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MicroRNAs Are Involved in Erythroid Differentiation
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ABSTRACT
MicroRNAs (miRNAs) are a class of 17–25 nucleotides non-coding RNA molecules that regulate gene expression by either translational

inhibition or mRNAs degradation. We used miRNA array to characterize miRNA variation of K562 cells before and after hemin treatment.

The differential expression of five miRNAs was validated by Northern blot analysis. Among them, miR-126 exhibited up-regulation while

miR-103, miR-130a, miR-210, and miR-18b exhibited down-regulation after hemin induction. The same expression tendency of the five

miRNAs was observed following erythroid induction of CD34þ cells derived from human cord blood. miR-103 was selected and examined

for its role in erythroid differentiation. Over-expression of miR-103 in K562 could inhibit hemin-induced K562 erythroid differentiation,

which suggests this miRNA may take part in erythropoiesis. We confirmed that miR-103 targeting mRNA of forkhead box J2 (FOXJ2),

a transcription factor that was involved in the development of many tissues. Our results delineated the expression of miRNAs

during erythroid differentiation and suggested regulatory roles of miRNAs in this process by targeting mRNAs related to erythropoiesis.

J. Cell. Biochem. 107: 548–556, 2009. � 2009 Wiley-Liss, Inc.
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M icroRNAs (miRNAs) are recently discovered small

(approximately 22 nucleotides), non-coding RNAs that

recognize target sequences of imperfect complementarity in

cognate mRNAs resulting in either translation repression or mRNA

degradation.

Currently, 695 human miRNAs have been reported and tabulated

in the miRNA Registry (Sanger miRBase sequence database ver.

12.0, http://microrna.sanger.ac.uk). By estimation, more than 5,000

human genes (30% of the tested gene set) are as candidate miRNA

targets [Berezikov et al., 2005]. Their function is ubiquitous

including cell proliferation, development, apoptosis, insulin secre-

tion, and oncogenesis [Calin et al., 2002, 2004; Poy et al., 2004; Xu

et al., 2004; Cheng et al., 2005; He et al., 2005; Karp and Ambros,

2005; Lu et al., 2005]. Computational algorithms predict up to

hundreds of putative targets for an individual miRNA and a single

transcript may be regulated by multiple miRNAs. MiRNAs may
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either eliminate target gene expression or serve to fine tune of

transcript and protein levels.

Some miRNAs show universal expression, while others are

limited to certain stages in development or to certain tissues and cell

types. So the study of development and tissue specific miRNAs will

provide important clues for identifying new sets of genes and

regulatory circuitries involved in the control of cell-specific

differentiation.

Hematopoiesis is a highly regulated multistage process that

consists of two integral aspects, the self-renew of hematopoietic

stem cells (HSCs) and the differentiation of hematopoietic stem/

progenitor cells. It has been hotspot for many years that how HSCs

undergo linage commitment events and develop into various mature

blood cells. There is now strong evidence that miRNAs modulate

not only hematopoietic differentiation and proliferation but also

activity of hematopoietic cells [Chen and Lodish, 2005; Fazi et al.,
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2005; Fatica et al., 2006; Georgantas et al., 2007; Liao et al., 2008].

The expression profiles of murine hematopoietic-specific miRNAs

(miR-142, miR-181, and miR-223) have been described in B cells,

T cells, monocytes, granulocytes, and erythroid cells. Over-

expression of these miRNAs in murine HSC dramatically alters

the proportion of differentiated linkages, which suggests that they

are important factors to murine linage differentiation [Chen et al.,

2004; Ramkissoon et al., 2006]. Additional work found that miR-223

appears to be a key player in a simple regulatory circuit of

transcription factors that control granulopoiesis. The replacement of

NFI-A by C/EBPa could promote the expression of miR-223 and the

increased miR-223 reversely repressed NFI-A. With the appearance

of C/EBPa, miR-223 expression is activated, resulting in repression

of its NFI-A mRNA target and promoting granulocyte differentiation

[Fazi et al., 2005]. The over-expression of miR-223 also exhibited a

suppressive effect on erythroid differentiation but an accelerative

effect on megakaryocytic differentiation of K562 cells and via

down-modulation of LMO2 [Yuan et al., 2008].

