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Background
TAM receptors (Tyro3, Axl and Mer) are expressed in hematopoietic tissues. The roles of
the three receptors in hematopoiesis are, however, largely unknown. We investigated the
role of TAM receptors in regulating erythropoiesis.

Design and Methods
Single and double mutant mice for Axl and Mer were used in the study. Cellularity of bone
marrow and spleen, hematologic parameters, flow cytometry analysis of erythroid cell
maturation, erythropoietic response to acute hemolytic anemia, bone marrow transplan-
tation and the expression of erythropoisis were analyzed to evaluate the function of Axl
and Mer in erythropoiesis.

Results
Axl and Mer, but not Tyro3, were constitutively expressed in developing erythroid cells.
Mice lacking Axl and Mer (Axl–/–Me–/–) had impaired erythropoiesis in bone marrow and
expanded splenic erythropoiesis. We found an inhibition of differentiation at the transi-
tion from erythroid progenitors to proerythroblasts in Axl–/–Mer–/– mice. These mice exhib-
ited a low rate of erythropoietic response to acute anemia induced by phenylhydrazine.
Bone marrow transplantation studies showed that the impaired erythropoiesis in
Axl–/–Mer–/– mice is erythroid cell-autonomous. TAM receptors may influence erythro-
poiesis through the regulation of GATA-1 erythropoietin receptor and EpoR expression in
erythroid progenitors. Notably, mice lacking single Axl or Mer exhibited normal erythro-
poiesis in steady-state conditions.

Conclusions
Axl and Mer play an important role in regulating erythropoiesis. This finding provides a
novel insight into the mechanism of erythropoiesis. 
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Introduction

Mammalian erythropoiesis occurs sequentially in the
embryonic yolk sac, fetal liver, spleen, and adult bone
marrow during development.1 The earliest cells commit-
ted to erythropoiesis, as defined by in vitro clonogenic
assays, are the slowly proliferating erythroid burst-form-
ing units (BFU-E) arising from megakaryocyte-erythroid
progenitors. The BFU-E then differentiate into progeni-
tors with more limited proliferative capacity, termed ery-
throid colony-forming units (CFU-E).2 The CFU-E under-
go three to five divisions, giving rise to several morpho-
logically defined stages of maturing erythroblasts includ-
ing proerythroblasts, basophilic erythroblasts, polychro-
matophilic erythroblasts, and orthochromatophilic ery-
throblasts that become hemoglobinized and extrude
their nuclei to form reticulocytes and red cells. The dif-
ferentiation of erythroid cells depends on extrinsic sig-
nals mediated by cytokines and microenvironmental fac-
tors through their specific cell-surface receptors. Erythro-
poietin and its receptor are essential for the differentia-
tion of erythroid cells from CFU-E to basophilic ery-
throblasts. Analysis of mice carrying targeted mutation
of genes has revealed the importance of various factors,
such as GATA-1,3,4 GATA-2,5 signal transducer and acti-
vator of transcription (STAT)1,6 STAT3,7 and STAT5a/b,8,9

in erythropoiesis. Erythropoietin receptor (EpoR) signal-
ing activates STAT1,10 STAT3 and STAT57 transcription
factors and induces the expression of GATA-1 in ery-
throid cells.8

The TAM subfamily of receptor tyrosine kinases has
three members: Tyro3, Axl, and Mer.11 These three recep-
tors have similar ectodomains consisting of two
immunoglobulin-like domains and two fibronectin type
III repeats, and cytoplasmic regions that contain an
intrinsic protein tyrosine kinase domain.12 The TAM
receptor tyrosine kinases are widely expressed in various
mammalian tissues such as immune, reproductive, and
hematopoietic tissues.13,14 Genetic studies using gene-tar-
geting mutations have provided direct insights into the
physiological functions of the TAM receptor tyrosine
kinases in these locations.15-19 The product of growth
arrest-specific gene 6 (Gas6), and protein S (a blood anti-
coagulant cofactor) are biological ligands of TAM recep-
tors.20 The Gas6/Axl system regulates cell survival, prolif-
eration, migration, adhesion and phagocytosis.12 Gas6
knockout mice were protected from both venous and
arterial thrombosis,21 and this protection was afforded
through impaired stabilization of platelet aggregation.22

A very recent study demonstrated that Gas6 plays a role
in regulating erythropoiesis by enhancing erythropoietin
receptor signaling.23 The functional mechanism of Gas6
in erythropoiesis remains to be clarified.

