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Abstract
Erythropoiesis has been extensively studied using in vitro and in vivo animal models. Despite this, there is still limited
data about the gene expression profiles (GEP) of primary (ex vivo) normal human bone marrow (BM) erythroid
maturation. We investigated the GEP of nucleated red blood cell (NRBC) precursors during normal human BM
erythropoiesis. Three maturation-associated populations of NRBC were identified and purified from (fresh) normal
human BM by flow cytometry and the GEP of each purified cell population directly analyzed using DNA-
oligonucleotide microarrays. Overall, 6569 genes (19% of the genes investigated) were expressed in ≥1 stage of BM
erythropoiesis at stable (e.g., genes involved in DNA process, cell signaling, protein organization and hemoglobin
production) or variable amounts (e.g., genes related to cell differentiation, apoptosis, metabolism), the latter showing a
tendency to either decrease from stage 1 to 3 (genes associated with regulation of erythroid differentiation and
survival, e.g., SPI1, STAT5A) or increase from stage 2 to stage 3 (genes associated with autophagy, erythroid functions
such as heme production, e.g., ALAS1, ALAS2), iron metabolism (e.g., ISCA1, SLC11A2), protection from oxidative stress
(e.g., UCP2, PARK7), and NRBC enucleation (e.g., ID2, RB1). Interestingly, genes involved in apoptosis (e.g., CASP8, P2RX1)
and immune response (e.g., FOXO3, TRAF6) were also upregulated in the last stage (stage 3) of maturation of NRBC
precursors. Our results confirm and extend on previous observations and providing a frame of reference for better
understanding the critical steps of human erythroid maturation and its potential alteration in patients with different
clonal and non-clonal erythropoietic disorders.

Introduction
Erythrocytes are currently recognized as bone marrow

(BM)-derived blood cells specialized in producing
hemoglobin for the transportation of oxygen throughout
the body, via peripheral blood (PB). After birth, human
erythropoiesis occurs in specialized hematopoietic stem

cell (HSC) niches enriched in mesenchymal cells and
other stromal cells in the BM1. Following commitment
into the erythroid lineage, progressive expansion of the
early erythroid committed progenitors occurs, leading to
the generation of burst-forming unit-erythroid progeni-
tors (BFU-E) and colony-forming unit-erythroid pre-
cursors (CFU-E)2. Subsequently, erythroid precursors
sequentially differentiate into morphologically recogniz-
able (nucleated) erythroblasts, and both non-nucleated
reticulocytes and erythrocytes, which are released into
PB2. During maturation of erythroblasts, progressive
decrease in cell size with concomitant nuclear con-
densation and pyknosis, associated with a decrease in the
RNA contents occurs, prior to final extrusion of the

© The Author(s) 2019.
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Liliane R. Alves (lmanacas@inca.gov.br) or
Alberto Orfao (orfao@usal.es)
1Clinical Medicine Postgraduate Programme, College of Medicine, Federal
University of Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
2Cytometry Service, Institute of Paediatrics and Puericulture Martagão Gesteira
(IPPMG), Federal University of Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
Full list of author information is available at the end of the article.
These authors contributed equally: Liliane R. Alves, Alberto Orfao
Edited by N. Barlev

Official journal of the Cell Death Differentiation Association

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://creativecommons.org/licenses/by/4.0/
mailto:lmanacas@inca.gov.br
mailto:orfao@usal.es


remaining nucleus3,4 required to generate mature (non-
nucleated) reticulocytes and erythrocytes2.
At present, it is well-known that maturation of early

hematopoietic precursors into fully mature erythrocytes
involves complex signaling networks (associated with,
e.g., cell–cell interactions and cytokine and hormone
signaling), that lead to intracellular production of
hemoglobin and other erythroid cell components5. Early
studies on erythroid differentiation have elucidated the
composition of the erythroid cell membrane and the key
elements of the red cell metabolism6. Subsequently,
several other in vitro and in vivo animal model studies
have delineated the different steps of erythroid matura-
tion both in physiological and in pathological condi-
tions7. More recent studies have investigated and
identified specific genes, cell signaling pathways and
proteins that play a critical role during erythropoiesis,
particularly those that are (directly or indirectly) related
to the production of heme and hemoglobin8,9. Despite all
the above, there is still limited data about the changes on
the ex vivo gene expression profiles (GEP) of normal
human BM erythroid precursors at distinct stages of
maturation, and their correlation with the in vitro and
in vivo animal model findings10.
In the present study, we investigated the GEP of purified

nucleated erythroid precursors at three different stages of
maturation, directly derived from primary (fresh) normal
human BM, in the absence of further in vitro culture. Our
results provide a frame of reference for better under-
standing the critical steps of in vivo erythroid maturation,
and the potential identification of aberrant GEP in
patients with different (clonal and non-clonal) red cell
disorders.

Results
Identification of erythroid precursors and their different
maturation stages in normal human BM
Overall, three different stages of maturation of NRBC

were defined and identified in all BM samples analyzed
(Fig. 1), and nucleated cells included from each of such
maturation stages, were subsequently FACS-purified.
Thus, the earliest stage of erythroid maturation corre-
sponded to BM CD34+ precursors that showed progres-
sively greater expression levels of CD71 and CD105 (stage
1). Subsequently, (stage 2) erythroid precursors showed
strong CD71 and co-expression of CD105 and CD36,
while they had already downregulated CD34, CD45,
CD117, and HLADR expression to undetectable levels
(Fig. 1). Further, maturation of erythroid precursors
(toward stage 3) was associated with downregulation of
CD105, while strong positivity for both CD71 and CD36
was retained (Fig. 1). NRBC precursors from all three
stages of maturation were systematically negative for
CD33 (Fig. 1).

Protein expression levels for the above listed phenotypic
markers (as assessed by flow cytometry), was compared
with mRNA expression levels for the corresponding
genes, showing highly consistent results (Fig. 2), and, as
could be expected, intracellular decrease in mRNA levels
frequently preceded that observed in the amount of cell
surface membrane protein, as illustrated for, e.g., CD117
in Fig. 2. Thus, CD33, CD34, CD45, and HLADR
expression levels were virtually not detected at the mRNA
level for any of the three maturation-associated popula-
tions of NRBC analyzed, while expression of the CD34,
CD45, and HLADR proteins was restricted to the earliest
stage of maturation of NRBC precursors, and that of
CD33 was systematically absent. In contrast, CD71 and
CD36 showed parallel and progressively greater amounts
of both mRNA and protein along the erythroid
maturation.

