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In Vitro Development of Primitive and Definitive
Erythrocytes from Different Precursors

Toru Nakano,* Hiroaki Kodama, Tasuku Honjo

During mouse embryogenesis the production of “primitive’” erythrocytes (EryP) precedes
the production of ‘‘definitive’”” erythrocytes (EryD) in parallel with the transition of the
hematopoietic site from the yolk sac to the fetal liver. On a macrophage colony-stimulating
factor—deficient stromal cell line OP9, mouse embryonic stem cells were shown to give
rise to EryP and EryD sequentially with a time course similar to that seen in murine
ontogeny. Studies of the different growth factor requirements and limiting dilution analysis
of precursor frequencies indicate that most EryP and EryD probably developed from
different precursors by way of distinct differentiation pathways.

Erythropoiesis originates in the yolk sac,
then migrates to the fetal liver during
mouse embryogenesis. EryP and EryD,
which are produced in the yolk sac and the
fetal liver, respectively, have distinct mor-
phological and biochemical characteristics
(1, 2). Whether these two cell types devel-
op from a single common hematopoietic
precursor or not has been the subject of
controversy (3, 4). To address this question,
we used the in vitro differentiation induc-
tion system of embryonic stem (ES) cells to
hematopoietic cells (5).

Two waves of erythroid cell production
were observed when D3 ES cells were cocul-
tured with OP9 stromal cells (Fig. 1A) (5—
8). The first wave of erythropoiesis appeared
at day 6 of the induction, and all of the day
7 erythroid lineage cells were large-nucleated
cells morphologically identical to EryP (Fig.
2A). The number of erythroid lineage cells
suddenly decreased at days 8 and 9 to less
than one-fifth of that at day 7. Subsequently,
the second wave of erythroid lineage cells
appeared around day 10 with a peak at day
14; these cells were small-nucleated erythro-
blasts or enucleated mature blood cells mor-
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phologically identical to EryD (Fig. 2B). In
agreement with the report that EryP contain
not only embryonic {- and e-globin but also
adult a-globin, whereas EryD contain only
adult a- and B-globins (9), day -7 erythroid
lineage cells were positive for staining with
antibodies against embryonic as well as
against adult hemoglobins, whereas day 14
erythroid cells were positive for staining with
antibodies against adult hemoglobin only
(Fig. 2, Cto F) (10-12). Expression of {-, a-,
and e-globin mRNA in day 7 erythrocytes
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Fig. 1. Development of erythroid lineage cells dur-
ing differentiation induction of D3 ES cells on OP9
stromal cells, and effects of anti-c-Kit (Ack2) and
erythropoietin (EPO) on the development (24). Dif-
ferentiation induction of ES cells was done without
(A) or with (B) the addition of exogenous human
recombinant EPO (10 U/ml) (8). Data are shown in
the absence (O) or presence (@) of Ack2 (10 g/
ml).



and of a- and B-major—globin mRNA in day
14 erythrocytes was confirmed by reverse
transcriptase—polymerase  chain  reaction
(RT-PCR) (Fig. 2G) (13). These results
show that erythroid lineage cells produced in
the first and the second waves of erythropoi-
esis are EryP and EryD, respectively. During
the differentiation induction of ES cells,
EryP and EryD first became detectable at day
6 and 10, respectively. The temporal pattern
of the appearance of EryP and EryD on the
stromal cells is similar to that of erythropoi-
esis during mouse ontogeny, in which EryP
and EryD appear at days 8 and 12, respec-
tively (1).

To test whether EryP and EryD require
different growth factors for their develop-
ment and survival, we examined the in-
volvement of c-Kit ligand and erythropoie-
tin (EPO)-induced signaling (Fig. 1). Ad-
dition of antibody to c-Kit (anti—c-Kit)
(Ack2) (14) did not affect EryP develop-
ment but completely blocked EryD devel-
opment (Fig. 1A). c-Kit signaling seems to
be necessary for the development or main-
tenance (or both) of multipotential hema-
topoietic precursors from ES cells in this
system because not only EryD but also other
myeloid lineage cells did not develop in the
presence of Ack2 at day 14 (15). Because
EPO mRNA was not detectable in the
cocultured cells by RT-PCR (15), both
EryP and EryD developed independently of
EPO. This conclusion is consistent with the
recent report that EryD precursor formation
and impaired EryP production were ob-
served in EPO-targeted and EPO receptor—
targeted mice (16). In the presence of EPO,
the type of erythroid lineage cells as as-
sessed by immunostaining was exclusively
EryP before day 9, and the percentage of

