
BMB
   reports

493http://bmbreports.org BMB reports

*Corresponding author. Tel: 39-0532-974443; Fax: 39-0532-974500;
E-mail: gam@unife.it

Received 13 February 2009, Accepted 4 March 2009

Keywords: Erythroid differentiation, Globin genes, HbF, MicroRNA, 
β-thalassemia

Expression of miR-210 during erythroid differentiation and 
induction of γ-globin gene expression
Nicoletta Bianchi1, Cristina Zuccato1, Ilaria Lampronti1, Monica Borgatti1 & Roberto Gambari1,2,*
1BioPharmaNet, Department of Biochemistry and Molecular Biology, University of Ferrara, Via Fossato di Mortara, 74-44100 Ferrara, 
2Biotechnology Center, University of Ferrara, Via Fossato di Mortara, 64-44100 Ferrara, Italy

MicroRNAs (miRs) are a family of small noncoding RNAs that 
regulate gene expression by targeting mRNAs in a sequence 
specific manner, inducing translational repression or mRNA 
degradation. In this paper we have first analyzed by micro-
array the miR-profile in erythroid precursor cells from one nor-
mal and two thalassemic patients expressing different levels of 
fetal hemoglobin (one of them displaying HPFH phenotype). 
The microarray data were confirmed by RT-PCR analysis, and 
allowed us to identify miR-210 as an highly expressed miR in 
the erythroid precursor cells from the HPFH patient. When 
RT-PCR was performed on mithramycin-induced K562 cells 
and erythroid precursor cells, miR-210 was found to be in-
duced in time-dependent and dose-dependent fashion, togeth-
er with increased expression of the fetal γ-globin genes. 
Altogether, the data suggest that miR-210 might be involved in 
increased expression of γ-globin genes in differentiating eryth-
roid cells. [BMB reports 2009; 42(8): 493-499]

INTRODUCTION

MicroRNAs (miRs) (http://microrna.sanger.ac.uk/sequences/) 
are a family of small (19 to 25 nucleotide in length) noncoding 
RNAs that regulate gene expression by sequence-selective tar-
geting of mRNAs (1, 2), inducing translational repression or 
mRNA degradation, depending on the degree of com-
plementarities between miRs and the target sequences (3, 4). 
Considering that a single miR can target several mRNAs and a 
single mRNA might contains in its 3’UT sequences several sig-
nals for molecular recognition by miRs, it is calculated that 
10-30% of human mRNAs are target of microRNAs (4), lead-
ing to the control of highly regulated processes, such as differ-
entiation, cell cycle and apoptosis (3, 4). 

In this respect, few reports are available on microRNAs ex-
pression and functions in erythroid cells (5-13). For instance, 

microRNAs in erythropoiesis were studied by Felli et al., who 
identified miR-221 and miR-222 as being highly expressed in 
human cord blood derived haematopoietic CD34+ progenitor 
cells (5). Erythroid-specific miRNAs were also identified by 
Georgantas et al., who demonstrated miR-155 as a microRNA 
involved in the control of both myeloid and erythroid differ-
entiation (7).

The aim of this study was to compare the expression of 
microRNAs in erythroid precursor cell populations isolated 
from a normal donor, a patient affected by βo-thalassemia ex-
pressing low levels of fetal hemoglobin (HbF), and a βo-tha-
lassemic patient exhibiting hereditary persistence of fetal he-
moglobin (HPFH). A second objective was to verify the content 
of miRs preferentially expressed in HPFH cells in the K562 cell 
system and in erythroid precursor cells from peripheral blood 
induced to γ-globin gene expression by mithramycin (14-18).