MiR-155 was discovered as an oncogenic miRNA that was critical

for B-cell maturation and immunoglobulin production in response

to antigen [Vigorito et al., 2007; Yin et al., 2007]. MiR-10a, miR-126,

miR-106, miR-10b, miR-17, miR-20, and miR-130a were down-

regulated in the differentiated megakaryocytes compared with

CD34þ hematopoietic progenitors and further experiment

testified transcription factor MAFB was the target of miR-130a in

megkaryocyte differentiation [Garzon et al., 2006]. Whereas

miRNAs that are involved in erythroid differentiation were known

very little and most experiments were limited to changes of miRNAs

expression. MiR-221 and miR-222 were the first discovered miRNAs

related to erythropoiesis [Felli et al., 2005]. The two miRNAs

declined during erythropoietic culture of umbilical cord blood (UCB)

CD34þ progenitor cells and exerted their function by unblocking kit

protein production. Correlation analysis on UCB-derived CD34þ
cells showed that miR-15b, miR-16, miR-22, and miR-185 have

strong positive correlation to the appearance of erythroid surface

antigens (CD71, CD36, and CD235a) and hemoglobin synthesis,

while miR-28 has an inverse relationship to the expression of those

markers [Choong et al., 2007]. Recent report showed that miR-155

decreased greatly during the differentiation of purified normal

human erythroid progenitors in a liquid culture system while miR-

451 and miR-16 increased obviously in the same culture [Bruchova

et al., 2007; Masaki et al., 2007; Zhan et al., 2007]. MiR-24 was the

second miRNA whose function in erythroid differentiation was

elucidated. It could repress the activin-mediated accumulation of

hemoglobin, an erythroid differentiation marker, in K562 cells and

decrease erythroid colony-forming and burst-forming units of

CD34þ hematopoietic progenitor cells by influencing the expres-

sion of human activin type I receptor ALK4 (hALK4) [Wang et al.,

2007].

K562 is a human erythroleukemia (HEL) cell line derived from a

patient with chronic myelogenous leukemia (CML) characterized by

aneuploidy and dysregulated constitutive expression of BCR-ABL

due to the presence of the Philadelphia chromosome (t9; 22) [Liu

et al., 2003]. The cells are bipotential and can be induced to express

erythroid or megakaryocytic properties depending on the inducers

[Lockhart et al., 1996]. Therefore, K562 cells induced by hemin and
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phorbol myristate acetate (PMA) have been used as representative

models for the studies of erythroid and megakaryocytic differentia-

tion for many years. In order to identify the miRNAs that may take

part in erythroid differentiation, we first obtained information of

miRNAs expression before and after hemin-induced erythroid

differentiation of K562 cells by miRNA microarray analysis. Then,

from the five differentially expressed miRNAs reconfirmed by

Northern blot hybridization, miR-103 was selected out to examine

its roles in erythroid differentiation and its targets.

MATERIALS AND METHODS

CELL LINES AND CULTURE

K562 (chronic myelogenous leukemia cell line), HEL (human

erythroleukemia cell line), HL-60 (human promyelocytic leukemia

cell line), Jurkat (human acute T cell leukemia cell line), HUT-78

(human T lymphoma cell line), CMK (human megakaryoblastic

leukemia cell line), 3D5 (human B cell line), Raji (human B-non-

Hodgkin’s lymphoma cell line), and THP-1 (human promyelocytic

leukemia cell line) used in our study were bought from the Cell

Center of institute of Basic Medical Science, Chinese Academy of

Medical Science. Cells were grown in RPMI 1640 (Gibco BRL, Grand

Island, NY) supplemented with 10% fetal bovine serum (FBS; Gibco

BRL) and were cultured at 378C in an incubator with controlled

humidified atmosphere containing 5% CO2.

INDUCTION OF K562 CELL WITH HEMIN

On the day of induction, cells were seeded at a density of 5� 104/ml

in the RPMI 1640 medium supplemented with or without hemin

(Sigma-Aldrich, Deisenhofen, Germany) at a dosage of 50 mmol/L.

Cells were harvested at each desired time point (0, 24, 48, and 72 h).

The erythroid differentiation of K562 cells was assessed by

benzidine cytochemical test and the benzidine-positive cells stand

for more matured erythroid cells. Gamma-globin mRNA was also

detected by real-time PCR and the mRNA level serves an indicator of

undifferentiated and more matured erythroid cells.

ERYTHROID INDUCTION CULTURE OF HUMAN CD34R CELLS

UCB samples were obtained from normal full-term deliveries after

informed consent. Mononuclear cells from UCB were separated by

density gradient centrifugation using percoll (Amersham Pharmacia

Biotech, Freiburg, Germany). Magnetic Activated Cell Sorting

(MACS) (Miltenyi Biotec, Bergisch-Gladbach, Germany) and the

CD34þ cells were isolated by positive selection using anti-CD34-

tagged magnetic beads and a VarioMacs magnet (Miltenyi Biotec,

Auburn, CA). The purity of the recovered cells was typically more

than 90%. The CD34þ cells were cultured in liquid medium using

IMEM media (Gibco BRL), supplemented with 30% FBS, 100 U/ml

penicillin/streptomycin, and a cocktail of cytokines (R&D Systems)

containing 10 ng/ml interleukin-3 (IL-3), 10 ng/ml stem cell factor

(SCF), and 2 U/ml EPO. Cells were harvested at each desired time

point (at day 0, day 4, day 7, and day 9).