Fig. 2. Morphology of
erythroid lineage cells
and glohin gene expres-
sion at days 7 and 14 of
the differentiation induc-
tion in the absence of
EPO. Cytospin prepara-
tions of the cells harvest-
ed fromday 7 (A, C, and
E)orday 14 (B, D, andF)
were stained either with

Day 7

May-Giemsa

=]
May-Giemsa (A and B) or :(E_, ;
by the PAP immunoen- s
zymatic method (C to F). £
Polyclonal  anti-mouse £

embryonic  hemoglobin
(C and D) and polyclonal
anti-mouse adult hemo-
globin (E and F) were
used as primary antibod-
ies (77). Expression of
embryonic globin genes
(¢ and &) and adult globin
genes (a- and B-major)
was examined by RT-
PCR (G) (73).

Adult Hb

EryP gradually decreased to ~70% at day
11, ~10% at day 12, and less than 1% after
day 13. Even though c-Kit signaling was
blocked by Ack2, ~80% of day 14 erythroid
lineage cells were EryD in the presence of
EPO (Fig. 1B). This impaired but notable
production of EryD is comparable to the
phenotype of the mice bearing null muta-
tion of c-Kit (17).

Further investigation to distinguish pre-
cursors for EryP and EryD revealed that EryD
precursors could be easily isolated and sepa-
rated from EryP precursors simply by collect-
ing cells adherent to stroma cells in the
EPO-containing culture at day 6 (Table 1).
The vast majority of EryD developed from

the adherent cell population, whereas EryP

were mostly recovered from the nonadherent
cell population. Adherent cells grew by day 8
to small round cell clusters consisting of
immature hematopoietic cells on OP9 cells
(5). When 120 individual, well-separated,
small round cell clusters were picked at day 7
and transferred separately into methylcellu-
lose cultures containing interleukin-3 and
EPO without dispersing the cells (5, 18,
19), 111 clusters produced blood cell col-
onies, including 91 erythroid mixed colo-
nies (EryD plus at least one other lineage
cell), 7 EryD colonies, 10 nonerythroid
colonies, and 3 unidentified cell-type col-
onies. Immunostaining showed that none
of the colonies contained embryonic he-
moglobin—positive  erythrocytes. Thus,
most EryD developed from multipotential
hematopoietic progenitors. These data
suggest that EryP and EryD are produced
by distinct differentiation programs.

The time course of the appearance of
precursors of EryP and hematopoietic clus-
ters, from which EryD were derived as dis-

Day 14
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cussed above, was examined by limiting
dilution analysis (Table 2). Substantial
numbers of precursors of EryP and hemato-
poietic clusters appeared at days 3 and 4 of
the induction, respectively, and the number
of precursors increased with time. We then
tested whether common precursors for EryP
and EryD existed in cultured ES cells at
early stages of differentiation induction,
that is, day 3 and day 4. Most of the hema-

Table 1. Development of EryP and EryD from day
6 adherent or nonadherent cells in the culture
containing EPO. Cells were examined at day 8
and day 13 in the culture containing EPO. Cocul-
tured D3 ES cells were trypsinized and transferred
onto fresh OP9 cells at day 5. On the next day,
cells nonadherent to stromal cells were collected
by washing gently three times with culture medi-
um and transferred onto fresh OP9 cells as non-
adherent population. Culture medium was added
to the remaining adherent cell layers, and cocul-
tures were continued as adherent population. A
control unseparated cell population received no
treatment except that total cells were transferred
to fresh OP9 cell layers at day 10. Differentiation
induction was carried out in the presence of hu-
man recombinant EPO (10 U/ml). Erythroid lin-
eage cells were identified by May-Giemsa stain-
ing, and the data are shown as the mean * SE.
Day 5 cells (10% were used for separated and
unseparated cell populations.