RESULTS

Characterization of globin genes expression in erythroid cell 
cultures exhibiting different levels of fetal hemoglobin 
The biochemical features of the three erythroid two-phase pri-
mary cell cultures employed in our miR-profiling analysis are 
the following. As expected, erythroid cells from the normal do-
nor (US) accumulate α-globin and β-globin mRNA and pro-
duce high level of HbA and very low levels of HbF. Erythroid 
cells from Th-1 (a β major-thalassemic patient) accumulate 
very low levels of β-globin mRNA, low levels of γ-globin 
mRNA and levels of α-globin mRNA comparable to the nor-
mal donor; accordingly, erythroid cells from this patient ex-
press low levels of HbF (15% ± 3.5, n = 3). As recently pub-
lished by our group, erythroid cells from Th-17 accumulate, in 
addition to the α-globin, very high levels of γ-globin mRNA, 
HbF being the major hemoglobin produced by erythroid cells 
of this HPFH patient (>85% ± 5.5, n = 5) (19). All the cel-
lular cultures displayed more than 80% erythroid differentiated 
cells, as judged by benzidine-staining (data not shown). 

MicroRNA profiling analysis 
The microarray-based screening was performed using the 
microRNA chip Agilent and LNA-modified oligonucleotides, 
which contains 470 miR probes and RNA isolated from eryth-
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Fig. 1. (A) Profiles of miRNA ex-
pression in erythroid cell cultures. The 
analysis was performed with total 
RNA from US, Th1 and Th17 sam-
ples, as indicated.  Heatmap of 194 
miRNA expression profiling found ex-
pressed in at least one sample is de-
picted using a color-bar approach. 
Lower part of the panel: restricted 
analysis to the 30 miRNAs expressed 
at high levels in Th-1, Th-17 and US 
samples. (B, C) Comparison between 
microarray (white histograms) and 
quantitative RT-PCR (black histograms) 
data, obtained using RNA from Th1 
(B) and Th17 (C) EPO-induced eryth-
roid precursor cells. miR-let-7c was 
used as internal control to normalize 
RNA input.

roid precursor cells from an unaffected subject (US), Th-1 and 
Th-17. Out of 470 human miRNAs, 276 were found not ex-
pressed or expressed at extremely low levels in all the sample 
tested. Fig. 1 reports the overall analysis performed on the 194 
miRNAs found expressed in at least one sample, using a col-
or-bar approach (Fig. 1A, right side of the panel). When the 
analysis is restricted to the 50 microRNAs expressed at high 
levels in Th-1, Th-17 and US samples, 33 miRNAs (66%) were 
found highly expressed in all the samples, 1, 6 and 9 in 
Th-1/Th-17, Th-17/US and Th-1/US, respectively. 10, 7 and 2 
miRNAs were found to be highly expressed only in Th-17, 
Th-1 and US erythroid cells (Fig. 1A, lower side of the panel). 
As clearly appreciable from the data shown in Fig. 1A, much 
higher difference, in terms of miR expression, does exist be-
tween Th-1 and Th-17 erythroid cells than between erythroid 
cells from Th-1 and the unaffected subject. This suggests the 
HPFH phenotype as very peculiar with respect to miRNA 
expression.

Then, the complete analysis was carried out on the 194 ex-
pressed miRNAs. The first observation is that all the miRNAs 
previously described by other groups expressed in erythroid 
cells were found present. Among them, as expected from pre-
viously published reports linking them to erythropoiesis, miR- 
15b, miR-16, miR-22, miR-185, miR-181 and miR-221 (6), 
mir-150, mir-155, mir-221, miR-222, miR-223 and mir-451 
(10, 11); miR 144 and miR 451 (12); miR-188, miR-362 and 
miR-210 (13).

As far as analysis of the possible role and/or association with 
the phenotype of the employed biological samples, we point-
ed out our attention on miRs which are similarly expressed in 

cells from Th-1 and US (range Th-1/US from 0.9 to 1.1, see 
Table 1). Among these 30 miRs, miR-210 displays the highest 
level of expression in cells from Th-17 (Th-17/US being 16.73, 
see Table 1). Therefore, miR-210 should be tentatively consid-
ered as associated with high expression of HbF, which is one 
of the most striking parameters which differentiate Th-17 on 
one side from Th-1 and US samples on the other. The miRNA 
let-7c could represent one of reference sequence to quantify 
miR expression, because its content does not change sig-
nificantly between the assayed samples (data not shown). 