EXTRACTION OF TOTAL RNA AND miRNA

Total RNA was extracted from the cells using Trizol reagent

(Invitrogen, Carlsbad, CA), an agent of single-step isolation. Small
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RNAs (<200 nt) were extracted from cell pellets using the mirVana

miRNA Isolation Kit (Ambion, Austin, TX) according to the

manufacturer’s instructions.

MicroRNA MICROARRAY ANALYSIS

The uninduced and hemin-induced K562 cells were disrupted with

TRIzol regent (Invitrogen) and sent to CapitalBio Corporation

(CapitalBio Corp., Beijing, China) for miRNA expression analysis.

Total RNA was isolated and miRNAs were further purified from 50 to

100 mg of total RNA by Ambion’s miRNA Isolation Kit (Ambion).

MiRNA microarray including labeling, hybridization, scanning,

normalization and data analysis was carried out by CapitalBio.

Briefly, RNA labeling was performed using RNA ligase as described

[Thomson et al., 2004] and hybridized on the CapitalBio array (V1.0).

Two independent hybridizations for each sample were performed on

chips with each miRNA spotted in triplicate. Labeling efficiency was

evaluated by analyzing the signals from control spike-in probes.

Probes corresponding to human, mouse, and rat mature sense

miRNA sequences (total 509 miRNAs, including 435 human

miRNAs) were spotted on chemical modified slides using a robotic

spotter named SmartArrayTM (CapitalBio Corp.). Slides were

hybridized for overnight at 428C in 3� SSC, 0.2% SDS, 15%

formamide, and 50�Denhardt’s. After hybridization, slides were

washed once in 0.2% SDS, 2� SSC at 428C for 4 min and then in

0.2� SSC for 4 min at 258C. Slides were scanned with LuxScan 10K/

A (CapitalBio Corp.) and the raw pixel intensities extracted and

analyzed with GenePix Pro 4.0 image manipulation software (Axon

Instruments). Data were analyzed by first subtracting the back-

ground and normalized to per-chip median values and then used to

obtain geometric means and standard deviations for each miRNA.

Double arrays were performed under same treatment condition.

Significantly expressed miRNAs were identified by significance

analysis of microarrays (SAM, version 2.1) using two class-unpaired

comparison in the SAM procedure. For each sample, two

hybridizations were carried out and each miRNA probe has three

replicate spots on a microarray.

PAGE–NORTHERN OF miRNAs

Twenty micrograms of denatured total RNA were loaded onto 15%

polyacrylamide TBE gel and separated in 1� TBE running buffer,

followed by transfer onto Nþ membrane (Amersham) at 200 mA for

2 h in electro-transferring system and cross-linking under

ultraviolet radiation for 150 s. Briefly, the miRNA-specific oligo-

nucleotides was 50 end labeled with g-32P-ATP through T4

polynucleotide kinase (Takara, Dalian, PR China) according to the

manufacturer’s protocol. The oligo probes were designed based on

individual miRNA sequence information deposited in miRBase

(http://microrna.sanger.ac.uk). An antisense oligo of U6 snRNA was

used to detect U6 snRNA from each sample as a loading control.

After prehybridization using hybridizing buffer (BioDev), blots were

hybridized with 32P-labeled DNA probes (2 mmol/ml) overnight at

378C. After washing, the hybridized membranes were exposed to

Kodak X-omat BT Film. After the hybridization with each miRNA

probe was obtained, the blots were reprobed with U6 snRNA for an

indication of equal RNA loading.
550 MicroRNAs AND ERYTHROID DIFFERENTIATION
REVERSE TRANSCRIPTION AND REAL-TIME PCR