Although TAM receptors are expressed in hematopoi-
etic tissues,24-26 their functions in regulating hemato-
poiesis remain to be clarified. We have recently demon-
strated that TAM receptors cooperatively regulate
megakaryocytopoiesis.27 Considering that erythroid cells
and megakaryocytes have common precursors
(megakaryocyte-erythroid progenitors), we speculated
that TAM receptors may participate in regulating ery-

thropoiesis. Here, by investigating erythropoiesis in mice
mutant for TAM receptors, we found that Axl and Mer,
but not Tyro3, are co-expressed in differentiating ery-
throid cells, and regulate the differentiation of erythroid
cells additivitely. These findings provide novel evidence
of a role for TAM receptors in regulating erythropoiesis.

Design and Methods

Animals
Mice singly mutant for Axl or Mer were provided by

Dr. Lemke (Salk Institute for Biological Studies, La Jolla,
CA. USA), and were progeny of the original colony with
a genetic background of 50% 129/sv × 15% C57BL/6.
Double mouse knockouts were produced by cross-mat-
ing of the single mutant mice. The wild-type controls
were the littermates of the mutant mice. All animals
were handled in compliance with the guidelines for the
care and use of laboratory animals established by the
Chinese Council on Animal Care.

Flow cytometry analysis and sorting of erythroid cells
Flow cytometry analysis was performed as described

previously.9 Briefly, freshly prepared single-cell suspen-
sions of bone marrows and spleens were pre-incubated
in phosphate-buffered saline (PBS)/0.5% bovine serum
albumin (BSA) containing mouse IgG (eBioscience, San
Diego, CA, USA) to block Fc receptors at 4°C for 10 min.
The cells were then immunostained with phycoerythrin
(PE)-conjugated anti-Ter119 (1:200) (eBioscience) and flu-
orescein isothiocyanate (FITC)-conjugated anti-CD71
(1:200) (eBioscience) antibodies for 20 min at 4°C.
Propidium iodide was used to exclude dead cells from
analysis. In order to sort different stages of erythroblasts,
red cells were lysed for 2 min in a lysis buffer (0.15 M
NH4Cl, 0.1 mM EDTA, buffered with KHCO3 to pH 7.5)
before the immunostaining. R1-R5 cells were sorted with
a FACS MoFlo system (DakoCytomatio, Carpinteria,
CA, USA) with reduced pressure, and their purity was
estimated by re-analysis using cytometry.

Histological analysis
Spleens and femora were fixed in 4% buffered forma-

lin for 48 h. Femora were decalcified in 350 mM EDTA
solution (pH 7.4) for 1-2 weeks at 4°C. After embedding
in paraffin, serial sections of 5 µm in thickness were
sliced with a microtome (E. Leitz®, Wetzlar, Germany).
All sections were stained with hematoxylin and eosin
after deparaffinization, and examined under a light
microscope (X71, Olympus).

BFU-E and CFU-E assays
The procedures used were based on a previous

description.6 Briefly, single-cell suspensions of bone mar-
rows and spleens were prepared from 10-week old wild-
type and mutant mice, and red cells were removed by
lysis. Live cells were counted by trypan blue exclusion.
Bone marrow cells (2×104) and spleen cells (1×105) were
cultured in triplicate in 12-well plates with 1 mL Iscove’s
modified Dulbecco’s medium (IMDM, Gibco) containing
0.9% methylcellulose (Sigma, St Louis, MO, USA) and 1
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IU/mL of recombinant erythropoietin (R&D Systems,
Minneapolis, MN, USA). Cells were grown in a humidi-
fied incubator at 37°C with 5% CO2. The CFU-E contain-
ing eight or more cells were counted on day 2, and BFU-
E containing 100 or more cells were counted on day 7. 