Validation of the miR microarray analysis with quantitative 
real-time RT-PCR 
Quantitative RT-PCR (Q-RT-PCR) was employed as a method 
for validation of the microarray data. Due to the already dem-
onstrated involvement of miR-155, miR-221 and miR-222 in 
erythropoiesis (6, 11), these microRNAs were chosen for this 
analysis. The comparison between microarray and RT-PCR da-
ta is shown in Fig. 1 (B and C). When the expression in eryth-
roid cells from the unaffected subject is taken as 1, the level of 
miR-155, miR-221 and miR-222 were found to be 0.59, 0.37, 
and 0.44 in Th-1, and 0.92, 4.01, and 3.42 in Th-17 samples, 
in agreement with the trend displayed by the microarray data. 
The results obtained for miR-210 clearly demonstrate that the 
differences found in the microarray data are reproducibly ob-
served using the quantitative real-time RT-PCR approach.

In order to verify possible changes in the expression of miR- 
210 following erythroid differentiation and/or increased ex-
pression of γ-globin genes, two cellular model systems were 
employed, (a) K562 cells induced to erythroid differentiation 
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US
Normalized

TH1
Normalized

TH17
Normalized TH1/US TH17/US

miR-130b     1.493     1.646     4.733 1.10 3.17
miR-17-3p     4.070     4.484     4,474 1.10 1.10
hsa-miR-18a     4.863     5.299   12,913 1.09 2.66
hsa-miR-98     4.122     4.447     6.799 1.08 1.65
hsa-miR-660     0.996     1.073     1.255 1.08 1.26
hsa-miR-30e-5p     0.371     0.392     0.841 1.06 2.26
hsa-miR-484     2.004     2.088     7.503 1.04 3.74
hsa-miR-196b     0.163     0.169     0.557 1.04 3.42
hsa-miR-801     0.901     0.925     0.248 1.03 0.28
hsa-miR-422b     3.499     3.580     2.448 1.02 0.70
hsa-let-7b   89.524   90.518 115.804 1.01 1.29
hsa-miR-768-5p   14.893   14.844   11.539 1.00 0.77
hsa-let-7g   71.654   70.393   62.825 0.98 0.88
hsa-miR-210     1.943     1.877   32.508 0.97 16.73
hsa-miR-28     0.402     0.388     0.714 0.97 1.78
hsa-miR-423     0.368     0.353     0.559 0.96 1.52
hsa-miR-30e-3p     0.383     0.365     1.129 0.95 2.95
hsa-miR-128a     0.337     0.320     1.068 0.95 3.17
hsa-miR-513     0.817     0.770     0.481 0.94 0.59
hsa-miR-34a     5.638     5.298     4.647 0.94 0.82
hsa-miR-296     1.100     1.033     0.551 0.94 0.50
hsa-miR-128b     0.716     0.670     1.764 0.94 2.46
hsa-miR-182     2.631     2.459     9.954 0.93 3.78
hsa-let-7i   12.273   11.466   25.479 0.93 2.08
hsa-miR-601     1.196     1.107     0.669 0.93 0.56
hsa-let-7c   13.690   12.603   18,350 0.92 1.34
hsa-let-7f 181.732 167.292 202.225 0.92 1.11
hsa-miR-374     0.776     0.713     1.596 0.92 2.06
hsa-miR-339   12.321   11.195     9.404 0.91 0.76
hsa-miR-107   46.655   42.177   56.317 0.90 1.21

Table 1. Microarray analysis of miR-profiling. Data represent fold content in respect to standard hybridization reactions

by mithramycin (MTH) and (b) EPO-treated erythroid precursor 
cells from normal donors cultured in the presence of 
mithramycin. Our group has previously demonstrated MTH as 
a powerful inducer of erythroid differentiation and γ-globin 
gene expression in erythroid cells (14, 15). As far as human er-
ythroid precursors, MTH is one of the most powerful inducers 
of HbF (15).