Total RNA was extracted from cell samples harvested at different

time points using TRIzol reagent (Invitrogen) and quantified. DNA

was removed by treatment with 5 units of DNase I (Promega,

Madison, WI) at 378C for 45 min followed by inactivation at 658C for

10 min. Then first-strand of cDNA was synthesized using Super-

script III reverse transcriptase (Invitrogen) according to the

manufacturer’s instruction. The expression of targeted miRNAs

and mRNA in cultured erythroid cells was quantified using real-time

PCR on ABI PRISM 7500 real-time PCR System (Applied Biosystems,

Foster City, CA) with the SYBR Premix Ex Taq kit (Takara). PCR

amplification was performed in a 20ml volume containing 1� SYBR

Green PCR Master mix, 0.2 mM of forward and reverse primer and

2 ml product of reverse transcription. Each PCR reaction was

performed in triplex tubes with GAPDH as an endogenous control to

standardize the amount of sample RNA. The quantification data

were analyzed with the sequence detection system (SDS) software

(Applied Biosystems). For each standard curve, the linear correlation

coefficient R was defined as R2� 0.99. The comparative CT method

(number of cycles at which the fluorescence crosses the threshold)

was used to quantify target genes relative to GAPDH. The following

primers were used for real-time PCR: g-globin FW, 50-GCAGCTTGT-

CACAGTGCAGTTC-30; g-globin RW, 50-TGGCAAGAAGGTGCT-

GACTTC-30; GAPDH FW, 50-TCAACG ACCACTTTGTCAAGC TC A-

30; GAPDH RW, 50-GCTGGTGGTCCAGGGGTCTTACT-30; FOXJ2 FW,

50-CCACAAGCTCCCCACCTCTA30; FOXJ2 RW, 50-CTGATGGCCGA-

GGGACCATA-30.

REAL-TIME QUANTIFICATION OF miRNAs BY STEM-LOOP RT-PCR

Real-time PCR for miR-126, miR-103, miR-130a, miR-18b, and miR-

210 were executed and modified using standard procedure [Chen

et al., 2005]. Specifically, reverse transcription reaction contained

particularly following stem-loop RT primers: miR-126 RT, 50-GTC-

GTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCAT-

TAT-30; miR-103 RT, 50-GTCGTATCCAGTGCAGGGTCCGAGGTATT-

CGCACTGGATAC GACTCAGCC-30; miR-130a RT, 50-GTCGTATC-

CAGTGCAGGGTCCGAGGTATTCGCACT GGATACGACATGCCCT-30;

miR-18b RT, 50-GTCGTATCCAGTGCAGGGTCCGAGGTATT CGCACT-

GGATACGACCTAACTG-30; miR-210 RT, 50-GTCGTATCCAGTG-

CAGGGTCCGA GGTATTCGCACTGGATACGACTCAGCC-30; U6 RT,

50-AAAATATGGAACGCTTCACGA ATTTG-30. The following primers

were used for real-time PCR amplification of the reversed miRNAs:

126 FW, 50-GCGCTCGTACCGTGAGTAAT-30; miR-130a FW, 50-CAG-

TGCAATGTTAAAAG-30; miR-18b FW, 50-GCGCTAAGGTGCATC-

TAGTGC-30; miR-210 FW, 50-GCCTGTGCGTGTGACAGC-30; NR, 50-

GTGCAGGGTCCGAGGT-30; U6 FW, 50-CTCGCTTCGGCAGCACATA-

TAC T-30; U6 RW, 50-ACGCTTCACGAATTTGCGTGTC-30. NR was

used as common RW primer for the six miRNAs. The amplification

of U6 snRNA was used as internal control in the system and miRNA

expression can be detected through relative quantification of CT

method.

TRANSFECTION OF K562 CELL WITH OLIGONUCLEOTIDE

Pre-miR-103

K562 cells were transfected with oligonucleotides pre-miR-103 (Pre-

miRTM miRNA Precursor Molecules) and scramble dsRNA (Pre-
JOURNAL OF CELLULAR BIOCHEMISTRY



miRTM miRNA Precursor–Negative Control) that does not target any

known mRNA within the human or mouse transcriptome

respectively at 60 pmol/ml using siPORTTMNeoFxTM system

(Ambion). The pre-miR-103 and scramble dsRNA were bought

from Ambion company.

TARGET IDENTIFICATION OF miR-103

MiRNA target prediction was performed using PICTR (http://

pictar.bio.nyu.edu), TARGETSCAN (www.targetscan.org) and MIR-

ANDA (www.microRNA.org). The 30-UTR segments of probable

targets containing the target site of miR-103 were amplified by PCR

from the cDNA and insert into Xba I and Not I sites of pRL-TK

(Promega). To test the effect of the over-expressed miR-103 in

increasing miRNA activity on reporter gene bearing miRNA-binding

site, the synthetically double strand DNA molecules including

complete complement sequence to miR-103 were annealed and

insert into the two sites just down the coding region of luciferase.

The recombinant plasmid was named as pRL-TK-103. The re-

combinant plasmid pRL-TK-103-mut that carrying the mutant miR-

103-binding site (AGCAGCATTGTACAGTTAACGTA) was used as

the negative control. Human Hela cells were cotransfected with the

reporter plasmid and pre-miR-103 or scramble dsRNA respectively

using Lipofectamine 2000 (Invitrogen) according to the manu-

facturer’s protocol. Firefly (pGL-3 served as internal control) and

renilla luciferase (pRL-TK) activities were measured consecutively

by using the dual luciferase assays (Promega).

