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Abstract
Objectives: Erythroid differentiation is a dynamic
process in which a pluripotent stem cell undergoes a
series of developmental changes that commit it to a
specific lineage. These alterations involve changes in
gene expression profiles. In this study, gene expres-
sion profiles during differentiation of human ery-
throid cells of a normal blood donor were evaluated
using SAGE.
Materials and methods: Global gene expression was
evaluated in cells collected immediately before addi-
tion of erythropoietin (0 h) and 192 and 336 h after
addition of this hormone. Real-time PCR was used to
evaluate activation of differentially expressed genes.
Results: The data indicate that global aspects of the
transcriptome were similar during differentiation of
the majority of the genes and that a relatively small
set of genes is probably involved in modification of
erythroid cells during differentiation. We have identi-
fied 93 differentially expressed genes during ery-
throid development, and expression of some of these
was confirmed by qPCR. Various genes including
EYA3, ERH, HES6, TIMELESS and TRIB3 were
found to be homologous to those of Drosophila mel-
anogaster and here are described for the first time
during erythroid development. An important and
unique carboxypeptidase inhibitor described in mam-
malians, LXN, was also identified.
Conclusions: The results of this study amplify previ-
ously published data and may contribute to compre-
hension of erythroid differentiation and identification

of new target genes involved in some erythroid con-
cerning diseases.

Introduction

Haematopoiesis is maintained by pluripotent, long-term
repopulating stem cells that generate progenitors capable
of differentiating into all three haematopoietic lineages.
Erythroid cell maturation, known as erythropoiesis, is
mediated by a combination of regulatory proteins acting
in concert. These direct development of progenitor cells
into mature erythrocytes, which are one of the most highly
specialized cell types in the human body (1,2). This
process can be reproduced in an in vitro study using a
two-phase liquid culture. Using this technique, stem cells
differentiate into erythroid cells by addition of the
hormone erythropoietin (EPO) in the culture (3).

Extensive studies have led to a considerable under-
standing of the cellular and molecular control of haemo-
globin production during red blood cell differentiation
(4–7); however, identification of the genes expressed as
part of the erythroid differentiation programme remains an
important goal because of the insights that these data will
bring to erythrocyte biology and disease (8). One of the
first studies evaluating gene expression in human erythroid
cells was carried out by Gubin et al. (9). These authors
made a subtractive library before and after addition of
erythropoietin in a two-phase liquid culture, and obtained
a transcriptional profile of genes arising only in response
to EPO. Following this study, several related ones on simi-
lar themes evaluated global gene expression in haemato-
poietic stem cells (10–13) and in reticulocytes (14,15).

Using a microarray strategy, Komor et al. (16) evalu-
ated gene expression during differentiation of erythroid
cells, megakaryocytes and platelets. This work identified
several genes that were differentially expressed during
differentiation of cells. However, during microarray analy-
sis, knowledge of presence and sequence of genes to be
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analysed is required and, thus, only genes spotted on
slides are studied, making it difficult to find new genes not
evaluated in the analysis (17).

Although several studies have been performed on hae-
matopoietic cells, global gene expression during erythroid
differentiation has been poorly evaluated. As such, identi-
fication of all genes expressed as part of the erythroid
differentiation programme remains an important goal (8).

Here, we report global gene expression during differ-
entiation of human erythroid cells from a normal blood
donor, in a two-phase liquid culture, using Serial Analysis
of Gene Expression (SAGE) (18). Global gene expression
was evaluated in cells collected immediately before addi-
tion of erythropoietin (0 h) and 192 and 336 h after addi-
tion of this hormone. We identified 93 differentially
expressed genes and development and expression of some
of these genes was confirmed by qPCR.

Our data amplify previously published research and
will contribute to understanding the pattern of gene
expression during erythroid differentiation. In addition,
these results contribute to the comprehension of erythroid
differentiation and identification of new target genes
involved in haematopoietic diseases.

Materials and methods

Erythroid cell cultures

Blood from normal volunteers was cultured using a two-
phase liquid culture procedure, as described previously
(3). Briefly, mononuclear cells were isolated from periph-
eral blood samples by centrifugation over a Ficoll-
Hypaque gradient and cultured for 7 days (phase I) in
IMDM medium (Invitrogen, Rockville, MS, USA)
supplemented with 20% foetal calf serum (Invitrogen),
1 lg ⁄ml cyclosporin A (Sandoz, Holzkirchen, Germany)
and 10% conditioned medium, collected from culture of
the human bladder carcinoma 5637 cell line. Cells were
incubated at 37 �C in an atmosphere of 5% CO2 and 92%
extra humidity. After 7 days, non-adherent cells were
harvested and re-cultured in phase II medium, IMDM
supplemented with 30% foetal calf serum (Invitrogen),
1% deionized bovine serum albumin (BSA; Sigma, St
Louis, MO, USA), 10)5