Erythroid cells (x10~4)

Cell fractions
at day 6 Day 8 Day 13

(EryP) (EryD)

Unseparated 12.2 + 0.4 271.1 = 13.3 0.045
Nonadherent 7.0+ 06 21.5=* 2.8 0.326
Adherent 16 +0.2 2254 *16.9 0.007

EryP/
EryD

Table 2. Time course of increase in the number of
EryP precursors and hematopoietic cell cluster
precursors generated from 10* D3 ES cells (25).
Cocultured D3 ES cells were harvested by
trypsinization 3, 4, and 5 days after the initiation of
the differentiation induction in the presence of
EPO. Sixty, 150, 300, and 600 induced cells per
well were transferred onto OP9 cell layers of four
24-well plates in the presence of EPO. Three days
after the transfer, dianisidine solution was added
to the media (26), and dianisidine-positive nonad-
herent cells were counted as EryP. Thereafter,
culture media were carefully removed and adher-
ent small round cell clusters were counted.

Number of precursors

I:::qpe?wrt Precursors of at
Day3 Day4 Dayb5
1 Primitive 270 2000 8500
erythrocytes
Hematopoietic <10 1100 4800
cell clusters
2 Primitive 250 1100 12,500
erythrocytes
Hematopoietic <10 1100 4300
cell clusters
723
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Table 3. Low frequency for generation of both EryP and hematopoietic cluster precursors from day 3 or
day 4 cultured ES cells. Experiments were done essentially as described in Table 2. Numbers of the wells
positive for EryP precursor, for hematopoietic cluster precursors, or for both were counted after either 60
or 150 induced cells per well were seeded in 192 wells (27).

No. of positive wells

Estimated

Days after No. of cells containing precursors of coincidence of
differentiation seeded per twg ?nde r:andent
induction well Primitive Hematopoietic Both reou?sors

erythrocytes cell clusters P
Day 3 60 35 1 0 0
150 76 4 2 1
Day 4 60 30 23 5 4
150 54 49 16 14

topoiesis-positive wells contained either
EryP or adherent small round cell clusters
(Table 3). The frequency of the wells con-
taining both types of precursors was low and
close to the expected value calculated on
the assumption that the two types of pre-
cursors  developed independently. Two
types of erythroid precursors for EryP and
EryD had been reported, but whether these
two types of precursors developed from
common committed precursors or not had
not been clear (4). Our data suggest that
the two types of precursors belong to differ-
ent cohorts, although we cannot exclude
the existence of infrequent or transient
common precursor cells to both EryP and
EryD.

Differentiation of EryD took longer than
that of EryP, presumably because EryP pre-
cursors emerged directly from committed
precursor cells but EryD emerged by way of
noncommitted multipotential hematopoi-
etic precursors. The cell fate determination
to EryP or EryD is most likely governed by
the intrinsic differentiation program per se
rather than by the microenvironment, be-
cause this system provided the same hema-
topoietic microenvironment for both ery-
throid lineage precursors on cloned OP9
stromal cells. Recently, Dzierzak and col-
leagues (20) reported new insights into he-
matopoietic cell development during mouse
ontogeny: (i) There are two temporal waves
of the hematopoietic cell production that
could produce EryD; (ii) nonself-renewing
hematopoietic progenitors appear first, fol-
lowed by self-renewing hematopoietic stem
cells; and (iii) these two progenitors devel-
op from different anatomical sites. Taken
together with the present data, these results
indicate that erythroid lineage cells develop
in three waves from three distinct types of
the cells during mouse ontogeny, that is, (i)
EryP from EryP precursors, (ii) EryD from
nonself-renewing multipotential precursors,
and (iii) EryD from self-renewing stem cells.
Considering that the OP9 differentiation
induction system could not give rise to self-
renewing hematopoietic stem cells (15),
this system seems to represent the first two
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waves of erythroid cell diffentiation in
mouse embryos. The transition from embry-
onic to adult hemoglobin in mouse as well
as that from embryonic to fetal hemoglobin
in human (21) may thus reflect a switching
of the cell lineage rather than a switching of
the globin gene transcription within an ery-
throid committed cell (22).
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