Global transcriptional profile of normal human BM NRBC
precursors
From all 33,927 genes analyzed, 6569 genes (19%) were

expressed in ≥ 1 of the three populations of NRBC ana-
lyzed. Almost half of the expressed genes (n= 2928 genes)
were expressed across all three maturation-associated
subpopulations of NRBC precursors evaluated; in con-
trast, 148, 85, and 1529 genes showed an expression
profile restricted to the early (stage 1), intermediate (stage
2), or late stages (stage 3) of maturation of NRBC,
respectively. Another 227, 279, and 307 genes were
expressed in stage 1 plus stage 2, stage 2 plus stage 3, and
stage 1 plus stage 3 NRBC, respectively (Fig. 3a).
According to their biological role, those 6569 genes found
to be expressed in NRBC could be classified into nine
distinct functional gene groups, that included genes
involved in: (i) structural cell organization, (ii) metabolic
processes, (iii) DNA/RNA processing, (iv) intracellular
transport, (v) cell signaling and protein organization; (vi)
cycle cell, (vii) cell differentiation, (viii) apoptosis, and (ix)
the immune response.
As expected, a high number of genes expressed by BM

NRBC precursors were functionally related to DNA/RNA
processing (e.g., HIST1H1E, HIST1H1B, and HIST1H2BM
histones) and cell signaling and protein organization (e.g.,
the RPS20, RPL19, and RPL30 ribosomal protein genes),
and they were expressed across all maturation stages of
NRBC precursors, although the number of expressed
genes within both functional groups slightly increased
from stage 2 to stage 3 NRBC precursors (Fig. 3). A GEP
similar to that of this later gene group was (i.e., stable GEP
during the first two stages of maturation, followed by
increased expression in stage 3 NRBC precursors) also
found throughout the whole human BM erythroid
maturation, but for a lower number of genes, for genes
related to (i) cell differentiation (e.g., RPS6, MED1,
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HCLS1), (ii) metabolic processes, (iii) structural organi-
zation of the cell (e.g., EPB42, PLEK2, PDLIM7, ROCK1),
(iv) intracellular transport, and (v) apoptosis (e.g., P2RX1,
DDIT3, RBM38, CUL4A). In contrast, the number of cell
cycle-associated genes expressed at the RNA level
already increased in the transition from stage 1 to stage 2
(e.g., CDC20, SIPA1, DTL) human BM erythroid pre-
cursors, whereas histone-binding transcriptional
activators showed either stable (e.g., KAT2A) or increased
(e.g., CYBRD1) mRNA levels at the last stage of matura-
tion of NRBC precursors. Genes involved in the regula-
tion of erythroid differentiation (e.g., the CDK6 and
STAT5A genes) and anti-apoptotic (i.e., survival)
mechanisms (e.g., DDX42, MEX3D, and SERBP1 genes)
were mostly expressed among stage 1 NRBC, while genes
involved in the immune response were expressed at
relatively low numbers, predominantly in stage 3 pre-
cursors (Fig. 3).

GEP of erythroid lineage-associated markers during
normal human BM erythropoiesis
Overall, maturation of NRBC in human BM was asso-

ciated with modulation of erythroid differentiation-
associated GEP. Thus, transcriptional factors involved in
erythroid specification of hematopoietic stem cells and
erythroid differentiation such as the GATA1, STAT2,
FOG1, and KLF1 genes, were expressed across all
maturation stages, in the absence of PU.1 expression
(multipotentiality transcription factor), while expression
of the STAT5A gene involved in EpoR signaling pro-
gressively decreased with maturation, being absent in

stage 3 NRBC (Table 1). Similarly, expression of the
GFI1B and TAL1 genes increased in stage 2 NRBC, and
either remained stable (GFI1B gene) or increased further
(TAL1 gene) thereafter (Table 1). In contrast, JAK2 and
PTPN6 were upregulated only in stage 3 NRBC (Table 1).
In turn, genes involved in the synthesis of heme such as
ALAS2 and ALAS1 reached their maximum levels of
expression at the more mature (stage 3) NRBC pre-
cursors, whereas expression of enzymes involved in
degradation of heme (e.g., the HO1 and HO2 genes) was
absent or very low across all three erythroid maturation
stages analyzed (Table 1).
Similarly, several genes associated with the homeostasis

of iron (e.g., FBXL5, FTL) were predominantly, or exclu-
sively, expressed at the latest stage of maturation of NRBC
(stage 3) here analyzed; in contrast, expression of other
genes related to iron homeostasis/mitochondrial trans-
portation (e.g., SLC25A38, SCL25A39, and SFXN1), was
stable along all erythroid maturation stages. A similarly
stable GEP was observed for most genes associated with
the oxidative stress response (e.g., UPC2, PRDX3, TXNIP,
DUSP1, GAB1, and GPX1), with only a few genes showing
expression restricted to stage 3 NRBC (e.g., PARK7,
EGLN1, and SOD2) (Table 1). MMP8 and MMP9 were
also expressed in all maturation stages of NRBC, but their
levels were gradually upregulated in stage 2 and stage 3
NRBC. Finally, hemoglobin genes (e.g., alpha, beta, delta,
mu, gamma, and theta1) were already expressed from the
earliest stages of maturation (stage 1), across all erythroid
populations analyzed (Table 1 and Supplementary
Figure 3).

Fig. 1 Immunophenotypic profile of normal human BM NRBC at distinct stages of maturation. Stage 1 NRBC precursors were identified as
being CD34+ HLADR+ CD117low CD36low CD45low CD105+ CD33– CD71low (blue dots); intermediate stage 2 NRBC were CD34− HLADR− CD117−

CD36+ CD45− CD105high CD33– CD71+ (green dots); and the more mature stage 3 NRBC precursors were defined as CD34− HLADR− CD117−

CD36high CD45− CD105+/− CD33– CD71high cells (pink dots)
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Fig. 2 Pattern of expression of proteins (and their corresponding mRNA levels) used to delineate the different stages of maturation of
NRBC in human BM. In panel a, the intensity of the fluorescence signal obtained by microarray analysis of GEP mRNA levels for those eight
immunophenotypic markers used to purify BM NRBC precursors, are shown, while in panel b, median fluorescence intensity (MFI) protein expression
values, as assessed by multiparameter flow cytometry (arbitrary units scaled from 0 to 2.5 × 105 fluorescence channels), are displayed. In panel b, the
gray areas highlight regions defined as having no protein expression by flow cytometry
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Expression profile of genes related to apoptosis,
autophagy, and enucleation of NRBC precursors
Concerning apoptosis-associated genes, PML and

CASP-2 were both expressed across the three NRBC
stages of maturation analyzed, whereas CASP-3 and
CASP-9 were absent and CASP8 expression was restricted
to the last maturation stage (Table 1). In turn, genes
involved in mitochondrial and ribosomal clearance such
as the ATG2, ATG4, ATG9, mTOR, ATG1 (ULK1) and
RB1CC1 genes, were progressively upregulated during
erythroid maturation, and genes associated with NRBC
enucleation (e.g., MED1, MAEA, ID2, RB1, SP1, and SP3)
showed a predominant or restricted expression in stage 3
NRBC (Table 1). Interestingly, the MAEA gene—macro-
phage erythroblast attach gene—coding for a protein that
mediates the linkage between erythroblasts and macro-
phages in the enucleation process during terminal ery-
throid maturation, displayed a stable expression across all
NRBC maturation stages (Table 1).