M 2-mercaptoethanol (Sigma),
1.5 nmol ⁄ l glutamine (Invitrogen), 300 lg iron-saturated
transferrin (Sigma), 10)6

M dexamethasone, 5 ng ⁄ml
human stem cell factor (SCF; Calbiochem, Darmstadt,
Germany), 1 U ⁄ml human recombinant erythropoietin
(Cilag, Beerse, Belgium), 2.5 lg ⁄ml funzigone (Invitro-
gen), 50 lg ⁄ml streptomycin (Invitrogen) and 25 lg ⁄ml
glutamicin (Invitrogen). Cell samples were collected from
phase II cultures at 0, 192 and 336 h after erythropoietin
addition. Cell numbers and viability were determined by

trypan blue exclusion. Samples of 5 · 106 cells were pel-
leted and resuspended in Trizol (Invitrogen) and stored at
)80 �C for total RNA extraction and cDNA synthesis.
For morphological analyses of cell differentiation stages,
cytospin slides were prepared and stained with Leish-
man’s stain before examination using an Eclipse E-600
microscope (Nikon, Tokyo, Japan) with Image Pro-
Express 4.0 software (Media Cybernetic, Bethesda, MD,
USA).

RNA extraction

Total RNAwas extracted with TRIzol reagent (Invitrogen,
Rockville, MS, USA), according to the manufacturer’s
protocol. Samples were quantified using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies Inc,
Wilmington, DE, USA).

SAGE libraries and data analysis

Libraries were constructed using the I-SAGE kit (Invitro-
gen) with Nla III enzyme, as described by the manufac-
turer. To produce libraries, 10 lg of total RNA was
prepared. Sequencing was carried out in a Dynamic ET
Terminator cycle sequencer (GE Healthcare, Uppsala,
Sweden) and MEGA-BACE automated DNA sequencer
(Amersham Pharmacia, Bucks, UK). Vector sequences
were trimmed with Phred ⁄Phrap software. Automatic tag
detection and differential gene expression analyses were
performed using eSAGE software v1.2 (19). Only tags
presenting P < 0.01 and fold ‡10 between comparisons
were considered to be differently expressed. Data bank
‘Best Gene for a tag’, from SAGEGenie, CGAP (http://
cgap.nci.nih.gov/SAGE), downloaded on April 2007, was
used for tag-to-gene mapping. According to their identifi-
cation, tags were further classified as ‘no match’ (no
correspondence found in the data bank), ‘known genes’ or
‘putative genes ⁄proteins’, including ESTs (expressed
sequence tags), ORFs (open reading frames), cDNA
clones and hypothetical proteins. Functional classification
of transcripts was performed according to Gene Ontology
Consortium criteria (http://www.geneontology.org).
Hierarchical clustering analysis by Spearman’s confidence
correlation was used to identify gene clusters. The
separation ratio was set at 0.5.

Quantitative real time polymerase chain reaction

RNA samples were subjected to DNAse I treatment
(Invitrogen) and reverse transcription using SuperScript
III (Invitrogen). Primers were designed using PrimerEx-
pressTM programme (Applied Biosystems, Foster City,
CA, USA) (Table S1). Ideal concentration for use was
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determined for each pair of primers and amplification
efficiency was calculated according to the equation
E()1 ⁄ slope), to confirm accuracy and reproducibility of the
reactions (Table S1). Amplification specificity was
verified by running a dissociation protocol. Quantitative
real time polymerase chain reaction (qRT-PCRs) were per-
formed in duplicate, using 12.5 ll SYBR Green Master
Mix (Applied Biosystems), 25 ng cDNA and ideal quanti-
ties of each primer, in a final volume of 25 ll. Samples
were run in MicroAmp Optical 96-well plates (Applied
Biosystems) in a 5700 Sequence Detection System
(Applied Biosystems). To validate SAGE profiles,
GAPDH was used as a reference gene. Gene expressions
in SAGE samples are presented as mean ± SEM.

Results

We performed a large-scale gene expression study of ery-
throid differentiation using SAGE. Samples of cultures
were collected at 0 (SAGE-0H), 192 (SAGE-192H) and
336 (SAGE-336H) hours after erythropoietin addition and
typical morphology was detectable during cell differentia-
tion (Fig. S1). Cells were collected at these points and
their RNAwas prepared for SAGE library construction.

After sequencing and tag extraction, 30 512 tags for
SAGE-0H, 30 117 tags for SAGE-192H and 30 189 for
SAGE-336H profiles were generated, representing
12 026, 11 709 and 11 337 unique tags respectively. Iden-
tification of tags in the libraries demonstrated that 28%,
26.2% and 26.7% respectively, had no correspondence in
the data bank (no matches) and could represent novel
genes. A complete list of tags is available for download at
http://www.lge.ibi.unicamp.br/~anderf.