Erythropoietic responses to anemia stress
Mice were injected intraperitoneally on days 0 and 1

with phenylhydrazine solution in PBS. The two groups of
mice of each genotype were challenged with different
doses (low dose, 25 µg/g body weight; high dose, 50
µg/g) of phenylhydrazine each injection. Blood was col-
lected from the tail vein on days 0, 3, 6, and 9 for meas-
urement of the hematocrit. Ten mice in each group were
used in the experiments 

Apoptosis and proliferation of erythroid cells
Freshly isolated bone marrow cells were immunos-

tained with PE-conjugated anti-Ter119 and FITC-conju-
gated anti-CD71 antibodies. For apoptosis analysis, the
cells were further incubated with biotin-conjugated
annexin-V (eBioscience) according to the manufacturer’s
instructions. Different fractions of erythroblasts were
gated and analyzed for their apoptosis rate by FACS. For
cell cycle analysis, the cells were further stained with pro-
pidium iodide for karyotype analysis. Data were ana-
lyzed by Modfit software.

Bone marrow transplantation
Bone marrow cells were collected from Axl–/–Mer–/– mice

and wild-type littermates. Recipients were lethally irradi-
ated using a single dose of 8.5 Gy 60Co, and injected with
5×106 donor bone marrow cells per mouse through a tail
vein. At 6 months after transplantation, bone marrow and
spleen cells of the recipients were analyzed for the pro-
files of erythroid cells. The stromal cells and erythroid
cells were isolated and subjected to genotype analysis by
polymerase chain reaction (PCR). Primers for the geno-
typing are listed in Online Supplementary Table S1.

Statistical analyses
Data are presented as mean ± standard error of mean

(SEM) for n given determinations. Student’s t tests were
used to determine differences between groups. One-way
ANOVA was used to calculate the statistical significance
for multiple comparisons of means of different groups,
Dunnett’s correction was applied to compare genotypes
(e.g. Axl–/–, Mer–/– or Axl–/–Mer–/–) to the wild-type control
group. All calculations were performed with SPSS version
11.0 statistical software. A p value less than 0.05 was con-
sidered statistically significant.

Results

Axl and Mer are expressed in developing erythroid
cells

To clarify the expression pattern of TAM receptors in
erythroid cells, we isolated erythroblasts of different
stages from the bone marrows of 10-week old mice by
FACS sorting. The combination of labeling for CD71 and
Ter119 allows identification of five district populations of

erythroid cells in the bone marrow, defined by their stain-
ing pattern: CD71medTer119med, CD71highTer119med,
CD71highTer119high, CD71medTer119high, and CD71low-
Ter119high referring to regions 1-5 (R1 to R5) in Figure 1A.
The R1 to R5 cells correspond, respectively, to erythroid
progenitors, proerythroblasts, basophilic erythroblasts,
polychromatophilic erythroblasts, and orthochro-
matophilic erythroblasts. The five populations of ery-
throid cells were sorted after immunostaining with anti-
bodies against CD71 and Ter119. Based on re-analysis of
the sorted cells by flow cytometry, the purity of R1 to R5
cells was 93.6%, 80.3%, 92.5%, 87.1% and 82.0%,
respectively. The cells were characterized by benzidine
staining and their morphology. During differentiation,
erythroid cells become smaller, their chromosomal DNA
condenses, their cellular hemoglobin concentration
increases, they exit the cell cycle and they extrude nuclei.
Benzidine stains for hemoglobin, a hallmark of terminal
erythroid differentiation. The morphology of the sorted
cells was consistent with the results of the benzidine
staining (Figure 1B). All R1 and R2 cells were benzidine-
negative, R3 cells were a mix of benzidine-negative and
benzidine-positive cells. R4 and R5 cells were all benzi-
dine-positive, indicating that each fraction of cells corre-
sponded to the expected developmental stage.