GEP for immune response-associated markers during normal
human BM erythropoiesis
Interestingly, several genes associated with the immune

response (e.g., FOXO3, BPI, CAECAM8, S100A8, S100A9,
VNN1, and THBS1 genes) were upregulated at the last
stage of maturation of NRBC here analyzed. Genes
involved in response to proinflammatory cytokines and in
activation of the IkappaB kinase (IKK) within the NF-
kappaB pathway (e.g., TRAF6 gene), showed restricted
expression to more mature (stage 3) NRBC. In turn, genes
of the STAT family, such as STAT5B, STAT1, and STAT3,
were expressed across all maturation stages, although the
later two genes showed slightly decreased levels in stage 2
vs. both stage 1 and 3 NRBC, and the GDF15 gene was
absent in all NRBC maturation stages analyzed (Table 1).

Discussion
Up till now, only a few studies have investigated the

GEP of normal human BM erythroid precursors10–12.
However, in these such studies, analysis of the GEP of
in vitro differentiated erythroid precursor cells was per-
formed13, which might not directly reflect the real in vivo
GEP profiles. Here, we evaluated the ex vivo GEP of
distinct maturation-associated subsets of erythroid pre-
cursors directly isolated from (fresh) normal human BM.
Based on a previously established 8-color antibody com-
bination validated by the EuroFlow consortium14 for the
identification of well-defined stages of maturation of
NRBC in human BM, three distinct maturation-associated
subsets of NRBC were identified for their further isolation
and subsequent analysis of their GEP. As previously
demonstrated, the three purified NRBC populations cor-
responded to NRBC precursors presenting morphologic
features of proerythroblasts, basophilic, and both poly-
chromatic/orthochromatic erythroblasts, respectively
(data not shown)15. Of note, the isolated NRBC popula-
tions showed a high purity as confirmed by both flow
cytometry and the absence of expression of genes related
to other hematopoietic cell lineages, together with strong
expression of erythroid-specific and erythroid-associated
genes.
Overall, our results suggest that from the less differ-

entiated to the more mature erythroid precursors, less
requirements for molecules involved in cell division (e.g.,
absence/low SMARCB1, PFDN1, TRNP1 expression)
exist, in parallel to preserved expression of genes related
to cell cycle arrest (e.g., RBM38, CUL4A, KAT2B), and an
increased expression of genes involved in both cell cycle
regulation (e.g., CDC20, SIPA1, DTL) and cell differ-
entiation (e.g., RPS6, MED1, HCLS1), structural organi-
zation (e.g., PLEK2, PDLIM7, ROCK1), and signal

Fig. 3 Overall GEP of human BM erythroid precursors at different stages of maturation according to the number of genes expressed,
within distinct functional groups. a Venn diagram in the left show the number of genes simultaneously and differentially expressed by each
population of NRBC precursors analyzed. b In the right, color codes are used to differentiate among distinct numbers of genes expressed per
maturation stage and group of genes