To investigate reliability of the profiles designed by
SAGE, we arbitrarily selected 18 genes to be studied by
qRT-PCR in the same samples used to generate the
libraries. Both techniques were consistent in identifying
expression of 17 of 18 genes studied (HBA, HBB, HBG,
RNAseI, TIMP1, TIMP2, LYZ, B2M, MMP9, NFE2,
AHSP, S100A8, S100A9, BCR, GATA1, PFN1 and CE-
BPB). Only expression of the STAT5A gene demonstrated
discordant results between the techniques (Fig. 1).

For subsequent analysis, only tags present at least five
times in one of the libraries were considered (20–22).
Using these data, expression profiles of libraries were
compared using the Gene Ontology Consortium Database.
Most abundant genes expressed at the beginning of differ-
entiation were found to be related to various pathways
including immune response, lysozyme activity, iron
homeostasis, cell proliferation and apoptosis. At 192 h
after erythropoietin addition, the most abundant genes
were related to ribosomal activity, reflecting intense and
dynamic protein production in this intermediate phase. At

the end of differentiation we observed high expression of
genes involved in haemoglobin synthesis, such as HBA,
HBB and HBG, and these represent the most expressed
proteins in reticulocytes and in red cells. Summaries of
the most expressed genes in each library are described in
Table 1.

Differential gene expression between the libraries was
further analysed using P < 0.01 criterium, and fold higher
than 10 to select tags that presented differential expression
with a statistically significant level. Ninety-three genes
were identified and these were hierarchically clustered by
Spearman’s confidence correlation, with a separation ratio
set at 0.5. We identified 32 up-regulated genes in the 0H
library, 29 in 196H and 32 in 336H (Fig. 2). Tag number
found for each gene is displayed in Table 2. Differentially
expressed genes were categorized by Molecular Function
and Biological Process using the gene ontology consor-
tium. At the beginning of differentiation (OH), processes
such as cell adhesion, cell proliferation, cell development
and apoptosis regulation were found to be up-regulated.
After 192 h of erythropoietin addition, processes like
structural constituents of ribosomes, transcription factor
activity and RNA polymerase II activity were up-regu-
lated. At the end of differentiation, these processes were
down-regulated and cells demonstrated restriction of
expression of pathways, like transport, biosynthetic pro-
cesses, oxygen binding pathways plus ion, tetrapyrrole,
nucleotide, protein and cofactors (Fig. S2).

Of the differentially expressed genes, we found
several with homology to Drosophila melanogaster genes
(Fig. 3). These genes have been identified in humans,
however, most of them do not have any function yet
described. We also found high expression of TIMELESS,
HES6, EYA3, ERH and TRIB3 genes during the intermedi-
ate phase and at the end of differentiation.

To understand whether expressions of these genes are
related to erythroid lineage expression, we evaluated them
in further two-phase liquid cultures (Fig. 4a) and in
CD34+ culture (Fig. 4b). CD34+ cell culture was used as
contamination with other cell types such as lymphocytes
and monocytes ⁄macrophages is lower than that seen in
two-phase culture and all cells are committed to the
erythroid lineage. Results confirmed SAGE data in both
cultures and demonstrated that probably, differences
observed are related to erythroid lineage and not to other
cell types. We also evaluated expression of LXN gene, the
only known carboxypeptidase inhibitor in mammals (23),
because its expression was observed only after the inter-
mediate stage of differentiation and was lower at the end
of differentiation.

To verify whether expressions of these genes were
ubiquitous, we also evaluated them in several tissues
using a cDNA tissue library (Clontech Laboratories Inc.,

� 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 297–309.

Modification of cells during erythroid differentiation 299



Mountain View, CA, USA). We observed high expression
of EYA3 and LXN in bone marrow, and for genes ERH,
TRIB3 and TIMELESS, we observed high expression in
other haematopoietic islands such as placenta and liver.
Exceptionally, expression of HES6 gene was not observed
in these tissues and highest expression was observed in
intestine and brain (Fig. 5).

Discussion

Gene expression during erythroid differentiation is poorly
understood. Study of the global pattern of gene expression
that accompanies erythroid differentiation could help
improve understanding of erythroid-specific mechanisms

Figure 1. Validation of SAGE technique – eighteen genes arbitrarily selected for study by qRT-PCR in the same samples used to generate
libraries. Results showed a 95% concordance (17 of 18).
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that are required for optimal function of erythrocytes and
therefore, identify targets for treatment of erythrocyte dis-
orders (8).