RECOMBINANT LENTIVIRUS GENERATION AND INFECTION

OF K562 CELLS

The lentiviral vector pLVTHM (Addgene, South San Francisco, CA)

was used for direct cloning of shRNAs under the control of H1

promoter. The pLVTHM was digested with MluI and ClaI and two

complementary oligonucleotides were annealed and cloned into the

pLVTHM. The siRNA targeting sequence of FOXJ2 was: 50-AAG-

GGTTCCTATTGGACAATT-30. This recombinant vector expressing

siRNA of FOXJ2 was denoted as pLVTHM-FOXJ2-RNAi. Recombi-

nant lentiviruses were prepared by calcium phosphate-mediated

cotransfection of 293T/17 cells. Briefly, 293T/17 cells were plated

on poly-L-lysine-coated 10-cm plates at 3� 106 cells per plate in

DMEM with 10% FBS and allowed to grow for 24 h before

transfection with 10 mg of recombinant vector plasmid, 10 mg of

packaging plasmid pSPAX2 and 2 mg of envelope plasmid pMD.2G

(VSV-G). Eight hours after application of the DNA precipitate, the

cells were rinsed three times with phosphate-buffered saline (PBS),

and then cultured in fresh DMEM containing 10% FBS. Virus

supernatants were collected 48 h after application of fresh medium

and then filtered through a 0.2 mm syringe filter and stored at

�808C.

For gene transduction into K562 cells, approximately 1� 105

K562 cells and 1� 106 viral particles were added to a RetroNectin-

coated plate (Takara) with growth medium, and the plate was

incubated at 378C. Twenty-four hours after virus infection, the K562

cells were washed with PBS and induced to erythroid differentiation

by hemin. The cells were collected at desirable induction time.
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WESTERN BLOT

The cultured cells were harvested and lysed in 200 ml ice-cold lysis

buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium

deoxycholate, 1 mM sodium orthovanadate, 1 mM sodium fluoride,

1 mM EDTA). The samples were boiled for 5 min and subsequently

spun down at 14,000g for 10 min at 48C. After total protein

extraction, FOXJ2 were determined by Western blot immunoassay

with anti-FOXJ2 antibody using the Western blot kit (Amersham

Pharmacia Biotech, Buckinghamshire, United Kingdom) according

to the manufacturer’s instructions. Twenty micrograms of extracts

were resolved on a 10% SDS–PAGE gel and the proteins were

transferred to polyvinylidene difluoride membranes (Amersham)

using Bio-Rad’s Transblot for 1.5 h at 80 A at room temperature.

When finished, the membrane was immersed in blocking buffer (5%

degrease milk powder) more than 2 h at room temperature. Then the

membrane was incubated with anti-Fox J2 antibody (Abcam,

Cambridge, United Kingdom) and anti-GAPDH antibody (Abgent,

San Diego) respectively for 2 h at room temperature. After

incubating with goat-anti-rabbit antibody for 1 h at room

temperature, the membranes were exposed to ECL hyper film

(Amersham, Life Sciences International) for 5 s–15 min and then

exposed to Kodak X-omat BT Film.

RESULTS

miRNA EXPRESSION CHANGES BETWEEN UN-INDUCED AND

HEMIN-INDUCED K562 CELLS

Erythroid differentiation of K562 cells after hemin induction was

evidenced by benzidine cytochemical test and g-globin mRNA level

examined by real-time PCR (data not shown). Using microarray

(SAM, version 2.1) containing oligonucleotides corresponding to

509 miRNAs from human, mouse, and rat genomes, we compared

miRNAs expression of hemin-treated K562 cells with untreated

cells. Thirty-one miRNAs with different expression were detected

(supplementary Table I). We then analyzed expression of theses

miRNAs by Northern blot and confirmed the increase of miR-126

and the decrease of miR-103, miR-130a, miR-210, and miR-18b

during hemin-induced K562 erythroid differentiation (Fig. 1). Their

expression in 10 leukemia cell lines was also examined (Fig. 1) and

most of them exhibited enrichment in erythroleukemia cell lines

(K562 or/and HEL).