Mello et al. Cell Death Discovery            (2019) 5:69 Page 5 of 12    69 

Official journal of the Cell Death Differentiation Association



Ta
b
le

1
G
en

es
d
if
fe
re
n
ti
al
ly

ex
p
re
ss
ed

d
ur
in
g
er
yt
h
ro
p
oi
es
is

d
is
tr
ib
ut
ed

ac
co

rd
in
g
to

th
ei
r
b
io
lo
g
ic
al

fu
n
ct
io
n
s
in
to

g
en

es
as
so
ci
at
ed

w
it
h
ce
ll
d
if
fe
re
n
ti
at
io
n
,

ap
op

to
si
s
an

d
im

m
un

e
re
sp

on
se

G
en

e
fu
nc

ti
on

G
en

es
ex
p
re
ss
ed

d
iff
er
en

ti
al
ly

p
er

er
yt
hr
oi
d
m
at
ur
at
io
n
st
ag

e

Ex
p
re
ss
ed

in
al
l
st
ag

es
(1
–3

)
O
nl
y
st
ag

e
1

B
ot
h
st
ag

es
1
+
2

O
nl
y
st
ag

e
2

B
ot
h
st
ag

es
2
+
3

O
nl
y
st
ag

e
3

C
el
ld

ife
re
nt
ia
tio

n

H
em

at
op

oi
es
is
&
re
gu

la
tio

n
of

ce
ll
di
ffe
re
nt
ia
tio

n
AD

D
2,
AS
H
2L
,B
CL
11
A,
CD

16
4,
CN

N
2,
CT
N
N
B1
,F
O
G
1,

G
AT
A1
,G

FI
1B
,G

LR
X5
,H

IP
K1
,I
KZ
F1
,M

KN
K2
,P
IC
AL
M
,

RA
F1
,R
O
G
D
I,
RU

N
X1
,S
P3
,S
PI
1,
ST
AT
2,
TA
L1

D
IC
ER
1,
PP
P2
CA

,P
PP
2R
1A
,R
O
D
1,

SO
X9
,U

N
CX

G
AT
A2
,N

KX
2-
5,
TA
Z,

ZB
TB
16

CD
K6
,K
IT

RP
A1

SP
1,
TA
CC

3
FE
S,
LY
N
,P
PP
2C
A,

PP
P2
R1
A,

RO
D
1,
SI
K1
,S
O
X9
,

SP
O
CK
2,
U
N
CX

,E
BP
,N

KX
2-
5,
SO

D
2,
SO

X6
,T
AZ

,
TI
PA
RP
,T
TC
7A
,T
XN

RD
2,
ZB
TB
16

Pr
im

iti
ve

he
m
at
op

oi
es
is

–
ST
K3
,S
TK
4,
TH

O
C5

–
–

–
–

Er
yt
hr
oc
yt
e
di
ffe
re
nt
ia
tio

n
AC

IN
1,
AD

D
1,
AL
AS
2,
CI
TE
D
2,
FO

G
1,
G
AT
A1
,K
LF
1,

KL
F2
,M

AE
A,

M
LL
5,
RC

O
R1
,R
PS
14
,R
PS
19
,S
FX
N
1,

SL
C2
5A
38
,S
TA
T2
,T
AL
1,
TI
M
P1
,Z

FP
M
1

–
ST
AT
5A

EP
O
R

EP
B4
2,
M
ED

1,
RP
S6
,

SL
C1
1A
2,
SR
F

BC
L6
,B
PG

M
,D

YR
K3
,E
RC

C2
,H

CL
S1
,H

IP
K2
,J
AK
2,

JM
JD
6,
LY
N
,N

CK
AP
1L
,P
TP
N
6,
SO

X6
TR
IM
10

H
em

e
m
et
ab
ol
is
m

AL
AD

,A
LA
S2
,B
LV
RB
,C

PO
X,

FE
CH

,F
XN

,H
M
BS
,

SL
C2
5A
38
,S
LC
25
A3
9,
SP
TA
1,
TM

EM
14
C,
TS
PO

,U
RO

D
,

U
RO

S

–
BL
VR
A

–
AL
AS
1,
SL
C1
1A
2

EI
F2
AK
1,
H
M
O
X2
,P
PO

X

Iro
n
ho

m
eo

st
as
is

CP
O
X,

FX
N
,S
FX
N
1,
TF
RC

,U
RO

D
–

–
–

CY
BR
D
1,
SL
C1
1A
2

CI
AO

1,
FB
XL
5,
FT
L,
IS
CA

1,
IS
CA

2,
IS
CU

,L
CN

2,
SL
C1
1A
1,
SL
C2
2A
17
,S
LC
25
A2
8,
SL
C2
5A
37
,S
O
D
2

Er
yt
hr
ob

la
st
en

uc
le
at
io
n

M
AE
A

–
–

–
M
ED

1
ID
2,
RB
1,
SP
1,
SP
3

O
xy
ge

n
ho

m
eo

st
as
is
/
re
sp
on

se
to

hy
po

xi
a
or

to
ox
id
at
iv
e
st
re
ss

AC
TN

4,
AD

RB
K1
,A

G
TR
AP
,A

TP
IF
1,
AL
AS
2,
AR

N
T,
CA

T,
CI
TE
D
2,
CR

EB
BP
,C

RY
AA

,C
ST
3,
D
U
SP
1,
EC
E1
,E
N
G
,

EP
30
0,
G
AB

1,
G
PX
1,
G
PX
4,
H
IF
1A
,H

M
BS
,H

SP
90
B1
,

H
YO

U
1,
LI
AS
,M

AP
2K
1,
M
LH
1,
M
M
P8
,M

M
P9
,M

T3
,

N
AP
RT
1,
N
D
U
FA
12
,N

D
U
FA
6,
N
D
U
FS
2,
N
D
U
FS
8,

N
O
L3
,N

PP
C,

PE
BP
1,
PM

L,
PN

KP
,P
PP
1R
15
B,
PR
D
X3
,

PR
D
X6
,P
RN

P,
RA

F1
,S
CA

P,
SH

C1
,S
TA
T5
B,
ST
K2
5,

TF
RC

,T
SC
2,
TX
N
IP
,U

BQ
LN

1,
U
CP
2,
U
SF
1,
XR
CC

1,
W
RN

BT
G
3,
D
D
IT
3,
ER
CC

3,
N
U
D
T1
,

SM
AD

3,
U
CN

ER
CC

1,
PK
LR
,T
XN

2
LO

N
P1
,S
TK
25

EP
X,
G
CL
C,

O
XS
R1
,P
AK
1,

PR
D
X2
,P
RD

X5
,S
LC
11
A2
,

SM
AD

4,
TG

FB
1

AD
M
,D

D
IT
3,
EG

LN
1,
EG

LN
2,
ER
CC

2,
H
M
O
X2
,I
PC
EF
1,

M
SR
A,

M
TF
1,
N
AP
RT
1,
N
FK
B1
,N

R4
A2
,N

RF
1,
N
U
D
T1
,

PA
RK
7,
PK
M
2,
PT
G
S2
,P
TK
2B
,R
G
S1
4,
SE
RP
IN
A1
,S
IR
T1
,

SO
D
2,
TH

BS
1,
TN

FR
SF
1A
,T
PM

4,
U
BE
2B
,U

CN
,V
EG

FA
,

VN
N
1

A
po

pt
os
is

In
du

ct
io
n
of

ap
op

to
si
s

AK
T1
,A

AT
F,
AR

H
G
AP
4,
AR

H
G
EF
2,
BA

D
,B
AX

,B
ID
,

BC
LA
F1
,B
N
IP
3L
,C

AS
P2
,C

D
KN

1B
,C

EB
PB
,C

14
or
f1
53
,

CU
L3
,C

U
L4
A,

D
AP
,D

PF
2,
D
U
SP
1,
D
YN

LL
2,
D
ED

D
2,

FE
M
1B
,F
AS
TK
,H

RK
,H

RA
S,
H
TR
A2
,I
TM

2B
,K
LF
10
,

KA
T2
A,

KA
T2
B,
LG
AL
S1
,M

AP
K1
,N

D
U
FS
3,
N
M
E3
,

N
CS
TN

,N
ET
1,
PD

CD
5,
PS
EN

EN
,P
M
L,
M
TC
H
1,
PP
P2
CA

,
PP
P2
R1
A,
PP
P3
R1
,P
TE
N
,R
BM

38
,R
PS
3,
RU

N
X3
,S
AR

T1
,

SE
RI
N
C3
,S
H
IS
A5
,S
IV
A1
,S
M
N
D
C1
,S
TK
17
B,
ST
K2
4,

SE
N
P1
,S
KI
,S
PN

,S
Q
ST
M
1,
TG

M
2,
TN

FR
SF
12
A,

TN
FR
SF
25
,T
P5
3,
TP
53
BP
2,
TR
AF
7,
U
SP
7,
U
BA

52
,U

BB
,

U
BC

,Q
RI
CH

1,
YW

H
AE
,Y
W
H
AB

BB
C3
,E
RK
C3
,H

IP
1,
LE
F1
,M

AD
D
,

PL
AG

L2
,S
M
AD

3,
ST