To understand this mechanism, global gene expres-
sion during erythroid differentiation was evaluated using
SAGE. By this strategy, 93 genes were identified that

Table 1. The most expressed genes (more than 100 copies) in 0H, 192 and 336H library respectively

Tag 0H 192H 336H Hs Symbol Description Ontology

GGGCATCTCT 203 32 39 Hs.520048 HLA-DRA Major histocompatibility complex,
class II, DR alpha

Immune response

ATCAAGAATC 238 26 27 Hs.14623 IFI30 Interferon, gamma-inducible protein 30 Lysozyme activity
ATGTAAAAAA 253 37 45 Hs.524579 LYZ Lysozyme (renal amyloidosis) Lysozyme activity
GTTGTGGTTA 304 131 166 Hs.534255 B2M Beta-2-microglobulin Immune response
CCCTGGGTTC 361 115 156 Hs.433670 FTL Ferritin, light polypeptide Cellular iron ion homeostasis
TTGGGGTTTC 386 274 458 Hs.524910 FTH1 Ferritin, heavy polypeptide 1 Cellular iron ion homeostasis
GTTCACATTA 420 99 116 Hs.436568 CD74 CD74 molecule, major histocompatibility

complex, class II invariant chain
Cell proliferation ⁄ negative
regulation of apoptosis ⁄ signal
transduction

GAAATACAGT 648 121 148 Hs.67201 NT5C 5¢, 3¢-nucleotidase, cytosolic 5¢-nucleotidase activity
GGATTTGGCC 174 152 101 Hs.437594 TSPAN4 Tetraspanin 4 Membrane fraction
CACAAACGGT 140 66 71 Hs.504517 TSPAN9 Tetraspanin 9 Membrane fraction
TTGGTGAAGG 169 18 45 Hs.522584 TMSB4X Thymosin, beta 4, X-linked Cytoskeleton organization

and biogenesis
CTGACCTGTG 128 26 50 Hs.77961 HLA-B Major histocompatibility complex,

class I, B
Immune response

CCACTGCACT 139 22 46 Hs.107003 CCNB1IP1 Cyclin B1 interacting protein 1 Apoptosis
ACATTCTTTT 103 21 41 Hs.190495 GPNMB Glycoprotein (transmembrane) nmb Negative regulation of

cell proliferation
AGGGCTTCCA 105 99 43 Hs.534404 RPL10 Ribosomal protein L10 Ribosomal subunit
GTGAAACCCC 107 62 86 Hs.590913 PAFAH2 Platelet-activating factor

acetylhydrolase 2, 40 kDa
Phospholipid binding

AGTTTCTTGT 108 33 45 Hs.647419 CD68 CD68 molecule Transmembrane glycoprotein
CCTGTAATCC 108 34 50 Hs.591920 NT5C2 5¢-nucleotidase, cytosolic II 5¢-nucleotidase activity
CCCATCGTCC 192 279 102 Hs.559716 Transcribed locus, weakly similar to

XP_220207.3 similar to serine ⁄
arginine repetitive matrix 2
[Rattus norvegicus]

RNA ⁄ protein binding

GAGGGAGTTT 151 191 98 Hs.523463 RPL27A Ribosomal protein L27a Ribosomal subunit
GAAAAATGGT 80 183 80 Hs.449909 RPSA Ribosomal protein SA Ribosomal subunit
GCATAATAGG 139 178 89 Hs.381123 RPL21 Ribosomal protein L21 Ribosomal subunit
CTGGGTTAAT 96 172 135 Hs.438429 RPS19 Ribosomal protein S19 Ribosomal subunit
ATAATTCTTT 153 174 120 Hs.156367 RPS29 Ribosomal protein S29 Ribosomal subunit
GGGCTGGGGT 85 163 72 Hs.425125 RPL29 Ribosomal protein L29 Ribosomal subunit
TTGGTCCTCT 116 149 105 Hs.632703 RPL41 Ribosomal protein L41 Ribosomal subunit
TTCAATAAAA 92 145 71 Hs.356502 RPLP1 Ribosomal protein, large, P1 Ribosomal subunit
CAATAAATGT 91 141 71 Hs.558601 RPL37 Ribosomal protein L37 Ribosomal subunit
TGCACGTTTT 92 141 70 Hs.265174 RPL32 Ribosomal protein L32 Ribosomal subunit
TGTGTTGAGA 125 135 80 Hs.644639 EEF1A1 Eukaryotic translation elongation

factor 1 alpha 1
Translational
elongation ⁄GTPase activity

TAATAAAGGT 72 130 65 Hs.512675 RPS8 Ribosomal protein S8 Ribosomal subunit
TGTACCTGTA 43 111 61 Hs.524390 TUBA3 Tubulin, alpha 3 Microtubule-based

movement ⁄GTPase activity
GCAAGAAAGT 36 253 1391 Hs.523443 HBB Haemoglobin, beta Haemoglobin synthesis
CTTCTTGCCC 20 147 1264 Hs.449630 HBA1 Haemoglobin, alpha 1 Haemoglobin synthesis
CCCAACGCGC 7 26 473 Hs.449630 Haemoglobin, alpha 1 Haemoglobin synthesis
TAGGTTGTCT 198 191 211 Hs.374596 TPT1 Tumour protein, translationally

controlled 1
Anti-apoptosis ⁄ cellular
calcium ion homeostasis

ATGCAGAGCT 4 120 178 Hs.295459 HBG1 Haemoglobin, gamma A Haemoglobin synthesis
ATTCAGAGCT 2 105 154 Hs.295459 Haemoglobin, gamma A Haemoglobin synthesis
TTAACCCCTC 5 56 130 Hs.78224 RNASE1 Ribonuclease, RNase A family,