Functional studies on human erythroid cells treated with 
mithramycin: increased expression of miR-210 is associated 
with K562 differentiation
Fig. 2A shows the fold expression of the analyzed miRs when 
RNA from K562 cells treated for 5 days with 20, 30, 40 nM 
MTH is compared to that isolated from control untreated cells. 
As it is clearly appreciable, during erythroid induction of K562 
cells miR-210 is the only miR whose expression increases in 
correlation with the increase of the concentration of mith-
ramycin. The accumulation of the other mirRs (miR-155, 

miR-221, miR-222) tends to decrease. The proportion of benzi-
dine-positive cells was 18% (20 nM MTH), 52% (30 nM MTH) 
and 78% (40 nM MTH).

In a second experiment, K562 cells were induced to eryth-
roid differentiation with 30 nM MTH, RNA isolated after differ-
ent days and analyzed in RT-PCR experiments using pri-
mers/probes amplifying α-globin mRNA, γ-globin mRNA, 
miR-210, miR-155, miR-221 and miR-222 sequences. Fig. 2B 
shows the results of the benzidine-test, demonstrating that the 
increase of the proportion of differentiated cells occurs after 4 
days of cell culture, reaching plateau levels after 5-7 days of 
treatment. These results confirm previously published data on 
the effects of mithramycin and related compounds on eryth-
roid differentiation of K562 cells (14). In agreement with 
Fig. 2B, RT-PCR analysis demonstrated a sharp increase of ac-
cumulation of α-globin and γ-globin mRNAs (Fig. 2C). With re-
spect to accumulation of miRs, Fig. 2D indicates that at 30 nM 
MTH, the content of miR-155, miR-221 and miR-222 do not 
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Fig. 2. (A) Induction of miR-210 in response to MTH-treatment. Fold expression of the analyzed miRs are indicated when Q-RT-PCR was 
performed on RNA from K562 cells treated for 5 days with 20, 30, 40 nM MTH; data represent fold increase in respect to control un-
treated cells (average ± S.D. from three independent experiments). (B-D) Kinetics of increase of the proportion of benzidine positive cells 
(average ± S.D. from four independent experiments), (B) α-globin (○) and γ-globin (●) mRNAs (C) and miR-210 (●), miR-155 (△), 
miR-221 (▲) and miR-222 (□) sequences following treatment with 30 nM MTH (D). Data depicted in panels C and D represent fold in-
crease in respect to control untreated cells (average ± S.D. from three determinations).

increase; in contrast, miR-210 content begins to increase after 
3 and 4 days of MTH-induction, fully in agreement with the re-
sults shown in Fig. 2A. Interestingly, the change in the level of 
miR-210 precedes those of both α-globin and γ-globin mRNAs.

Increased expression of miR-210 is associated with increase 
of γ-globin gene expression in MTH-treated human normal 
erythroid precursors
Fig. 3A shows that miR-210 is expressed in EPO-cultured er-
ythroid precursor cells from peripheral blood of from three dif-
ferent normal donors. The microRNA let-7c does not change 
in precursor cells from several normal subjects, either un-
treated, or MTH-treated (data not shown). In Fig. 3B the effects 
of MTH on the expression of globin and miR genes are shown. 
As clearly appreciable, MTH is a potent and selective inducer 
of γ-globin gene expression (14, 15, 20, 21). As far as miR ex-
pression, a clear increase of miR-210 and miR-155 is detec-
table. On the contrary, miR-221 and miR-222 are more ex-
pressed in MTH-treated erythroid precursors, but to a lower 
extent than miR-210 and miR-155 (Fig. 3B).