K4
,T
ER
F1
,

TP
53
IN
P1

BT
G
1,
M
AG

ED
1,
N
AC

C1
EI
24
,S
O
S1
,

D
YN

LL
1

M
AP
3K
5,
N
M
T1
,P
YC

AR
D
,

SO
S2
,T
G
FB
1

AP
P,
AB

R,
AK
AP
13
,A

RH
G
EF
12
,A

RH
G
EF
18
,B
BC

3,
BC

L2
L1
1,
BT
G
1,
CF
LA
R,
CI
D
EB
,C
AR

D
9,
CA

SP
8,
D
AP
K2
,

D
U
SP
2,
D
ED

D
,E
RC

C2
,H

IP
1,
H
IP
K2
,J
M
Y,
LG
AL
S1
2,

LG
D
3,
M
AD

D
,M

AL
,P
2R
X1
,P
LA
G
L2
,P
RE
X1
,S
AP
30
BP
,

SM
PD

2,
SO

RT
1,
ST
K4
,T
H
BS
1,
TI
AL
1,
TN

FR
SF
1A
,

TN
FS
F8
,T
P5
3I
N
P1
,T
RA

F2
,T
RA

F6
,T
RI
M
35
,V
AV

1

C
el
lu
la
r
co
m
po

ne
nt

in
vo
lv
ed

in
ap
op

to
si
s

AC
TI
N
1,
AC

TN
4,
AD

D
1,
CD

H
1,
CA

LR
,C

TN
N
B1
,F
N
TA
,

H
1F
0,
H
M
G
B1
,H

M
G
B2
,K
PN

B1
,L
M
N
A,

PS
M
A1
,

PS
M
A2
,P
SM

A7
,P
SM

B2
,P
SM

B3
,P
SM

B4
,P
SM

B6
,

PS
M
B7
,P
SM

C2
,P
SM

C3
,P
SM

C4
,P
SM

D
1,
PS
M
D
11
,

PS
M
D
3,
PS
M
D
7,
PS
M
D
8,
PS
M
E1
,P
SM

E2
,P
SM

E3
,

PS
M
E4
,P
SM

F1
,P
SM

G
2
RT
N
4,
ST
K2
4,
VI
M

PS
M
A6
,P
SM

B1
H
SP
D
1,
PS
M
C5

LM
N
B1

AT
G
1,
AT
G
2,
AT
G
4,
AT
G
9,

D
BN

L,
m
TO

R,
PP
IF
,R
B1
CC

1
BC

AP
31
,B
IR
C2
,D

N
M
1L
,I
L6
R,
G
SN

,K
PN

A1
,P
RK
CD

,
RO

CK
1,
SA
TB
1,
PS
M
B1
0

A
nt
i-a
po

pt
os
is

AA
TF
,A

KT
1,
AN

XA
1,
AR

H
G
D
IA
,A

TP
IF
1,
AZ

U
1,
BA

G
4,

BI
RC

6,
BR
AF
,C

BX
4,
CD

C2
0,
CF
L1
,C

IT
ED

2,
CR

YA
A,

C1
9o
rf2
,C

ST
B,
D
AD

1,
D
TL
,F
O
XC

1,
FO

XC
2,
FO

XO
1,

G
PX
1,
G
ST
P1
,H

D
AC

1,
H
D
AC

3,
H
SP
90
B1
,H

SP
A5
,

H
SP
A9
,H

SP
B1
,I
ER
3,
IG
FI
R,
IR
AK
1,
M
CL
1,
M
KL
1,

M
YB
88
,N

AN
O
S3
,N

FK
BI
A,

N
O
L3
,N

PM
1,
PH

B,
PR
N
P,

RE
LA
,R
IP
K2
,S
IP
A1
,S
H
3G

LB
1,
SN

CA
,S
O
D
1,
SO

N
,

SQ
ST
M
1,
SY
VN

1,
TP
T1
,U

BA
52
,U

BB
,U

BC
,V

CP
,W

RN

BC
L3
,I
N
H
BB

CE
BP
B,
D
D
X4
2,
M
EX
3D

,
PG

AP
2,
SE
RB
P1
,

SU
PV
3L
1

TM
X1

CD
KN

2D
,P
RD

X2
,S
EM

A4
D

AN
XA

5,
BA

G
1,
BC

L3
,B
CL
2A
1,
BC

L2
L1
,B
N
IP
2,
CT
SB
,

CE
BP
B,
CF
LA
R,
D
D
AH

2,
G
CL
C,

H
BX
IP
,I
FI
6,
IN
H
BB
,

M
AP
K8
IP
1,
M
YO

18
A,

N
FK
B1
,N

R3
C1
,N

O
S1
AP
,P
IM
2,

PO
LB
,P
D
PK
1,
PR
O
K2
,S
O
D
2,
TA
X1
BP
1,
TH

BS
1,

TN
FA
IP
3,
TN

FR
SF
18
,T
N
FR
SF
4,
TC
F7
,S
IR
T1
,T
RA

F6
,

VE
G
FA
,V
N
N
1

Mello et al. Cell Death Discovery            (2019) 5:69 Page 6 of 12    69 

Official journal of the Cell Death Differentiation Association



Ta
b
le

1
co
nt
in
ue

d

G
en

e
fu
nc

ti
on

G
en

es
ex
p
re
ss
ed

d
iff
er
en

ti
al
ly

p
er

er
yt
hr
oi
d
m
at
ur
at
io
n
st
ag

e

Ex
p
re
ss
ed

in
al
l
st
ag

es
(1
–3

)
O
nl
y
st
ag

e
1

B
ot
h
st
ag

es
1
+
2

O
nl
y
st
ag

e
2

B
ot
h
st
ag

es
2
+
3

O
nl
y
st
ag

e
3

Im
m
un

e
re
sp
on

se

Im
m
un

e
re
sp
on

se
ST
AT
1,
ST
AT
3,
ST
AT
5B

IN
H
BB

_
_

_
AQ

P9
,A

RH
G
D
IB
,B
2M

,B
CA

P3
1,
BP
I,
C1
Q
BP
,C

5A
R1
,

CS
F3
R,
CS
T3
,C

D
7,
CD

48
,C

D
74
,C

AE
CA

M
8,
CH

IT
1,

CO
L4
A3
BP
,C

SF
3,
CS
T7
,C

TS
G
,C

TS
S,
FC
AR

,F
CG

RT
,

FO
XO

3,
FY
B,
G
PR
44
,G

TP
BP
1,
H
LA
-B
,H

LA
-C
,H

LA
-

D
M
A,
H
LA
-D
PA
1,
H
LA
-D
PB
1,
H
LA
-D
RA

,H
LA
-E
,H

LA
-F
,

IF
I6
,I
FI
TM

2,
IG
F1
R,
IG
LL
1,
IG
SF
6,
IL
6,
IL
6R
,I
L1
R2
,I
L4
R,

IL
F2
,I
RF
8,
IN
H
BB
,K
CN

N
4,
LI
LR
A3
,L
AT
,L
SP
1,
LC
P2
,

LS
T1
,L
TB
,M

AD
CA

M
1,
M
IC
B,
M
LF
2,
N
FI
L3
,N

O
TC
H
1,

PR
G
2,
PR
G
3,
PT
G
ER
4,
S1
PR
4,
SE
M
A4
D
,S
PN

,T
CF
12
,

TC
F7
,T
N
FR
SF
14
,T
N
FS
F8
,T
N
IP
1,
VA

V1
,W

AS
,X
BP
1

In
fl
am

m
at
or
y
re
sp
on

se
_

_
_

_
_

AB
CF
1,
AD

AM
8,
AG

ER
,A

IF
1,
AK
T1
,A

N
XA

1,
AO

AH
,

AO
C3
,A

ZU
1,
BC

L6
,C

1o
rf3
8,
C3
AR

1,
CC

L5
,C

CR
7,

CD
97
,C

EB
PB
,C

H
ST
2,
F1
1R
,F
O
S,
H
CK
,H

D
AC

4,
H
D
AC

5,
H
N
RN

PA
0,
IG
FB
P4
,I
L1
7C
,I
L1
7D

,I
L1
8R
AP
,I
L8
,

IT
CH

,I
TG

AL
,K
D
M
6B
,J
AK
2,
LA
T,
LI
AS
,L
TA
4H

,L
TB
4R
,

LY
N
,L
YZ
,M

AP
2K
3,
M
AP
KA
PK
2,
M
M
P2
5,
M
YD

88
,

N
D
ST
1,
N
FA
M
1,
N
FA
TC
3,
N
FK
B1
,N

FK
BI
D
,N

FK
BI
Z,

N
FX
1,
O
LR
1,
O
RM

1,
PA
RP
4,
PA
RK
7,
PI
K3
CD

,P
IK
3C
G
,

PL
AA

,P
RD

X5
,P
RO

K2
,P
TX
3,
PT
G
S2
,P
XK
,R
EL
A,

RX
RA

,
S1
00
A1
2,
S1
00
A8
,S
10
0A
9,
SE
RP
IN
A1
,S
G
M
S1
,S
BN

O
2,

SL
C1
1A
1,
SE
M
A7
A,

TB
K1
,T
G
FB
1,
TH

BS
1,
TN

FR
SF
1A
,

TN
FR
SF
4,
TO

LL
IP
,U

CN
,V
N
N
1

In
na
te

im
m