1 (pancreatic)
RNA binding ⁄
endonuclease activity
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Figure 2. Cluster analysis of differentially
expressed genes associated with erythroid
differentiation. Three clusters were found
according to up-regulation of each stage of
development. Colour code: blue, low expression;
red, high expression. Intensity of colour reflects
reliability of expression data.
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Table 2. Differentially expressed genes found during erythroid development

Gene symbol Hs number Description

Number of tags

0H 192H 336H

No Match 1 5 107 0
No Match 2 1 14 0
No Match 3 0 10 0
No Match 4 Hs.605719 CDNA clone IMAGE:3927515 10 1 0
No Match 5 Unclustered ESTs 0 0 25
No Match 6 Hs.623908 Transcribed locus, strongly similar to XP_001072910.1 similar to

Oligodendrocyte transcription factor 3 (Oligo3) -(Oligodendrocyte-
specific bHLH transcription factor 3) (Basic helix-loop-helix
domain-containing class B protein 7) [Rattus norvegicus]

0 0 15

No Match 7 0 0 13
No Match 8 Unclustered ESTs 0 3 36
No Match 9 0 0 11
ALAS2 Hs.522666 Aminolevulinate, delta-, synthase 2 (sideroblastic ⁄ hypochromic

anaemia)
0 2 71

ANK1 Hs.491558 Ankyrin 1, erythrocytic 0 18 25
ARPC1B Hs.489284 Actin-related protein 2 ⁄ 3 complex, subunit 1B, 41 kDa 18 1 0
ATP5G1 Hs.80986 ATP synthase, H+ transporting, mitochondrial F0 complex,

subunit C1 (subunit 9)
2 10 0

BDNFOS Hs.577179 Brain-derived neurotrophic factor opposite strand 2 20 5
BTG1 Hs.255935 B-cell translocation gene 1, anti-proliferative 38 5 19
C11orf17 Hs.131180 Chromosome 11 open reading frame 17 10 1 6
C19orf48 Hs.256301 Chromosome 19 open reading frame 48 0 9 1
C19orf6 Hs.515003 Chromosome 19 open reading frame 6 10 0 0
C1QBP Hs.555866 Complement component 1, q subcomponent binding protein 3 12 15
CA1 Hs.23118 Carbonic anhydrase I 0 21 61
CAPG Hs.516155 Capping protein (actin filament), gelsolin-like 41 3 8
CCDC114 Hs.112645 Coiled-coil domain containing 114 11 1 0
CCL18 Hs.143961 Chemokine (C-C motif) ligand 18 (pulmonary and

activation-regulated)
12 1 0

CCL2 Hs.303649 Chemokine (C-C motif) ligand 2 17 1 0
CCL5 Hs.514821 Chemokine (C-C motif) ligand 5 11 0 0
CCT6A Hs.82916 Chaperonin-containing TCP1, subunit 6A (zeta 1) 2 10 1
CD44 Hs.502328 CD44 molecule (Indian blood group) 10 0 0
CECR1 Hs.170310 Cat eye syndrome chromosome region, candidate 1 17 1 9
CSTB Hs.695 Cystatin B (stefin B) 53 5 13
CTSH Hs.148641 Cathepsin H 20 0 8
CYBA Hs.513803 Cytochrome b-245, alpha polypeptide 14 1 0
CYBASC3 Hs.22546 Cytochrome b, ascorbate dependent 3 18 1 0
CYP27A1 Hs.516700 Cytochrome P450, family 27, subfamily A, polypeptide 1 19 1 0
EGR1 Hs.326035 Early growth response 1 0 11 1
ERAF Hs.274309 Erythroid associated factor 1 20 45
EYA3 Hs.185774 Eyes absent homologue 3 (Drosophila) 1 7 69
FADS2 Hs.502745 Fatty acid desaturase 2 0 10 1
FCGRT Hs.111903 Fc fragment of IgG, receptor, transporter, alpha 21 4 9
FCN1 Hs.440898 Ficolin (collagen ⁄ fibrinogen domain containing) 1 18 0 0
FKBP5 Hs.407190 FK506 binding protein 5 1 19 12
GDF15 Hs.616962 Growth differentiation factor 15 0 0 11
GIPC1 Hs.631639 GIPC PDZ domain containing family, member 1 1 11 4
GYPC Hs.59138 Glycophorin C (Gerbich blood group) 0 10 20
H3F3A Hs.533624 H3 histone, family 3A 11 23 25
HBA1 Hs.449630 Haemoglobin, alpha 1 0 176 1780
HBB Hs.523443 Haemoglobin, beta 36 270 1489
HBG1 Hs.295459 Haemoglobin, gamma A 6 225 332
HBM Hs.647389 Haemoglobin, mu 0 0 15
HLA-DQA1 Hs.387679 Major histocompatibility complex, class II, DQ alpha 1 39 3 5
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presented differential expression at statistically signifi-
cant levels. As such, these genes may easily be involved
in several important processes that lead to differentia-
tion of haematopoietic stem cells into erythrocytes and
may constitute therapeutic targets for haematopoietic
diseases.