Total RNA was extracted from the sorted erythroblasts,
and the expression of TAM receptors was analyzed by
reverse transcriptase-PCR. RNA for Axl and Mer was
detected in all five populations of erythroid cells (Figure
1C). In contrast, no signal for Tyro3 was observed in
these cells. TM4, a Sertoli cell line that positively express-
es Tyro3 gene, was used as a control for amplification of
Tyro3. The presence of Axl and Mer proteins in develop-
ing erythroid cells was demonstrated by immunocyto-
chemistry. Consistent with the results at the mRNA level,
all stages of erythroid cells could be positively immunos-
tained for Axl and Mer proteins (Figure 1D), but were
negative for Tyro3 (data not shown). In order to confirm
the presence of TAM receptors in erythroid cells, we iso-
lated Ter119+ cells from bone marrow by sorting and per-
formed western blotting assays. In agreement with the
results of immunocytochemical staining, Axl and Mer
proteins, but not Tyro3, were detected in the erythroid
cells of the bone marrow (Figure 1E). All three receptors
were detected by western blotting in the control TM4
cells.

Axl–/–Mer–/– mice display differentiation inhibition
of erythroid progenitors

During analysis of the phenotypes of mice mutant for
TAM receptors, we found impaired erythropoiesis in
Axl–/–Mer–/– mice (Online Supplementary results). To under-
stand which stages of erythroid cells were impaired dur-
ing erythropoiesis in Axl–/–Mer–/– mice, we first quantified
erythroid progenitors of the mutant mice using clono-
genic assays for BFU-E and CFU-E. The results of these
investigation are presented in Online Supplementary Table
S2. Surprisingly, although a significant reduction in ery-
throid cells was observed in Axl–/–Mer–/– bone marrow, the
number of CFU-E progenitors was increased by 1.8-fold
compared with the number in wild-type controls. There
was, however, no significant difference in the number of
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earlier progenitors (BFU-E) between bone marrow from
Axl–/–Mer–/– and wild-type animals. Notably, Axl–/–Mer–/–

spleen-derived BFU-E and CFU-E were increased 31-fold
and 104-fold, respectively, compared to in the wild-type
controls. The results suggest that Axl and Mer play a role
in regulating the development of erythroid progenitors.

Thereafter, we analyzed different stages of erythro-
blasts in Axl–/–Mer–/– bone marrow and spleen by flow
cytometry. After immunostaining for CD71 and Ter119,
five erythroid cell populations (R1 to R5) were defined in
the bone marrows (Figure 2A). The majority of erythroid
cells were Ter119high (R3-R5) in wild-type bone marrow;
the ratios of R3-R5 cells to total bone marrow cells were
13.8%, 10.6% and 29.9% respectively. A few erythroid
progenitors (R1 cells) were identified. The ratio of R1
cells to total bone marrow cells in wild-type mice was
only 0.5%. The erythroid cell profiles in Axl–/–Mer–/– bone
marrow were strikingly different. A 6-fold increased ratio
(3.1%) of R1 cells was observed in Axl–/–Mer–/– bone mar-
row. However, the percentages of more differentiated
erythroid cells (R3-R5) in Axl–/–Mer–/– bone marrow were
reduced significantly by about 2-fold compared to in the
wild-type controls. The flow cytometry profile for
Axl–/–Mer–/– spleens showed that the percentage of R1
cells was, on average, increased 5-fold compared to that
in the wild-type controls (3.6% vs. 0.7%) (Figure 2B).
Although the percentage of more differentiated ery-
throblasts (R3-R5) was also increased in Axl–/–Mer–/–

spleens, the ratio of erythroid progenitors to differentiat-
ed erythroblasts was markedly increased. These results
demonstrate an accumulation of R1 cells in both bone
marrow and spleen of Axl–/–Mer–/– mice.