un

e
re
sp
on

se
AK
IR
IN
2,
AT
F2
,C

AP
ZA

1,
CD

46
,C

H
ID
1,
CN

PY
3,
CR

EB
1,

CR
EB
BP
,C

RI
SP
3,
D
D
O
ST
,D

U
SP
7,
EC
SI
T,
EL
K1
,E
P3
00
,

FO
S,
H
M
G
B1
,H

SP
90
AB

1,
IF
IT
M
2,
IR
AK
1,
IR
F3
,J
U
N
,

LC
N
2,
M
AP
2K
1,
M
AP
2K
2,
M
AP
2K
3,
M
AP
3K
1,
M
AP
3K
5,

M
AP
KA
PK
3,
M
AV

S,
M
YD

88
,N

FK
BI
A,

N
FK
BI
B,
PC
BP
2,

PI
N
1,
PO

LR
3E
,P
O
LR
3K
,P
RK
CS
H
,R
PS
6K
A1
,S
10
0A
12
,

SR
PK
1,
TO

LL
IP
,T
RI
M
25
,U

BB
,U

BC
,U

BE
2L
6,
U
BE
2N

IT
CH

,M
AP
KA
PK
2,
PE
LI
1,
SY
K,

U
BA

7
CS
F1
,R
EL
A,

RI
PK
2,

TX
N
IP
,U

BA
52

PI
K3
R4
,P
O
LR
3H

,
TX
N

CA
PZ
A2
,M

AP
K1
,P
G
LY
RP
1,

PY
CA

RD
AG

ER
,A

PO
BE
C3
A,

AP
P,
BC

L2
L1
,C

AR
D
9,
CL
EC
4D

,
D
U
SP
6,
G
ZM

M
,H

CK
,I
FI
TM

1,
IL
18
RA

P,
IR
F7
,I
TC
H
,

JA
K2
,L
G
AL
S3
,L
IL
RA

5,
LY
N
,M

AP
K1
4,
M
AP
K3
,

M
AP
KA
PK
2,
M
EF
2A
,N

FK
B1
,N

FK
B2
,N

LR
C5
,O

TU
D
5,

PE
LI
1,
PI
K3
C3
,P
IK
3C
D
,P
ST
PI
P1
,R
EL
A,
RI
PK
2,
RP
S6
KA
3,

SI
G
IR
R,
SY
K,
TA
X1
BP
1,
TB
K1
,T
M
EM

17
3,
TN

FA
IP
3,

TR
AF
2,
TR
AF
6,
TX
N
IP
,U

BA
52
,U

N
C9
3B
1,
VN

N
1

Mello et al. Cell Death Discovery            (2019) 5:69 Page 7 of 12    69 

Official journal of the Cell Death Differentiation Association



transduction16 (e.g., P2RX1); all these later genes were
expressed in parallel to genes involved in apoptosis and
the immune response as discussed below.
At present, it is well-established that Epo signaling via

the EpoR/Jak2/Stat5 pathway that coordinates differ-
entiation, proliferation, and survival of erythroid pre-
cursors17,18, is critical for the production of erythroid
cells19. Overall, our results showed EPOR gene expression
throughout the whole human BM erythroid maturation,
with greater levels at intermediate and late stages of dif-
ferentiation; these results are in contrast with murine
studies that show strongly decreased Epo levels at the
more advanced stages of erythropoiesis20. Previous studies
have shown that the expression of the above genes is
strongly modulated by oxygen availability19. Thus,
hypoxia alters progression through erythropoiesis, via
modulation of the EPOR signaling pathway and induction
of specific erythroid transcription factors involved in
signaling for the production and accumulation of hemo-
globin during erythropoiesis21, such as the GATA1, FOG1,
TAL1, KLF1, and GFI1B genes22,23. In this regard, GATA-
1 is currently considered to be the major transcriptional
factor for erythroid and megakaryocytic differentiation,
via repression of genes involved in progenitor multi-
potentiality like PU.12,16. Besides, GATA-1 also promotes
G1 cell cycle arrest during terminal erythroid differ-
entiation via repression of mitogenic genes24,25 and
upregulation of anti-apoptotic genes26 and other tran-
scriptional factors (e.g., FOG-1 and KLF-1) involved in the
biosynthesis of globins and heme27, which are critical for
an efficient production of erythroid cells. In line with this,
here we found strong and stable expression across all
NRBC maturation stages of the GATA-1 as well as the
FOG-1, STAT2, STAT5B, and KLF1 transcription factors,
similar to what has been previously described in in vitro
human models28. However, despite similarly stable GEP
across the whole erythropoiesis were identified for a high
number of genes, an overall tendency toward down-
regulation of multiple genes between stages 1 and 2,
together with upregulation of other genes in stage 3 vs.
stage 2 NRBC precursors, was observed.
In this regard, as could be expected, genes that code for

enzymatic complexes involved in the synthesis of heme
such as the ALAS1 and ALAS2 genes29 were highly
expressed across all erytropoietic maturation stages ana-
lyzed. Thus, ALAS2 expression progressively increased
during erythroid maturation, while increase in the
expression of ALAS1 was less pronounced, delayed and
restricted to the more mature (stage 3) erythroid pre-
cursors. Similarly, genes involved in iron assembly,
transport and homeostasis (e.g., ISCA1 and ISCA2), as
well as in iron transfer and transport (e.g., SLC11A2,
SLC25A39, and SLC25A38) progressively increased dur-
ing erythroid maturation. In turn, proteases involved in