Several genes found in this study as differentially
expressed are well described in the literature; these
include ALAS2, ANK1, GDF15, NUDT4 and AHSP
(16,24), and validate the results found in our libraries. In
addition, some genes are described for the first time.
Among them, an interesting finding was presence of some

Table 2. (Continued)

Gene symbol Hs number Description

Number of tags

0H 192H 336H

HLA-DRA Hs.520048 Major histocompatibility complex, class II, DR alpha 10 1 1
HMGN1 Hs.356285 High-mobility group nucleosome-binding domain 1 5 13 1
IGHG1 Hs.510635 Immunoglobulin heavy constant gamma 1 (G1m marker) 11 2 6
IL8 Hs.443948 Interleukin 8 42 11 73
ILF3 Hs.465885 Interleukin enhancer binding factor 3, 90 kDa 1 10 2
ITLN1 Hs.50813 Intelectin 1 (galactofuranose binding) 0 0 10
KCNH2 Hs.647099 Potassium voltage-gated channel, subfamily H (eag-related), member 2 0 20 4
KHSRP Hs.646750 KH-type splicing regulatory protein (FUSE binding protein 2) 1 10 3
KIAA1727 Hs.132629 KIAA1727 protein 0 1 13
LIPA Hs.643030 Lipase A, lysosomal acid, cholesterol esterase (Wolman disease) 10 1 1
LOC388588 Hs.22047 Hypothetical gene supported by BC035379; BC042129 1 13 59
LOC399761 Hs.647203 Hypothetical protein LOC399761 23 0 1
LOC730200 Hs.553015 Hypothetical protein LOC730200 17 0 3
LXN Hs.478067 Latexin 0 15 5
LYZ Hs.524579 Lysozyme (renal amyloidosis) 280 38 49
MGC4677 Hs.446688 Hypothetical protein MGC4677 1 15 0
MMP9 Hs.297413 Matrix metallopeptidase 9 (gelatinase B, 92 kDa gelatinase, 92 kDa

type IV collagenase)
16 0 0

NDUFA3 Hs.198269 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3, 9 kDa 3 9 0
NOP5 ⁄NOP58 Hs.471104 Nucleolar protein NOP5 ⁄NOP58 2 15 3
NUDT4 Hs.591008 Nudix (nucleoside diphosphate-linked moiety X)-type motif 4 0 3 57
PLA2G7 Hs.584823 Phospholipase A2, group VII (platelet-activating factor

acetylhydrolase, plasma)
30 1 2

PRG1 Hs.1908 Proteoglycan 1, secretory granule 12 1 2
PRSS1 Hs.622865 Protease, serine, 1 (trypsin 1) 23 1 1
PSAP Hs.523004 Prosaposin (variant Gaucher disease and variant metachromatic

leukodystrophy)
111 14 41

PSMA2 Hs.333786 Proteasome (prosome, macropain) subunit, alpha type, 2 1 10 2
REXO2 Hs.7527 REX2, RNA exonuclease 2 homologue (S. cerevisiae) 0 12 14
RHAG Hs.120950 Rh-associated glycoprotein 0 12 28
RNASE1 Hs.78224 Ribonuclease, RNase A family, 1 (pancreatic) 5 56 130
RPL22L1 Hs.380933 Ribosomal protein L22-like 1 0 11 1
SELENBP1 Hs.632460 Selenium-binding protein 1 0 0 12
SLC12A9 Hs.521087 Solute carrier family 12 (potassium ⁄ chloride transporters),

