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Development of hematopoietic cells in the aorta-gonad-mesonephros (AGM) region in the midgestation
mouse embryo involves a multistep process, sequentially changing from endothelial cell-like cells, including
hemangioblasts, into hematopoietic stem cells, progenitors, and/or lineage-committed cells. An adaptor mol-
ecule, Lnk, is known to negatively control the production of pro- and pre-B cells and hematopoietic progenitor
cells in adult bone marrow. Here we show a role of Lnk in hematopoietic development in the AGM region. Lnk
was predominantly expressed in the endothelial cells lining the dorsal aorta at embryonic day 11.5 (E11.5).
Overexpression of Lnk in the primary culture of the AGM region at E11.5 suppressed the emergence of CD45�

hematopoietic cells. Point mutation in the SH2 domain of Lnk, which abolishes the binding capability of Lnk
to c-Kit upon stimulation with stem cell factor (SCF), led to loss of Lnk-dependent inhibition of hematopoietic
cell development in AGM cultures, suggesting Lnk-mediated inhibition of the SCF/c-Kit signaling pathway. In
cultured AGM cells from Lnk homozygous mutant mouse embryos, the number of emerged CD45� cells was
2.5-fold larger than that from heterozygous littermates. Furthermore, aorta cells of E11.5 Lnk homozygous
mutant mice also showed enhanced hematopoietic colony-forming activity. Thus, Lnk is a negative regulator of
hematopoiesis in the AGM region.

Hematopoietic stem cells are the source of all mature blood
cells, erythrocytes, granulocytes, monocytes, platelets, and lym-
phocytes (13, 31). In early development in the mouse, hema-
topoiesis first arises from the blood islands of the yolk sac at
embryonic day 7.5 (E7.5) and subsequently occurs in the para-
aortic splanchnopleura region at E7.5 to 9.5, in parallel with
the yolk sac, and in the aorta-gonad-mesonephros (AGM)
region at E10.5 to 11.5 (4, 15, 16, 23). Hematopoietic stem cells
are thought to migrate to the fetal liver and further emigrate to
the spleen and bone marrow by the time of birth (6). Long-
term repopulating hematopoietic stem cells, which express sev-
eral marker proteins, emerge in the AGM region of the mouse
at midgestation. In vitro differentiation of embryonic stem
(ES) cells gives rise to a population of definitive hematopoietic
cells via endothelial precursor cells (3, 7, 25, 27). These obser-
vations indicated the possibility that hematopoietic stem cells
in early definitive hematopoiesis differentiate from the endo-
thelial precursor cells and/or hemangioblasts, which are the
precursors of both hematopoietic and endothelial cells.

Endothelial cells are known to differentiate into hematopoi-
etic cells in the primary culture system of the AGM region at
E10.5 to 11.5 (22). When the AGM region of the mouse em-
bryo at E11.5 was cultured with cytokines such as stem cell
factor (SCF), basic fibroblast growth factor (bFGF), and on-
costatin M (OSM), the endothelial cell-like cells are first evi-

dent after a few days of culture, and then nonadherent cells
including hematopoietic progenitors are detected and gradu-
ally increase in the culture (22). In the culture of the AGM
region from mouse embryos lacking the transcription factor
c-Myb and Runx1 (AML1, Cbfa2, and Pebp2�B), which are
known to be important for hematopoiesis, endothelial cell-like
cells are generated but not hematopoietic cells (20, 21). These
results are in accord with the in vivo phenotype of mice lacking
c-Myb or Runx1 and in vitro developmental experiments using
Runx1-deficient ES cells (11). Moreover, introduction of
cDNA for c-Myb or Runx1 into the cultured AGM from these
mutant embryos partially restored the production of nonad-
herent cells (20, 21).

Lnk is composed of a number of functional regions, includ-
ing the N-terminal region, which is likely to be required for
multimerization, the pleckstrin homology domain, which is
suggested to have a role in binding to phospholipids or other
proteins, the Src homology 2 (SH2) domain, which is known to
be critical for specific binding to a phosphotyrosine residue,
and a Tyr phosphorylation motif that is phosphorylated in
response to SCF. Lnk is thus suggested to have a role as an
adaptor protein. It was originally reported that tyrosine-phos-
phorylated Lnk is bound to the SH2 domain of Grb2, phos-
pholipase C �-1, and phosphatidylinositol 3-kinase in activated
T cells (8) and functions as a negative mediator of the T-cell
receptor signaling pathway (12). However, development and
activation of T cells are normal in Lnk-deficient mice. In con-
trast, these mice exhibit a significant increase in the number of
pre-B cells in the spleen and pre- and pro-B cells in the bone
marrow, indicating that Lnk has an important role in regulat-
ing B-cell development (40). In a more recent study on Lnk-
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deficient mice, Takaki et al. demonstrated that the mice dis-
play a significant increase in hematopoietic progenitor cells in
the adult bone marrow (39).