extracellular matrix digestion, such as MMP8 and MMP9,
were also found to be progressively upregulated in stage
2 and 3 NRBC precursors. MMP9 expression is known
to be suppressed in the presence of heme oxygenase-1
(HO-1)30, an enzyme involved in the catabolism of heme
with antioxidant and anti-inflammatory functions31,
found to be absent throughout erythropoiesis, in parallel
to low gene expression levels (restricted to latest
maturation stage) of the (constitutive) HO-2 isoform.
These results are in line with previous observations from
our group showing absence of the HO-1 protein on
normal human BM erythroblasts31, despite the abundance
of its strongest inducer (i.e., heme)32. Altogether, these
results suggest differential heme-dependent regulation of
HO-1 expression in erythroid cells, in order to prevent
potentially redundant cycles of heme biosynthesis and
degradation.
Because of significant production of pro-oxidant mole-

cules during erythropoiesis such as heme and hemoglo-
bin33 erythroblasts also require a tight regulation of the
redox machinery. Such oxidative stress might contribute
to progressively higher expression levels of genes involved
in the metabolism of radical oxygen species (ROS), such
as the UCP2 and PARK7 oxidative stress response genes.
Other genes, found to be expressed throughout ery-
thropoiesis, that are also involved in protecting cells from
oxidative stress, included the PRDX3, TXNIP, DUSP1,
GAB1, and GPX1 genes, which code for relevant anti-
oxidant enzymes that act on hydrogen peroxide detox-
ification and protection of hemoglobin and other
oxidative breakdown-associated proteins34,35.
Interestingly, an overall similar GEP was observed for

both apoptosis and cell differentiation-associated genes
suggesting a direct link between them. Thus, several genes
within both functional groups were expressed in stage 1
precursors and decreased thereafter (e.g., KAT2A and
PML), while other genes (e.g., PTPN6 and CYBRD1) were
upregulated at the latest maturation stage, including the
EPB42 (Erythrocyte Membrane Protein Band 4.2) gene
involved in mechanical regulation and shaping of ery-
throcytes36, which progressively increased its expression
from stage 2 to stage 3 NRBC. Apoptosis is a physiologic
process essential for normal tissue development and dif-
ferentiation37, which is typically associated with caspase
activation, collapse of the nuclear envelope, DNA break-
up into small fragments, and changes in cell shape and
surface, leading to the exposure of signaling molecules to
phagocytic cells37. Several caspases (e.g., CASP-3, CASP-8,
CASP-9) have been found to be expressed during in vitro
erythroblast differentiation38. Here we found continuous
and stable expression of CASP-2 and putative expression
of CASP-8 at the latest stage of maturation of NRBC
precursors, in the absence of both CASP-3 and CASP-9;
these observations suggest the involvement of death
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receptors instead of mitochondrial signaling pathways39 in
erythropoietic apoptotic signaling cascades. Other
apoptosis-associated genes, such as the TP53INP1 gene
coding for the tp53inp1 tumor suppressor protein
involved in the regulation of autophagy40, a critical pro-
cess in erythropoiesis enucleation and removal of mito-
chondrial and other organelles41, were also expressed on
both early and late (erythroid) maturation stages. In turn,
the ATG2, ATG4, ATG9, mTOR, ATG1 (ULK1), and
RB1CC1 genes, which are critical for mitochondrial and
ribosomal clearance (e.g., mTOR and its downstream
target ULK1 gene) and for autophagosome fusion (e.g.,
ATG4)42 and complex formation (e.g., ULK1 and
RB1CC1) during terminal erythroid differentiation43, were
progressively upregulated during erythroid maturation. Of
note, expression of ULK1 was inversely related to that of
PML, the later gene acting as an inhibitor of mTOR44.
Other genes involved in the enucleation of erythrocytes
such as the ID2 and RB1 genes, showed an expression
profile restricted to the latest stage of maturation, in
parallel to genes associated with oxygen homeostasis such
as the EGLN1 and SOD2 genes.
A relative unexplored aspect of erythropoiesis is its

relationship with immune response-associated genes.
Several studies have highlighted the potential role of
genes associated with the immune system, like FOXO3, in
modulating the production and differentiation of ery-
throid precursors45. In addition to upregulation of FOXO3
at the more mature NRBC maturation stages, in line with
previous observations46, functional analysis of such
maturation stage-associated GEPs showed upregulation of
several cell differentiation and immune response-
associated genes at intermediate and late stages of
maturation. Among other genes, these included genes
that are triggered by (i) environmental stress conditions,
leading to an increased cell permeability (e.g., BPI) and
adhesion (e.g., CAECAM8) and (ii) the innate host defense
(CRISP3)47–49. In turn, expression of other genes involved
in response to proinflammatory cytokines and in the
activation of the IkappaB kinase (IKK) within the NF-
kappaB pathway, such as the TRAF6 gene, was restricted
to the more mature stage 3 erythroid precursors; these
findings are in contrast with previous (human) in vitro
findings showing downregulation of TRAF6 during ery-
throid maturation10. In parallel to TRAF6, the DDIT3
transcription factor, involved in pro-apoptotic signaling
associated to cell stress responses, was also upregulated in
the more mature (stage 3) NRBC both here and in pre-
vious in vitro studies10.
Regarding the STAT gene family, slightly different GEP

vs. previously in vitro data were found here10,50. Thus, our
results showed a transiently lower STAT1 and STAT3
expression at stage 2 NRBC which recovered later on,
while in vitro studies showed a continuous progressively

lower expression of these genes10. Similarly, while STAT2
expression remained stable here, it appeared to be
downregulated in previous in vitro studies10. In contrast,
similar GEP were found here and in previous in vitro
studies for the STAT5A (gene expression levels progres-
sively downregulated along erythroid differentiation,
being absent in the more mature erythroid precursors),
and STAT5B (expressed at similar levels throughout the
whole erythropoiesis). These differences observed
between our ex vivo and previous in vitro studies in the
expression pattern of STAT5 gene might be due to the
different in vitro and in vivo activation conditions (e.g.,
erythropoietin doses). In line with this hypothesis, distinct
ex vivo (absence of expression) and in vitro (upregulation)
GEP10 were also observed for the GDF15 gene, a gene
whose hyperexpression has been associated with both
ineffective erythropoiesis or stressed erythropoiesis51.
Altogether, these findings further support the relevance
and complementarity of both types of in vitro and ex vivo
studies.
In summary, here we provide for the first time detailed

information about the ex vivo GEP of normal BM human
erythroid precursor cells at different maturation stages.
The results presented extend on and complement pre-
vious in vitro data, contributing to a better understanding
of erythroid maturation and providing a frame of refer-
ence for the study of erythropoiesis in both neoplastic and
non-neoplastic disease conditions.