member 9
2 24 14

SLC25A37 Hs.122514 Solute carrier family 25, member 37 0 2 23
SNHG5 Hs.292457 Small nucleolar RNA host gene (non-protein coding) 5 3 27 4
SOD2 Hs.487046 Superoxide dismutase 2, mitochondrial 10 1 1
STK11 Hs.515005 Serine ⁄ threonine kinase 11 0 1 10
TINP1 Hs.482526 TGF beta-inducible nuclear protein 1 3 10 1
TPSAB1 Hs.405479 Tryptase alpha ⁄ beta 1 0 45 11
TRIB3 Hs.516826 Tribbles homologue 3 (Drosophila) 0 0 11
TSPAN17 Hs.532129 Tetraspanin 17 2 9 1
TYMS Hs.592338 Thymidylate synthetase 0 13 7
UBE2D3 Hs.518773 Ubiquitin-conjugating enzyme E2D 3 (UBC4 ⁄ 5 homologue, yeast) 0 1 10
UQCRQ Hs.146602 Ubiquinol-cytochrome c reductase, complex III subunit VII, 9.5 kDa 4 9 1
VAV2 Hs.369921 Vav 2 oncogene 1 12 0
WDR36 Hs.533237 WD repeat domain 36 0 3 32
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genes homologous to genes of D. melanogaster and that
were highly and differentially expressed during erythroid
differentiation here (Fig. 3). Most differentially expressed
genes were TIMELESS, TRIB3, EYA3, HES6 and ERH
identified in humans, but some of them do not have any
described function in people and none has been reported
during erythroid differentiation.

Timeless protein is mainly known for its essential role
in circadian rhythm in Drosophila; however, a recent
study in humans suggests an intimate connection between
the circadian cycle and DNA damage checkpoints that is
partly mediated by Timeless protein. Timeless protein
interacts with Chk1 kinase, which regulates DNA dam-
age-induced G2 ⁄M arrest and is mainly activated by
BRCA1 (25,26). The gene was also identified among a
common prognostic signature of 29 genes that are associ-
ated with patient survival in breast cancer (27) and as a
candidate to predict response to tamoxifen, the most com-
mon endocrine agent used to treat women at all stages of
breast cancer (28). To date, there are no studies demon-
strating the relationship of this gene with erythropoiesis,
and our data suggest its participation during erythroid
maturation, as increase in its expression was observed
from the intermediate stage of differentiation onwards,
being more evident in CD34+ cells (Fig. 4).

Tribbles 3 homologue (TRIB3), is a putative protein
kinase that, in Drosophila, appears to play a role in

Figure 3. Cluster analysis of 15 differentially expressed genes
homologous to D. melanogaster found during erythroid differentia-
tion. These genes have been identified in humans; however, most of them
do not have any described function. Genes HES6, EYA3, ERH and TRIB3
were found with high expression at the end of differentiation, while
TIMELESS showed high expression in the intermediate phase. With the
exception of ERH, expression of these genes were hardly observed at the
beginning of differentiation. Intensity of colour reflects reliability of
expression data.

(a)

(b)

Figure 4. Gene expression of selected genes during erythroid differ-
entiation. Gene expressions of six selected genes were evaluated by
qPCR in three different two-phase liquid cultures (a) and in a CD34+
culture (b). Expressions observed in both cultures are the same as those
identified by SAGE analysis. The pattern observed in SAGE libraries is
displayed together with two-phase culture.
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regulation of the cell cycle and cell migration. In mam-
mals, TRIB3 was initially cloned as an inducible gene in
neuronal PC-3 cells following NGF withdrawal. The pro-
tein is emerging as a negative regulator of various signal
transducers and has been implicated in several processes,
including apoptosis regulation, cell survival, regulation of
adipocyte differentiation and insulin resistance (29–32),
and also acts as an important participant in tumour cell
growth (33). Overexpression of this gene at the end of ery-
throid differentiation (Fig. 4) demonstrates that this pro-
cess is finely regulated, as the cells are almost fully
differentiated and intense proliferation typically observed
in previous stages is controlled. Deregulation of expres-
sion of this could be implicated in increase in cell prolifer-
ation, in turn inducing a tumour development.

EYA3 (Eyes absent 3) is another gene that demon-
strated increase in expression at the end of differentiation,

suggesting a possible role of this transcription factor in
maturation of erythroid cells. Li et al. (34) demonstrated
that the Eya family (EYA1, EYA2 and EYA3) has protein
phosphatase function, and its enzymatic activity is
required for regulating genes that encode growth control
and signalling molecules, modulating precursor cell pro-
liferation. Studies with Eya1-deficient mice show that the
gene controls critical early inductive signalling events
involved in ear and kidney formation and integrate Eya1
into the genetic regulatory cascade controlling kidney for-
mation upstream of Gdnf, which is required to direct ure-
teric bud outgrowth via activation of c-ret Rtk (35).
Occasionally, anaemic embryos of these mice are seen,
suggesting a haematopoietic defect (12). In a study analy-
sing gene expression of purified haematopoietic stem cells
(HSC), the authors identified expression of EYA1 and
EYA2 and suggested that they could be involved in HSC

Figure 5. Differential expression of selected
genes in several tissues using a cDNA tissue
library (Clontech Laboratories Inc).
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self-renewal (12); however, in our study, expression of
EYA3 was not identified. EYA3 is mapped to chromosome
1 and no studies have been carried out on it in humans.
Recently, Soker et al. (36) studied pleiotropic effects in
Eya3-knockout mice and showed that homozygous
mutants displayed decreased bone mineral content and
shorter body length; furthermore, apparently no haemato-
poietic effects were observed. Our results suggest that this
transcription factor could be important at the end of differ-
entiation as its expression was observed to be high at the
end of differentiation and high expression was found in
bone marrow.