EXPRESSION OF THE miRNAs DURING ERYTHROID

DIFFERENTIATION OF CD34R CELLS

We examined the expression of miR-126, miR-103, miR-130a, miR-

210, and miR-18b during the erythroid differentiation of purified

cord blood CD34þ progenitors in a liquid culture system by real-

time PCR. An obviously increased miR-126 expression whereas a

significantly decreased expression of miR-103, miR-130a, miR-210,

and miR-18b was detected during erythroid differentiation of

CD34þ cells (Fig. 2). The results were in coincidence with hemin-

induced K562 cell differentiation. These data indicate that hemin-

induced erythroid differentiation of K562 cells could reflect normal

erythroid differentiation in a certain extent and miR-126, miR-103,

miR-130a, miR-210, and miR-18b may take part in normal

erythropoiesis.
MicroRNAs AND ERYTHROID DIFFERENTIATION 551



Fig. 1. Northern blot analysis of the selected miRNAs. RNA was extracted from K562 cells treated with hemin for 12, 24, 48, and 72 h and probed with g-32P-labeled DNA

oligoneucleotide complementary to each mature miRNAs. After hybridization with each probe, the blots were stripped and reprobed with sequence complementary to U6 snRNA

for loading control.
ENFORCED EXPRESSION OF miR-103 INHIBITS HEMIN-INDUCED

K562 ERYTHROID DIFFERENTIATION

Before testing the role of miR-103 in erythroid differentiation, the

efficacy of oligonucleotides pre-miR-103 was evaluated by using

a luciferase reporter (pRL-TK-103) bearing target site that

directly matches to miR-103. The Significant reduction of luciferase

intensity was observed in K562 cells cotransfected with pre-miR-

103 compared with the K562 cells cotransfected with the scramble

dsRNA or the mutant miRNA binding sites (Fig. 3A) and
Fig. 2. Expression of the selected miRNAs during erythroid differentiation of CD34þ
expression level of each miRNA was normalized by U6 snRNA. The means of the normalize

fold changes (mean� SD).

552 MicroRNAs AND ERYTHROID DIFFERENTIATION
untransfected K562 cells, indicating miR-103 was over-expressed

in K562 cells with oligonucleotides pre-miR-103 transfection.

To examine the role of miR-103 in erythroid differentiation, K562

cells were transfected with pre-miR-103 oligonucleotides and the

scramble dsRNA respectively. Real-time PCR assay confirmed

significant over-expression of miR-223 in K562 cells transfected

with pre-miR-103 oligonucleotides (Fig. 3B). Erythroid differentia-

tion were evaluated by benzidine staining and g-globin mRNA

level after 12, 24, 48 h of hemin induction. Cells transfected with
cells. Real-time PCR amplification of the microRNAs was performed in triplicate and

d gene expression values for each time point were calculated and expressed as relative

JOURNAL OF CELLULAR BIOCHEMISTRY



pre-miR-103 showed a marked decrease of the benzide positive cells

and g-globin mRNA expression compared with cells transfected

with the control oligonucleotides and untransfected K562 cells

(Fig. 3C,D), suggesting that over-expression of miR-103 inhibits

hemin-induced K562 erythroid differentiation.

TARGET IDENTIFICATION AND VALIDATION OF miR-103

By using three target prediction algorithms, PICTR (http://pictar.

bio.nyu.edu), TARGETSCAN (http://www.targetscan.org), and MIR-

ANDA (www.microrna.org), about 40 possible mRNA targets were

identified. There are two miR-103 binding sites predicted in FOXJ2
JOURNAL OF CELLULAR BIOCHEMISTRY
30-UTR and they are both highly conserved between different species

(Fig. 4A). To detect whether the two sites function together or only

one is true, we examined site 149 and site 2622 respectively. More

than 25% reduction in luciferase level was observed in Hela cells

cotransfected with pre-miR-103 together with FOXJ2-UTR-full or

FOXJ2-UTR-2622 compared with Hela cells cotransfected with

FOXJ2-UTR-full luciferase reporter and scramble dsRNA (Fig. 4B).

Mutation in the second predicted site of FOXJ2 30-UTR abolished

this reduction. However, no obvious changes of luciferase activity

was observed in Hela cells cotransfected with pre-miR-103 and

FOXJ2-UTR-149 compared with Hela cells cotransfected with

FOXJ2-UTR-full luciferase reporter and scramble dsRNA (Fig. 4B).

The results indicated the second site that is close to poly(A) within

FOXJ2 mRNA was the true target site of miR-103.

To confirm whether over-expression of miR-103 in vivo

suppresses FOXJ2 expression, we measured FOXJ2 mRNA by

real-time PCR and FOXJ2 protein by Western blot (Fig. 4C,D). As

expected, FOXJ2 protein reduced greatly in Hela cells transfected

with pre-miR-103 compared with the Hela cells transfected with the

scramble dsRNA, while its mRNA level changed a little. Additionally

a marked reduction in FOXJ2 expression was also observed in K562

cells transfected with pre-miR-103 compared with the K562 cells

transfected with the scramble dsRNA (Fig. 4E). These data suggest

that the FOXJ2 is a target for miR-103 in vivo.