DISCUSSION

In this paper we have first analyzed by microarray the miR- 
profile in erythroid precursor cells from one normal and two 
thalassemic patients expressing different levels of fetal hemo-
globin (one of them displayed HPFH phenotype). The micro-
array data were confirmed by RT-PCR analysis, and allowed us 
to identify miR-210 as an highly expressed miR in the eryth-
roid precursor cells from the HPFH patient. When RT-PCR was 
performed on MTH-induced K562 cells and erythroid pre-
cursor cells, we demonstrate that miR-210 is induced in 
time-dependent and dose-dependent fashion during MTH- 
mediated erythroid induction of K562 cells. Interestingly, 
miR-210 is induced following MTH-treatment also in erythroid 
precursor cells from human donors. 

As far as the other miRs here analyzed, the major difference 
between K562 cells and normal erythroid progenitors is the 
expression of miR-155, which is induced in erythroid progeni-
tors but not in K562 cells treated with MTH. On the contrary, 
the other miRs, including the erythroid-associated miR-221 



MicroRNA 210 and human erythroid differentiation
Nicoletta Bianchi, et al.

497http://bmbreports.org BMB reports

Fig. 3. Effects of MTH on expression of globin and miR genes in EPO-cultured erythroid precursor cells obtained from peripheral blood 
of normal donors. (A) miR-210 accumulation compared to miR-let7c in untreated samples from 3 healthy subjects (average ± S.D. from 
three determinations). (B) Effects of MTH on accumulation of globin mRNAs (left side of the panel, 18S was used as an internal control 
to normalize RNA input) and of miR-210, miR-155, miR-221 and miR-222, miR-let7c (right side of the panel). MTH was employed at 25 
nM concentration. Data depicted in panels B represent fold increase in respect to control untreated cells (average ± S.D. from three de-
terminations).

and miR-222 are not induced in K562 cells and display 
low-levels of induction also in MTH-treated erythroid pro-
genitors. We can speculate that miR-155 is associated with lat-
er stages of differentiation, according with results reported by 
Masaki et al. (10).

Altogether, these data identify a novel miR-210, whose ex-
pression is enhanced in association with erythroid differ-
entiation and induction to HbF production. As far as the role 
of miR-210, our data do not allow conclusive considerations. 
However, it is very interesting to note that miR-210 has been 
recently associated with hypoxia (22, 23-28). This has been 
first demonstrated by Kulshreshtha et al., who described for 
the first time the microRNA signature of hypoxia, which in-
cludes high expression of miR-210 (22). Accordingly, miR-210 
is induced by hypoxia and links hypoxia with cell cycle regu-
lation (28). Interestingly, hypoxia has been recently demon-
strated to alter progression of the erythroid program (29). Low 
pO2 might indeed modulate the relative amounts and types of 
hemoglobins produced by erythroid cells, leading to increased 
HbF during stress erythropoiesis (29-33). 

Understanding the developmental progression of globin 
gene expression and reactivation of γ-globin gene expression 
and HbF production in the adult is pursued as an important 
therapeutic strategy for sickle cell anemia and β-thalassemia 
(29). Altogether, the data reported in this paper suggest that the 
hypoxia-associated miR-210 might be involved in increased 
expression of γ-globin genes in differentiating erythroid cells.

MATERIALS AND METHODS

Human cell lines and culture conditions 
Human leukemia K562 cells (17) were cultured in humified at-

mosphere of 5% CO2/air in RPMI 1640 medium (Sigma, St 
Louis, MO, USA), 10% foetal bovine serum (FBS; Analytical 
de Mori, Milan, Italy), 50 units/ml penicillin and 50 μg/ml 
streptomycin (20). Erythroid differentiated cells containing he-
moglobin were detected by specific reaction with 0.2% benzi-
dine in 5 M glacial acetic acid, 10% H2O2 (18).