HES6 (Hairy ⁄Enhancer of Split 6) is another Drosoph-
ila homologous gene that encodes a member of a subfam-
ily of basic helix-loop-helix transcription repressors (37).
The protein encoded by this gene functions as a cofactor,
interacting with other transcription factors through a tetra-
peptide domain in its C-terminus (38), and may be
involved in neurogenesis (39) and cell proliferation in
promyelocytic leukaemia (40). However, precise molecu-
lar mechanism of Hes6-mediated control of differentiation
remains to be elucidated (40). This transcription factor
was found to be highly expressed at the end of differentia-
tion here, but was not observed at the beginning of
CD34+ differentiation (Fig. 4) in bone marrow (Fig. 5),
showing that its expression is stage-specific and finely
regulated.

ERH (Expression of Enhancer of Rudimentary) gene
was found to be continuously regulated during erythropoi-
esis and its expression increased during differentiation
(Fig. 4). The product of this gene is a small, highly con-
served, nuclear protein with a unique three-dimensional
structure. Involvement of ERH in fundamental processes
such as regulation of pyrimidine metabolism, cell cycle
progression, transcription and cell growth control has been
suggested (41–44); however, none of these interactions
has been verified experimentally. To date, the mechanism
of action of ERH remains unclear, and our result needs to
be studied in detail to identify its function in erythroid dif-
ferentiation.

In addition to these Drosophila homologous genes,
LXN (latexin) gene was observed to be continuously
expressed from the beginning of differentiation and was
highly expressed in bone marrow (Figs 4 and 5). LXN is
the only known carboxypeptidase inhibitor in mammals
and despite several structure–function studies of latexin,
there is little knowledge of its biological roles in stem cells
and ageing. Recent studies have shown that LXN is a neg-
ative regulator of stem cell number and acts through at
least two mechanisms to modulate stem cell pool size: (i)
it decreases HSC cell replication and (ii) it increases HSC
apoptosis. Thus, in the haematopoietic system, and per-
haps other organs, latexin influences ageing and lifespan

through its action on stem cells (23). Continuous expres-
sion of the gene, found in this study, showed that its regu-
lation was directly related to differentiation of the cells;
during cell proliferation and consequent maturation,
expression of the gene increased then began to decline.
Further studies on gene expression using inhibition and
superexpression of these genes in CD34+ cultures are
being carried out and results will provide new insights to
the relationship of its the expression to haematopoiesis.

Another important finding in our study was the num-
ber of tags that had no correspondence in the data bank
and that were denominated ‘no matches’ (27% approxi-
mately); these tags could represent novel genes. Several
studies observed the same results and have shown that
approximately 35% of total SAGE tags are unmapped or
unidentified. Several authors have suggested that this
could be explained by several reasons: for instance, tags
overlapping two exons, tags extended into the polyA tail
and tags that differ from the genome sequence due to
polymorphism. These tags could also correspond to anti-
sense transcripts or new variants of known transcripts,
suggesting that many transcripts are still to be annotated
and that the human transcriptome seems to be more com-
plex than shown in current genome annotations (45).
Study on non-identified SAGE tags could help improve
the annotation process and identify genes with important
functions that could potentially be used as targets for dis-
ease therapies.

One of these tags (No Match 1 – Table 2) demon-
strated a large increase in expression during the intermedi-
ate phase of differentiation and could be very important in
metabolic pathways involved in differentiation of ery-
throid cells. Two other tags (No Match 5 and 8 – Table 2)
demonstrated increases at the end of differentiation and
could be involved in maturation of haematopoietic cells.
Identification of these tags could identify new genes or
new isoforms of genes involved in differentiation of ery-
throid cells.

Results shown in this study amplify previously pub-
lished data and present new clues concerning gene regula-
tion and dynamic organization of genes in chromosomes
of cells contributing to comprehension of erythroid differ-
entiation, and to identification of new target genes
involved in some erythroid diseases.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1Morphology of cells during erythroid differen-
tiation using two-phase liquid culture after erythropoietin
addition. Typical morphology was detectable during
differentiation (0 h, proerythroblast; 192 h, basophilic
erythroblasts and 336 h, orthocromatic erythroblasts).

Fig. S2 Gene ontology categorization. Differentially
expressed genes were categorized by Molecular Function
and Biological Process using the gene ontology classifica-
tion.

Table S1 Sequence and ideal concentration for the
primers used in qPCR.
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the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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