockdown of 
shlnc-EC6 in purified mouse fetal liver erythroid progen-
itors significantly blocked erythroid enucleation, which 
led to a significantly upregulated expression of Rac1 
(Wang et al., 2015). Rac1 is a GTPase, and it has been 
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reported that deregulation of Rac GTPase during the late 
stage of erythropoiesis blocks enucleation of cultured 
mouse fetal erythroblasts without affecting their prolif-
eration or differentiation (Ji & Lodish, 2010). Shlnc-EC6 
negatively regulates Rac1 at the posttranscriptional level 
via specific binding to sites within the 3’ UTR of Rac1 
mRNA (Fig. 1) (Wang et al., 2015).

Consistently, overexpression of Rac1 and subsequent 
upregulation of its downstream component PIP5K 
strongly inhibited erythroid enucleation, which resem-
bled the inhibitory effects of shlnc-EC6 knockdown 
(Villamizar et al., 2016). These results suggest that high 
expression of shlnc-EC6 at late-stage of red cell develop-
ment helps erythroblasts to remove their nuclei through 
the Rac1-PIP5K pathway (Wang et al., 2015).

LncRNA Fas-antisense 1 (Fas-AS1 or Saf) is en-
coded on the antisense strand of the first intron of the 
human Fas receptor gene (also called APO-1 or CD95) 
on chromosome 10 (Yan, 2005). LncRNA Saf takes 
part in the maintenance of RBC production. Its pro-
moter contains binding sites for the essential erythroid 
transcription factors GATA-1 and KLF1, as well as for  
NF-κB. Experimental data support the significance of 
these sites for lncRNA Saf transcription. During the 
early stages of erythroblast expansion, NF-κB signaling 
is involved in the repression of lncRNA Saf expression. 
Subsequently, at late stages of RBC maturation, expres-
sion of lncRNA Saf increases and it coincides with ele-
vated expression of GATA-1 and KLF1, suggesting that 
lncRNA Saf could be regulated by these factors (Vil-
lamizar et al., 2016).

A cell culture model of human erythropoiesis revealed 
that induction of lncRNA Saf confers resistance to Fas-
mediated cell death. LncRNA Saf interacts with Fas pre-
mRNA and human splicing factor 45 (SPF45). It facili-

tates splicing and production of a soluble Fas protein 
that protects cells against Fas-mediated apoptosis (Vil-
lamizar et al., 2016). Overexpression of lncRNA Saf in 
erythroblasts derived from CD34+ hematopoietic stem/
progenitor cells reduced surface levels of Fas receptor 
and protected cells from Fas-mediated apoptosis signals. 
LncRNA Saf expression may therefore provide a means 
to regulate cell death during erythroid maturation (Vil-
lamizar et al., 2016).

AlncRNA-EC7 is an enhancer transcript that regu-
lates expression of SLC4A1 gene encoding Band 3 pro-
tein. Band 3 is a structural component of the erythrocyte 
cell membrane and the primary anion exchanger respon-
sible for mediating the exchange of chloride (Cl-) with 
bicarbonate (HCO3

–) across plasma membrane (Alper, 
2009). AlncRNA-EC7 is located 10 kb upstream from 
SLC4A1 gene locus and is involved in regulation of its 
expression by a cis mode of action. Experimental data 
suggested a model for looping of the alncRNA-EC7 en-
hancer to SLC4A1 gene locus with subsequent activation 
of Band 3 expression in erythroid cells (Fig. 1). Knock-
down of alncRNA-EC7 was associated with an 80% de-
crease in Band 3 gene mRNA expression and severely 
impaired erythrocyte maturation, inhibiting cell size re-
duction and subsequent enucleation (Alvarez-Dominguez 
et al., 2014). As SLC4A1 gene is mutated in hereditary 
hemolytic anemias, this data predicts that alncRNA-EC7 
is a novel disease-relevant locus (Sánchez-López et al., 
2010).

ElncRNA-EC3 belongs to the enhancer class of ln-
cRNA and is transcribed from an erythroid-restricted en-
hancer co-bound at multiple sites by GATA1 and TAL1. 
Activation of elncRNA-EC3 in erythroblasts coincides 
with a more than two-fold up-regulation of its neigh-
bor KIF2A gene that is located 40 kb away. Thus, eln-