Patients and erythroid precursor cultures
The blood samples were from Ospedale S. Chiara, UO di 
Oncologia Pediatrica, Pisa, Italy. The homozygous β°39 tha-
lassemia Th-1 patient expresses low levels of HbF (about 
2.5%). The Th-17 patient is a 13-years old girl with a novel β° 
thalassemia mutation associated with a deletion of the deltabe-
ta-globin gene region, and exhibiting HPFH (HbF being over 
88%) (19). The two-phase liquid culture procedure was em-
ployed (20, 21). Mononuclear cells were isolated by Ficoll- 
Hypaque density gradient centrifugation and seeded in α-mini-
mal essential medium, 10% FBS (Celbio, Milano, Italy), 1 
μg/ml cyclosporine A (Sandoz, Basel, Switzerland), 1 U/ml hu-
man recombinant erythropoietin (EPO) (Tebu-bio, Magenta, 
Milano, Italy), 10 ng/ml stem cell factor (SCF) (Inalco, Milano, 
Italy), and 10% conditioned medium from the 5637 bladder 
carcinoma cell line (20). After 7 days incubation in this phase I 
culture, non adherent cells were harvested, washed, and then 
cultured in fresh medium composed of α-medium, 30% FBS, 
1% deionized bovine serum albumin (BSA), 10−5 M β-mercap-
toethanol, 1.5 mM L-glutamine, 10−6 M dexamethasone, 1 
U/ml human recombinant erythropoietin (EPO) (Tebu-bio, 
Magenta, Milano, Italy) and 10 ng/ml stem cell factor (SCF) 
(Inalco, Milano, Italy). This part of the culture is referred to as 
phase II (21).
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RNA isolation
Cells were isolated by centrifugation at 1,000 rpm for 10 min 
at 4oC, washed in PBS, lysed in Tri-reagentTM (Sigma Aldrich, 
St. Louis, MO, USA), according to the manufacturer instruc-
tions. The 2100 bioanalyzer was used to determine the in-
tegrity and measure the concentration of total RNA samples 
(Agilent Technologies, Instrument DE54700480, Eukaryote 
Total RNA Nano Series II.xsy).

MicroRNA analysis
For microRNA expression study two approaches were fol-
lowed, (a) miR profiling and (b) quantitative RT-PCR. RNA 
analysis using microRNA microarray chips has been carried on 
by Agilent Technologies (22) using a platform containing 470 
human miRNA probes for mature and precursor of micro-
RNAs, each spotted 5-20 times. RNA was isolated from eryth-
roid precursor cells from a unaffected subject (US), Th-1 and 
Th-17, labeled and hybridized on microRNA microarray chips 
as previously described (22), using 2 μg of RNA from each 
sample, biotin labeled during reverse transcription using ran-
dom hexamers. Raw data were normalized and analyzed by 
GeneSpring GX software version 7.3 (Agilent Technologies). 
The GeneSpring software generated a unique value for each 
microRNA, determining the average of the results from four 
spots. The data are presented as means ± standard error of the 
mean (SEM). Student’s t-test was performed for statistical evalu-
ation with P ＜ 0.005 considered significant. For microRNA 
quantization reverse transcriptase (RT) reactions were per-
formed using TaqManⓇ MicroRNA Reverse Transcription Kit 
(Applied Biosystems, Foster City, CA, USA) and real-time PCR 
were performed using the specific human TaqMan Micro RNA 
Assay Kits from Applied Biosystems for hsa-miR-210, has- 
miR-155, hsa-miR-221, hsa-miR-222, hsa-let-7c and the 7700 
Sequence Detection System version 1.7 (Applied Biosystems, 
Foster City, CA, USA). Relative expression was calculated us-
ing the comparative cycle threshold method and as reference 
genes the endogenous control human 18S kit human 18S 
rRNA and hsa-let-7c microRNA.

RT-PCR analysis of globin gene expression
For gene expression analysis 20 ng of total RNA were reverse 
transcribed by using random hexamers. Quantitative real-time 
PCR assay was carried out using gene-specific double fluo-
rescently labeled probes. The nucleotide sequences used for 
real-time PCR analysis of α-, β- and γ-globin mRNAs and β-glo-
bin gene are reported elsewhere (22).

Statistics
All the data were normally distributed and presented as mean 
± S.D. Statistical differences between groups were compared 
using one-way ANOVA (ANalyses Of VAriance between 
groups) software. Statistical significance was assumed at P ＜ 
0.05.
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