The increased erythroid progenitors and decreased dif-
ferentiating erythroblasts in Axl–/–Mer–/– mice could occur
through different mechanisms, including a potentially
higher growth rate of the progenitors, elevated apoptosis
of developing erythroblasts and inhibition of the dif-
ferentation of progenitors into erythroblasts. In order to
distinguish these possibilities, we examined the apopto-
sis rate of the erythroblasts. We found that the apoptosis
rates of the different populations of erythroid cells were
not significantly different in Axl–/–Mer–/– bone marrows
and spleens from those in controls (data not shown). In
order to analyze the growth rate of the erythroid progen-
itors, the R1 cells were gated and a karyotype analysis
was performed. This analysis showed that cell cycling
was comparable between the erythroid progenitors from
the bone marrow of wild-type and Axl–/–Mer–/– mice
(Figure 2C). Taken together, the results suggest that the
differentiation of erythroid cells is inhibited at the transi-
tion of erythroid progenitors (R1) to proerythroblasts
(R2), which results in the accumulation of erythroid pro-
genitors and the reduction of erythroblasts in the bone
marrow from Axl–/–Mer–/– mice. 

Axl–/–Mer–/– mice exhibit an impaired erythropoietic
response to acute hemolytic anemia

To evaluate the role of TAM receptors in the erythro-
poietic response to acute hemolytic anemia, we chal-
lenged mice with phenylhydrazine to induce hemolytic
anemia. Under baseline conditions, all the mutant mice
including Axl–/–Mer–/–, Mer–/– and Axl–/–Mer–/– mice had
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Figure 1. Expression of TAM receptors in erythroid cells. (A) FACS
density plots of bone marrow erythroid cells. After staining for
Ter119 and CD71, the erythroid cells of mouse bone marrow can
be distinguished into five distinct populations (R1 to R5) by flow
cytometry. (B) The five populations of erythroid cells were sorted
by a FACS instrument. The characteristics of the sorted R1 to R5
cells were evaluated by staining with benzidine and their morphol-
ogy. Representative cells from more than one field are shown.
Scale bar = 10 µm. (C) Analysis of the expression of TAM recep-
tors by RT-PCR. Different numbers of PCR cycles were performed
to ensure a range of linear amplification. The TM4 cell line was
used as a positive control for Tyro3 expression. ββ-actin was used
to control the quality of RNA. (D) Immunocytochemistry for Axl,
Mer and Tyro3 proteins on the five populations of erythroid cells.
Tyro3 protein was not detected in erythroid cells (data not shown).
Representative cells are shown in each region. Scale bar = 10 µm.
(E) Western blotting analysis of Axl, Mer and Tyro3 in bone mar-
row erythroid cells (Ery). TM4 cells were used as controls, and ββ-
actin was used to monitor the loading of samples. 
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normal hematocrit levels. After a low dose (25 µg/g body
weight) of phenylhydrazine, both the mutated mice and
the wild-type controls developed anemia (Figure 3A).
Although the hematocrit levels were decreased similarly
in all the wild-type and mutant mice at day 3 after admin-
istration of the phenylhydrazine, the hematocrit of wild-

type and Mer–/– mice returned to nearly normal by day 6.
In contrast, the hematocrit of Axl–/–Mer–/– and Axl–/– mice
did not recover fully until day 9 after phenylhydrazine
administration. When given a high dose (50 µg/g body
weight) of phenylhydrazine, all the mice developed
severe anemia. The wild-type and Mer–/– mice were still

Figure 2. Flow cytometry
assessment of erythroid cell
maturation. (A) Erythroid cell
profiles at different develop-
mental stages in the bone mar-
row and spleen. Left panels:
representative FACS density
plots, and right panels: quanti-
tative comparison of erythroid
cells. R1, erythroid progenitors;
R2, proerythroblasts; R3,
basophilic erythroblasts; R4,
late basophilic and polychro-
matophilic erythroblasts; and
R5, orthochromatophilic ery-
throblasts. (B) Cell cycles of the
erythroid progenitors (R1) in
bone marrows. The data are
mean ± SEM. 