To detect whether miR-103 regulates erythroid differentiation via

targeting FOXJ2, we examined the effects of down-regulation of

FOXJ2 on K562 cells. Real-time PCR and Western blot results

showed that the expression of FOXJ2 was decreased in K562 cells

infected with the recombinant lentivirus expressing siRNAs for

FOXJ2 (Fig. 5A,B). The expression of g-globin mRNA in these K562

cells was significantly decreased compared with the control at any

indicated times (Fig. 5C). These results confirmed that the down-

regulation of FOXJ2 had similar effects on K562 erythroid

differentiation with the over-expression of miR-103. MiR-103

inhibited erythroid differentiation via down-modulation of FOXJ2.
Fig. 3. Enforced expression of miR-103 inhibits erythroid differentiation

of K562 cells. A: Over-expression of miR-103 reduced significantly luciferase

activity. Luciferase activity was detected in K562 cells transiently cotrans-

fected with the following groups: luciferase reporter vector containing com-

plete complementary sequence to miR-103 and pre-miR-103; luciferase

reporter vector containing complete complementary sequence to miR-103

and scramble dsRNA; and luciferase reporter vector containing the mutant

miR-103 binding sequence and pre-miR-103. All experiments were performed

respectively for three times. The luciferase activity was calculated and

expressed as relative fold changes (mean� SD). B: Real-time PCR amplification

of the miR-103 in K562 cells transfected with pre-miR-103 and scramble

dsRNA. The experiments were performed in triplicate and expression level of

each miRNA was normalized by U6 snRNA. The means of the normalized gene

expression values for each time point were calculated and expressed as relative

fold changes (mean� SD). Error bars represent one standard deviation.
�P< 0.01. C: Percentage of benzidine-positive cells in each group was counted

at the indicated time points. Each assay was performed in triplicate

and the data represent the mean� SD of three experiments. D: The expression

of g-globin mRNA of K562 cells transfected with oligonucleotide pre-miR-

103 and K562 cells transfected with the scramble dsRNAs before and after

hemin induction. Comparative real-time PCR was performed in triplicate and

expression level of g-globin was normalized by GAPDH mRNA and expressed as

relative fold changes (mean� SD).
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Fig. 4. FOXJ2 was confirmed as the target for miR-103. A: Sequence alignment between miR-103 and its putative binding sites in the FOXJ2 30-UTR from different

species. The sequences shown indicate the putative miR-103 target sites and the mutated derivative (FOXJ2 30-UTR mutants). B: The enforced miR-103 expression reduced

significantly luciferase level of FOXJ2-UTR luciferase reporter. Hela cells were cotransfected with the following groups: FOXJ2-UTR-full luciferase reporter and pre-miR-103;

FOXJ2-UTR-149 luciferase reporter and pre-miR-103; FOXJ2-UTR-2622 luciferase reporter and pre-miR-103; FOXJ2-UTR-2622-mut luciferase reporter and pre-miR-103;

and FOXJ2-UTR-full luciferase reporter and scramble dsRNA. The experiment was repeated for three times and luciferase activity was calculated and expressed as relative fold

changes (mean� SD). Error bars represent one standard deviation. �P< 0.05. C: Relative FOXJ2 mRNA expression in Hela cells transfected with pre-miR-103 and scramble

dsRNA respectively was detected by real-time PCR assay. D: Western blot analysis of FOXJ2 protein expression in Hela cells transfected with pre-miR-103 and scramble dsRNA

respectively. The protein level was normalized with GAPDH. E: Western blot analysis of FOXJ2 protein expression in K562 cells transfected with pre-miR-103 or scramble dsRNA.

The protein level was normalized with GAPDH. An obviously reduced FOXJ2 expression was observed in Hela cells (and K562 cells) transfected with oligonucleotide pre-miR-103

compared with Hela cells (and K562 cells) transfected with the control scramble dsRNA.
DISCUSSION

It is now well known that miRNAs are important components of

gene regulation system. MiRNAs act as negative modulators

operating at post-transcription level by knocking down their target

protein-coding genes. This fine tuning regulation provides subtle

changes of gene expression level required for development and

cell fate determination. One appealing possibility, that miRNAs

eliminate low expression of unwanted genes and hence refine

unilineage gene expression, may be especially amenable to

evaluation in models of hematopoiesis [Shivdasani, 2006].