Figure 1. Modes of action of lncRNA involved in erythropoiesis.
Regulation by lncRNA product: a) upregulation of a cis target gene expression by induction of chromosomal looping  or b) downregula-
tion by posttranscriptional inhibition via specific binding of lncRNA in trans to sites within the 3’ UTR of the targeted mRNA. Regulation 
by lncRNA transcription process. The lncRNA gene overlaps with the targeted genes (π, αD,αA – α-type globin genes; Gavrilov & Razin, 
2008) located on the same strand of DNA. Transcription of lncRNA recruits the epigenetic machinery to the chromatin which permits 
opening of its structure and allows for the transcription of the target genes (as delineated) along the same locus. P, promoter; LCR, locus 
control region.
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cRNA-EC3 may act in cis to enhance KIF2A expression 
in the erythroid lineage (Alvarez-Dominguez et al., 2014). 
KIF2A gene encodes a kinesin family member 2A. It is a 
microtubule-associated motor protein that depolymerizes 
microtubules (Uehara et al., 2013). Depolymerization of 
microtubules might be necessary for nuclear polarization 
and that seems to connect it with enucelation. Presently, 
the role of this kinesin in erythropoiesis is unclear. Mi-
crotubules controlled by KIF2A are involved in normal 
mitosis progression (Homma et al., 2003),

lncRNA-αGT is an α-globin transcript lncRNA 
studied in chicken. It is an approximately 23 kb long 
intergenic transcript synthesized along the α-globin 
locus “in sense” with the globin genes (Gavrilov & 
Razin, 2008). However, the level of transcription of ln-
cRNA-αGT is orders of magnitude lower as compared 
to transcription of α-globin genes. LncRNA-αGT is nu-
clear-restricted and its transcription occurs at late stag-
es of chicken development, in terminally differentiated 
erythroid cells. The presence of lncRNA-αGT correlates 
with enrichment of H3K4me3 over the adult αD gene 
promoter. Loss-of-function experiments have shown that 
lncRNA-αGT is required for full activation of the αD 
adult gene and maintenance of transcriptionally permis-
sive chromatin. LncRNA-αGT is involved in switching 
from embryonic to adult α-globin gene expression and 
later in maintaining of adult α-globin gene expression by 
promoting an active, open chromatin structure (Arria-
ga-Canon et al., 2014).

Existence of similar intergenic lncRNAs had been 
detected for β-globin locus already over 15 years ago 
(Ashe et al., 1997; Bender et al., 2000; Gribnau et al., 
2000; Ling et al., 2004, 2005). Transcription of these 
lncRNAs is initiated autonomously from the HS2 en-
hancer of the β-globin locus control region (LCR) 
(Ashe et al., 1997; Ling et al., 2005) and is independent 
of a cis-linked globin promoter. Generated transcripts 
are polyadenylated but differ in length. They delineate 
large regions of 15–30 kb surrounding active genes 
(Gribnau et al., 2000). No biological function has been 
correlated with these transcripts but because HS2 is 
unable to activate globin expression when a transcrip-
tional terminator is placed between HS2 and the cis-
linked globin promoter, this phenomenon has been 
interpreted to be transcription- rather than transcript- 
dependent (Ling et al., 2004, 2005). The observed pre-
cise correlation between the extent of intergenic tran-
scription and chromatin structure adjustments sug-
gests a role of lncRNA-αGT in developmental remod-
eling of chromatin and establishing open chromatin 
structure marked by permissive histone modifications 
(Fig. 1) (Gribnau et al., 2000).

In conclusion, the lncRNAs detected for avian 
α-globin locus, as well as intergenic lncRNA found 
for murine β-globin locus, have the same mode of 
action. In both cases, lncRNAs act through cis-regu-
latory mechanisms based on the transcription process 
itself that has the capacity to alter chromatin struc-
ture. This is crucial for the proper synthesis of spe-
cific globin products (Bender et al., 2000). During this 
process, transcriptional machinery containing RNA 
polymerase II, and also epigenetic modifiers such as 
SWI/SNF and histone acetyltransferases, cause an 
opening of the chromatin structure, allowing for ac-
cess of other transcriptional factors. Consistent with 
this, developmental control of globin gene transcrip-
tion is regulated primarily at the level of chromatin 
structure (Gribnau et al., 2000).

CONCLUSIONS

Many studies have recently identified and discussed 
the role of various lncRNAs that are involved in red 
blood cell development. LncRNAs add an additional lev-
el of regulation of gene expression. As opposed to mi-
croRNAs, their mechanism of action is more complex. 
Based on examples described above, modes of action of 
lncRNAs involved in erythropoiesis can be divided into 
two categories (Fig. 1): 1) regulation (up or down) by 
lncRNA product and 2) regulation by lncRNA transcrip-
tion. These additional components that are important for 
erythroid regulation may also contribute to disease, but 
they may also provide new opportunities to use them as 
diagnostic markers and therapeutic targets for treatment 
of erythroid disorders.
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