Figure 3. Erythropoietic response to phenylhydrazine-induced acute anemia. (A) Hematocrit levels of the mice challenged by a low dose
of phenylhydrazine (25 µµg/g body weight), (n = 10). (B) Hematocrit levels of the mice challenged with a high dose of phenylhydrazine
(50 µµg/g), (n≥≥4). Impaired responses to the induced acute anemia were observed in Axl-/- Mer-/- and Mer-/- mice. (*) p<0.05, (**) p<0.01.
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capable of recovering normal hematocrit levels on day 9
(Figure 3B). In sharp contrast, the hematocrit dropped to
extremely low levels in Axl–/–Mer–/– mice (~13%) and in
Axl–/– mice (19%). Notably, 60% (6/10) of Axl–/–Mer–/–

mice and 20% (2/10) of Axl–/– mice failed to recover from
the anemia and died within 6 days of the administration
of phenylhydrazine. The hematocrit of the survivors
never recovered, and all remained severly anemic
throughout the period of observation (Figure 3B).
Notably, Axl–/–Mer–/– mice exhibited a more severely
impaired erythropoietic response to acute anemia than
did the Axl–/– mice. The results suggest that Axl and Mer
additively confer erythropoietic protection against acute
anemia and that Axl is more important than Mer.

Impaired erythropoiesis in Axl–/–Mer–/– mice is cell
autonomous 

Effective erythropoiesis in bone marrow depends on a
specific microenvironment. In order to determine
whether loss of Axl and Mer impairs the microenviron-
ment for erythropoiesis and thus results in defective ery-
thropoiesis, we performed bone marrow transplantation
experiments. Lethally irradiated Axl–/–Mer–/– mice and
wild-type littermates were transplanted with bone mar-
row cells from either wild-type or Axl–/–Mer–/– mice. The
profile of erythroid cells in the reconstituted bone mar-
rows was analyzed 6 months after transplantation. We
found that the bone marrows of wild-type mice engraft-
ed with Axl–/–Mer–/– bone marrow cells had impaired ery-
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Figure 4. Transplantation exper-
iments demonstrated a cell-
autonomous role of Axl and Mer
in erythropoiesis. (A) Wild-type
(WT) recipients engrafted with
WT and mutant bone marrows.
(B) Mutant recipients engrafted
with WT and mutant bone mar-
rows. Left panels, representa-
tive FACS density plots of donor
erythroid cells; lower panels,
genotyping for stromal (Str) and
erythroid (Ery) cells by PCR;
right panels, percentages of
donor erythroid cells. The analy-
ses were performed on the
bone marrow of recipients at 6
months after transplantation.
Values are mean ± SEM, (n=5
per group).
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thropoiesis (Figure 4A). Conversely, Axl–/–Mer–/– mice that
received wild-type bone marrow cells displayed normal
erythropoiesis (Figure 4B). To analyze the origin of
microenvironmental and erythroid cells in the reconsti-
tuted bone marrows, the genotype of stromal cells and
erythroblasts was examined by PCR. By amplifying
mutant and wild-type Axl, we found that the reconstitut-
ed bone marrows contained host stromal cells and donor
erythroid cells (Figure 4A, B, lower panels). Similar analy-
ses were performed on spleens of the engrafted mice.
Consistent with the observations in the reconstituted
bone marrows, the spleens of the engrafted mice exhibit-
ed the phenotype of the donor mice with regards to the
size and profile of erythroid cells (data not shown).Taken
together, these results demonstrate that the impaired ery-
thropoiesis in Axl–/–Mer–/– mice is cell autonomous.