Methods
BM samples
BM aspirated samples were obtained from healthy

volunteers (2 males and 3 females; age range: 11–53
years). Prior to entering the study, each individual gave his
written informed consent to participate according to the
Declaration of Helsinki. The study was approved by the
local ethics committee of the Cancer Research Centre
(Salamanca, Spain).

Isolation of distinct subsets of normal human BM erythroid
precursors
Fresh human BM samples were incubated with an

ammonium chloride buffer to lyse mature non-nucleated
red cells, washed twice in phosphate buffered saline (PBS),
and stained with an 8-color combination of monoclonal
antibodies, strictly following the EuroFlow standard
operating procedures (SOPs)14. To stain BM cells, the
following antibody reagents were used: CD34 (clone
8G12) conjugated with peridinin chlorophyll protein/
cyanine 5.5 (Becton Dickinson Biosciences (BD), San Jose,
CA), CD45 (clone HI30) conjugated with pacific orange
(ExBio, Vestec, Czech Republic), CD36 (clone SLB-IVC7)
conjugated with fluorescein isothiocyanate (BD), CD105
(clone 1G2) conjugated with phycoerythrin (Beckman
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Coulter (BC), Brea, CA), HLADR (clone L243) conjugated
with pacific blue (BioLegend, San Diego, CA), CD117
(clone 104D2D1) conjugated with phycoerythrin/cyanine
7 (BC), CD33 (clone P67,6) conjugated with allophyco-
cyanine (BD), and CD71 (clone M-A712) conjugated with
allophycocyanine/cyanine 7 (BD). Stained cells were
subsequently centrifuged (250 × g for 10 min), the cell
pellet washed once (250 × g for 10 min) in 2 mL of PBS
and resuspended in 0.5 mL of PBS. Stained samples were
measured in either a FACSAria I or a FACSAria III flow
cytometers (BD) equipped with the FACSDiva software
(BD). Prior to sorting, 105 cells per BM sample were
measured in the flow cytometer and used to define the
gating regions (Fig. 1) for subsequent isolation of the
distinct maturation-associated subsets of BM erythroid
precursors. Overall, three distinct subpopulations of
nucleated red blood cell precursors (NRBC) were identi-
fied and FACS-sorted, including (from the less differ-
entiated to the more mature cells): (1) CD34+ HLADR+

CD117low CD36low CD45low CD105+ CD33− CD71low

(stage 1) erythroid precursors (5.7% ± 0.5% of all NRBC);
(2) CD34− HLADR− CD117− CD36+ CD45− CD105high

CD33− CD71+ (stage 2) NRBC (9.6% ± 0.8% of all NRBC);
and (3) CD34− HLADR− CD117− CD36high CD45−

CD105+/− CD33− CD71high (stage 3) red cell precursors
(84.7% ± 1.3% of all NRBC). For data analysis, the Infinicyt
software program (Cytognos SL, Salamanca, Spain) was
used. For each cell population, between 5600 and 500,000
cells were sorted directly into PBS, immediately cen-
trifugated, and resuspended in 100 μL of RA1 buffer
(NucleoSpin® RNA XS kit, Macherey-Nagel, Düren,
Germany). The purity of the isolated cell populations
(> 97%) was confirmed through re-analysis of ≈ 500 sorted
cells per cell fraction and sample.

RNA extraction and gene expression profiling studies
GEPs were assessed on identical amounts of total

mRNA extracted from each of the three purified sub-
populations of BM NRBC. For this purpose, total mRNA
was extracted using the NucleoSpin RNA XS kit, strictly
following the instructions of the manufacturer. The
quality and concentration of the extracted mRNA were
evaluated using the Agilent 2100 Bioanalyzer and the
RNA6000 Nanochips and Picochips (Agilent Technolo-
gies, Santa Clara, CA). GEPs were determined using the
Affymetrix GeneChip Human Gene 1.0 ST Array (Affy-
metrix), strictly following the procedures recommended
by the manufacturer.
For GEP data analysis, raw data (Affymetrix.CEL files)

was normalized using the robust multi-array average
(RMA) algorithm, which included background correction,
quantile normalization, log2 transformation, and probe
set summarization of GEP raw data. The Affymetrix
GeneChip Human Gene 1.0 ST Array negative (n= 1195)

and positive (n= 2904) control probes were measured in
parallel; cut-off values for positive gene expression signals
were set at the 1st lower quartile of the positive control
gene probe signals (Supplementary Figure 1).
Genes that were differentially expressed between dis-

tinct maturation-associated subsets of BM erythroid
precursors were ranked based on the comparison between
their expression values in two consecutive stages of
(erythroid) maturation, using the “Gene Set Enrichment
Analysis” (GSEA) software52. Subsequently, the GeneCo-
dis (Gene Annotation Co-occurrence Discovery; Madrid,
Spain)53 annotation tool was used for gene ontology and
functional enrichment analyses for those genes that were
found to be expressed either at stable or variable levels
during human BM erythroid maturation (Supplementary
Figure 2).

Quality control of GEP of purified BM nucleated erythroid
precursors at different stages of maturation
As an internal control for the GEP results obtained for

each of the distinct cell populations, we evaluated the
expression of genes that are known to be either specific or
characteristic of erythroid cells vs. other hematopoietic
cell lineages. Thus, hemoglobin genes (i.e., HBA, HBB,
HBD, HBM, HBG, and HBQ1) were strongly expressed in
the three distinct populations of maturation-associated
erythroid precursors, while those genes coding for the
embryonic hemoglobin chains (HBE1 and HBZ) were
absent. In contrast, genes related with the neutrophil (e.g.,
CD16a or FcγRIIIa), lymphocyte (e.g., CD19 B-
lymphocyte antigen), and monocytic (e.g., CD14 or mye-
loid cell-specific leucine-rich glycoprotein) cell lineages,
were systematically absent in all different FACS-sorted
maturation-associated subsets of BM erythroid precursors
analyzed (Supplementary Figure 3). In order to validate
microarray data, gene expression for the HMOX1,
HMOX2, GYPA, ALAS1, and ALAS2 genes was investi-
gated in parallel for all purified maturation stage-
associated nucleated red cell populations by real-time
PCR (ABI 7500 Real-Time PCR System, Applied Biosys-
tems) using the SYBR Green I double-stranded DNA-
specific fluorophore (Power SYBR® Green PCR Master
Mix; Applied Biosystems) (Supplementary Figure 4).
cDNAs were amplified using 40 cycles of PCR (dena-
turation for 15″ at 95 °C; annealing and extension for 60″
at 60 °C). Real-time PCR results were normalized by
GAPDH mRNA expression levels, and Ct values were
calculated using 2−ΔΔCt, where ΔΔCt=ΔCt “treatment”
−ΔCt control.
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