To clarify the potential roles of miRNAs in human erythropoiesis,

we compared the miRNA expression of hemin-treated K562 cells

with untreated cells by Northern blot and found five changed

miRNAs. Other studies also examined the expression changes of

miRNAs during hematopoiesis. Georgantas et al. indicated miR-103

and miR-130a as hematopoietic stem-progenitor cell expressed

miRNAs. We also showed that miR-103 and miR-130a was highly

expressed in cord blood CD34þ cells but declined after EPO-induced

erythroid differentiation. However, our observations were little

conflicting with Choong et al., that may be due to erythropoietic

induction and array step protocols were different. Here we only
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focused on miR-103, whereas miR-130a, miR-210, miR-126, and

miR-18b may also have important roles in erythroid differentiation.

So our data provided initiative information for the future study. The

down-regulated miRNAs may unblock target genes that promote

erythroid differentiation and our findings give important clues in

their function in erythropoiesis.

Given to that the malignant K562 cell is similar but considerably

different to normal human erythroid lineage in its inability to

differentiate into mature erythrocytes and its CML origin, we also

examined the expression of miR-103, miR-130a, miR-18b, miR-210,

and miR-126 during the erythroid differentiation of purified cord

blood CD34þ progenitors in a liquid culture system in vitro. The

results were in coincidence with that obtained from hemin-induced

K562 cell differentiation, which suggested that this model could

reflect normal erythropoiesis in some extent.

MiR-103 is down-regulated in the process of hemin-induced

K562 cells erythroid differentiation. The enforced expression of

miR-103 could inhibit erythroid differentiation of K562, suggesting

that miR-103 may take part in tumorigenesis of erythroleukemia by

arresting erythroid maturation. As our hypothesis, miR-103 and its

paralog miR-107 have been found to be over-expressed in several

tumor types. In a recent report, miR-103 and miR-107 are shown to
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 5. Down-regulation of FOXJ2 inhibits erythroid differentiation of K562 cells. A: The expression of FOXJ2 mRNA of K562 cells infected with recombinant lentivirus

pLV-FOXJ2-RNAi and control pLVTHM respectively before and after hemin induction. Comparative real-time PCR was performed in triplicate and expression level of FOXJ2 was

normalized by GAPDH mRNA and expressed as relative fold changes (mean� SD). B: Western blot analysis of FOXJ2 protein expression in K562 cells infected with recombinant

lentivirus pLV-FOXJ2-RNAi and control pLVTHM respectively. The protein level was normalized with GAPDH. C: The expression of g-globin mRNA of K562 cells infected with

recombinant lentivirus pLV-FOXJ2-RNAi and control pLVTHM respectively before and after hemin induction. Comparative real-time PCR was performed in triplicate and

expression level of g-globin was normalized by GAPDH mRNA and expressed as relative fold changes (mean� SD).
serve as discriminators for pancreatic tumors and normal pancreas

[Roldo et al., 2006]. High expression of hsa-miR-103/107 correlated

with poor patient survival in esophageal squamous cell carcinoma

[Guo et al., 2008]. Our luciferase report experiment and Western blot

analysis showed that FOXJ2 mRNA was the target of miR-103.

FOXJ2 is a member of forkhead family of transcription factors that

have been proven important in processes such as proliferation,

differentiation and survival for embryonic development, hemato-

poietic T cell differentiation and neural systems. Even though the

reports about the function of FOXJ2 in hematopoiesis are relative

little, we believed it is necessary to study its effect in erythroid cell

differentiation. Additionally, since it is possible that a single miRNA

may target multiple transcripts and that an individual transcript

may be subject to regulation by multiple miRNAs, so the function of
JOURNAL OF CELLULAR BIOCHEMISTRY
miR-103 in erythroid differentiation may be exerted through other

targets except for FOXJ2.

The same miRNAs may play different roles according to its

temporal and spatial expression specificities. Here, miR-126 is a

typical example. Previous report showed that the expression of miR-

126 declined in vitro-differentiated megakaryocytes derived from

CD34þ cells [Garzon et al., 2006]. In this study, we found miR-126

increased dominantly in K562 cells after hemin induction and in

CD34þ cells after erythroid induction. So the function of miR-126 in

erythropoiesis may be exerted through targets different from those

in megakaryocyte differentiation.

It is now well accepted that miRNAs are expressed widely in

developing and adult tissues and their functions are likely to be

widespread, diverse and ranging from seminal to subtle depending
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on the context. MiRNA function at post-transcriptional level makes

up efficient complementarity to transcription regulation. Here, we

identified five miRNAs with expression change during erythroid

differentiation and analyzed the function and probable mechanism

of miR-103 in erythroid differentiation. Our data may provide new

insight into the molecular mechanism in human erythropoiesis and

erythroleukemia tumorigenesis.
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