Axl and Mer regulate expression 
of erythropoiesis-related genes

Finally, we tried to determine the molecular mecha-
nism underlying the defect of erythropoiesis in
Axl–/–Mer–/– mice. Erythropoietin/EpoR signaling is criti-
cal for early erythropoiesis, and several transcription
factors such as GATA-1, GATA-2, STAT1, STAT3 and
STAT5a/b play important roles in the regulation of ery-
thropoiesis at the erythroid progenitor stage. In order to
determine whether the expression of these genes is reg-
ulated by TAM receptors, we analyzed the expression
of these erythropoiesis-related genes in Axl–/–Mer–/– ery-
throid progenitors (R1 cells) from bone marrows and
spleens by real-time reverse transcriptase-PCR. The
results from the bone marrow-derived cells are shown
in Figure 5. The same results from spleen-derived cells
were similar (data not shown). The relative mRNA levels
of EpoR and GATA-1 were significantly down-regulat-
ed by about 3.5-fold and 4.2-fold, respectively, in
Axl–/–Mer–/– erythroid progenitors (Figure 5A). However,
there was no evident difference in the expression of ery-
thropoietin, GATA-2, STAT1, STAT3 and STAT5a
between Axl–/–Mer–/– and wild-type erythroid progeni-
tors (data not shown). To further confirm that Axl and
Mer regulate the expression of GATA-1 and EpoR, we
analyzed the expression of GATA-1 and EpoR in bone
marrow-derived erythroid progenitors cultured in vitro
in the presence of recombinant Gas6, a common ligand
of TAM receptors. We found that Gas6 significantly
increased the expression of EpoR and GATA-1 in ery-
throid progenitors (Figure 5B). In contrast, the Gas6
induction of EpoR and GATA-1 mRNA was completely
blocked in Axl–/–Mer–/– cells. Notably, Gas6 can up-regu-
late the expression of EpoR and GATA-1 in the single
mutant (Axl–/–Mer–/–) erythroblasts. The results indicate
that Axl and Mer may participate in erythropoiesis
through regulating the expression of EpoR and GATA-1.

Discussion 

Although it is known that TAM receptors are expressed
in hematopoietic tissues, their lineage-specific expression
patterns and functions during hematopoiesis remain to be
clarified. In this study, we show that Ax1 and Mer, but

not Tyro3, are co-expressed in all stages of developing
erythroid cells, and play a critical role at the early stage of
erythropoiesis.

A recent study demonstrated that splenic erythroblasts
express all three TAM receptors.23 By contrast, we did not
detect the expression of Tyro3 in either bone marrow or
splenic erythroid cells. Potential explanations for this dis-
crepancy between the results of the two studies could
include the different genetic background of the mice, the
fact that the erythroblasts were isolated by different
methods and different primer pairs were used. In a base-
line state, very few R1 cells can be observed in the bone
marrow of adult mice, because they are transiently
retained and quickly enter the next stage of erythro-
poiesis. R1 cells were not, therefore, defined as a popula-
tion in adult bone marrow and spleen in previous stud-
ies.9,28 Since an evident accumulation of this population of
cells is observed in Ax1–/–Mer–/– mice, we defined these
CD71medTer119med erythroid cells as R1 cells in our present
study. In fact, a 6-fold increase in R1 cells and a 2.7-fold
decrease in mature red cells was observed in bone mar-
row from Ax1–/–Mer–/– mice compared to that from wild-
type controls. These observations suggest ineffective ery-
thropoiesis in Ax1–/–Mer–/–bone marrow.

The fact that Ax1–/–Mer–/– mice have normal hematolog-
ic parameters suggests that compensatory mechanisms of
erythropoiesis exist in these animals. A marked
splenomegaly and vastly expanded splenic erythropoiesis

Figure 5. Relative mRNA levels analyzed by real-time reverse tran-
scriptase-PCR. (A) Relative expression of the erythropoiesis(Epo)-
related genes in the sorted erythroid progenitors (R1) from wild-
type and Axl-/-Mer-/- bone marrows and spleens. (B) Sorted R1 cells
from bone marrows were cultured in vitro in the presence of
Gas6. The relative expression of EpoR and GATA-1 was compared.
The data are represented as mean ± SEM of three experiments,
(**) p<0.01.
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are observed in Ax1–/–Mer–/–mice. Splenic enlargement in
triple mutant mice (Tyro3–/–Ax1–/–Mer–/–) was previously
interpreted as a proliferative disorder of lymphocytes.16

Based on this study, the vast splenic erythropoiesis
should, at least in part, account for splenomegaly in
Ax1–/–Mer–/– mice. The expanded splenic erythropoiesis in
Ax1–/–Mer–/– mice could be a compensatory response to
the impaired bone marrow erythropoiesis, and con-
tribute to the normal hematologic parameters. Notably, a
5-fold increase in the percentage of R1 cells, but only a
1.5-fold increase in that of the differentiated erythroid
cells were observed in spleens from Ax1–/–Mer–/– mice,
which suggests that a differentiation inhibition of ery-
throid progenitors also appears in spleen. In contrast,
splenomagaly was not observed in Gas6–/– mice in the
previous study,23 which could be explained considering
that other ligands (such as protein S) of TAM receptors
exist in vivo. It would be useful to investigate whether
protein S is involved in erythropoiesis through TAM
receptors. In addition, the genetic background of the two
models was not identical, which could also have con-
tributed to the phenotypic discrepancy. The normal
hematologic parameters may be also partially attributa-
ble to a longer lifespan of red blood cells resulting from
slower clearance of senescent red cells in these mutant
mice. In the model of acute anemia induced by phenyl-
hydrazine, there was a delayed response to erythropoiet-
ic stress in Ax1–/–Mer–/– mice, confirming that the rate of
erythropoiesis is altered because of the loss of Axl and
Mer receptors. Notably, although impaired erythro-
poiesis was not observed in single mutant (Ax1–/– or
Mer–/–) mice in baseline conditions, Ax1–/– mice but not
Mer–/– mice appeared to have a significantly impaired
response to phenylhydrazine-induced erythropoietic
stress. The impaired response to phenylhydrazine-
induced anemia was more severe in Ax1–/–Mer–/– mice
than in Ax1–/– mice. These observations suggest that Axl
and Mer additively regulate erythropoiesis, but that Axl
is more important than Mer. This suggestion is consis-
tent with the results of a recent study.23 Furthermore, our
study demonstrates that the impaired erythropoiesis in
Ax1–/–Mer–/– mice is attributable to an inhibition of differ-
entiation from erythroid progenitors to proerythroblasts.

Normal hematopoiesis relies heavily on the bone mar-
row microenviroment.29 Bone marrow engraftment
assays demonstrated that the inefficient erythropoiesis is
due to an intrinsic lack of Ax1 and Mer in erythroid cells,
but not due to the bone marrow microenviroment.

Notably, to maintain a similar genetic background
between host and donor mice, we performed transplants
between mutant mice and wild-type littermates. We
then examined the origin of stromal cells and erythrob-
lasts by genotyping. This approach could be practical in
bone marrow transplantation assays.

Hematopoiesis is controlled in large part by lineage-
specific transcription factors.30 GATA-1 is highly
expressed in erythroid progenitors and serves a critical
function in the maturation of committed erythroid pre-
cursors.31 In this study, we demonstrated that GATA-1
expression is down-regulated by a lack of TAM receptor
signaling. The down-regulation of GATA-1 in
Ax1–/–Mer–/– erythroid progenitors could contribute to the
inhibition of differentiation of the progenitors. EpoR sig-
naling is essential for the differentiation of erythroid pro-
genitors,32,33 and the expression of the receptor is down-
regulated in Ax1–/–Mer–/– erythroid progenitors. The
impaired erythropoiesis in Ax1–/–Mer–/– mice could, there-
fore, also be attributable to the down-regulation of EpoR
in erythroblasts lacking Axl and Mer. Furthermore, we
demonstrated that recombinant Gas6 up-regulates EpoR
and GATA-1 expression in vitro. A recent study showed
that Gas6 enhances the activity of erythropoietin in stim-
ulating erythropoiesis.23 The up-regulation of EpoR could
be at the basis of Gas6 induction of erythropoietin activ-
ity. GATA-1 is an erythropoietin-regulated transcription
factor.8 In this study, we found that TAM signaling
induces GATA-1 and EpoR expression. The fact that
Gas6 up-regulates GATA-1 expression in cultured ery-
throblasts without erythropoietin suggests that TAM sig-
naling induces GATA-1 expression in a way independent
of EpoR activation.

In conclusion, we demonstrated that Axl and Mer play
critical roles in mouse erythropoiesis, which reveals a
new function of Axl and Mer. Understanding the
mechanics of erythropoiesis regulation by TAM recep-
tors could lend to novel therapeutic approaches to ery-
thropoietic disorders.
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