Lnk has structural similarities to APS and SH2-B, which
both contain the multimerization, pleckstrin homology, and
SH2 domains, and these three proteins form a family of adap-
tor proteins (32, 40, 45). APS and SH2-B have been reported
to associate with insulin receptor (1, 10, 18, 34), Trk family
receptors (33, 36), platelet-derived growth factor receptor (35,
46), and tyrosine kinase Janus kinase (JAK) (37, 44). APS is
tyrosine phosphorylated in response to B-cell antigen receptor
stimulation (9). The existence of four SH2-B splice variants (�,
�, �, and �) derived from the same gene has recently been
reported (47).

In the present study, we observed the expression of Lnk in
the AGM region of the E11.5 mouse embryo, in particular in
the endothelium of the dorsal aorta. We also show that intro-
duction of Lnk into the primary culture of the AGM region
resulted in inhibition of the generation of hematopoietic cells.
This inhibition was abolished by a defect in the binding of the
SH2 domain of Lnk to the c-Kit cytoplasmic region. We fur-
ther demonstrated that the number of the hematopoietic cells
is increased in the AGM culture derived from homozygous
Lnk mutant mice compared to heterozygotes. Our results re-
veal that the Lnk adaptor protein negatively regulates AGM
hematopoiesis.

MATERIALS AND METHODS

Tissue culture. The AGM regions were excised at E11.5 from ICR or Lnk-
targeted embryos and trypsinized. Cells were suspended in Dulbecco’s modified
Eagle’s medium supplemented with 15% (vol/vol) fetal calf serum and cultured
in gelatin-coated 12- or 24 well-plates in the presence of 100 ng of murine SCF
(Pepro Tech Inc, Rocky Hill, N.J.), 1 ng of bFGF (R&D Systems, Minneapolis,
Minn.), and 10 ng of OSM (R&D Systems) per ml.

Retrovirus infection of cells. cDNA was inserted into a pMY-IRES-EGFP
vector. Plat-E cells for packaging ecotropic retrovirus were plated the night
before transfection (19). Transient transfection of Plat-E cells with plasmid DNA
was performed with Trans IT-293 reagent (Mirus, Madison, Wis.) according to
the manufacturer’s protocol. Cells were incubated for 48 h and the supernatant
was collected and used for infection. The viral supernatant was added together
with 1 �g of Polybrene per ml and cytokines as described above. After incubation
for 9 h, the virus-containing medium was replaced with standard growth medium.
Infected cells were confirmed by the fluorescence of green fluorescent protein
(GFP).

Semisolid colony-forming assays. Nonadherent cells in the AGM culture and
the trypsinized primary aorta cells of E11.5 embryos were suspended in minimal
essential medium, alpha modification, containing 0.8% (wt/vol) methylcellulose,
30% fetal calf serum, 1% deionized bovine serum albumin, 100 �M 2-mercap-
toethanol, 20 ng of murine interleukin-3 (IL-3)/ml, 100 ng of SCF/ml, and 4 U of
erythropoietin (EPO)/ml. Cells were cultured in triplicate in 35-mm dishes at
37°C for 7 days. Individual colonies, GFP� cells, and all cells were scored by
morphology.

Flow cytometry. After being washed in phosphate-buffered saline (PBS) con-
taining 3% (vol/vol) fatal calf serum and 0.05% sodium azide, the nonadherent
cells in the AGM culture were incubated for 30 min on ice with phycoerythrin-
conjugated rat anti-mouse CD45 (30-F11) (Becton Dickinson, Lincoln, N.J.) and
analyzed by FACSCalibur (Becton Dickinson). The percentage of the CD45�

cells in the GFP� cells was determined.
Nonadherent cells were reacted with biotinylated anti-mouse Mac1 (M1/70),

Gr1 (RB6-8C5), Ter119 (TER119), B220 (RA3-6B2), CD4 (RM4-5), and CD8
(53-6.7) (Becton Dickinson). After washing, cells were incubated with streptavi-
din-conjugated magnetic beads (Miltenyi Biotech). Lin� cells (Mac-1� Gr-1�

Ter119� B220� CD4� CD8�) were separated with the MACS system (Mirus).
Isolated cells were incubated with phycoerythrin-conjugated anti-mouse Sca-1
(E13-161.7) and allophycocyanin-conjugated anti-mouse c-Kit (2B8) (Becton

Dickinson) and analyzed. The percentage of c-Kit� and Sca-1� cells in the GFP�

cells was determined.
RT-PCR. Total RNAs were isolated from E9.5, 11.5, and 14.5 aorta, E14.5

fetal liver, and adult mouse muscle of adult mouse (negative control). cDNAs
were synthesized with 5 �g of total RNAs as templates in 20 �l of the reaction
mixture with Superscript II reverse transcriptase (Gibco-BRL, Rockville, Md.).
PCRs were carried out with rTaq (Takara) with the following settings: 95°C for
3 min and 26 cycles of 95°C for 10 s, 55°C for 10 s, and 72°C for 1 min. The primer
sets used were as follows: 5�-CTCAAGGAGGTCGTATTGCGCTA-3�, 5�-TTC
CAGTGGGATAGGAGAACGC-3� (for Lnk); 5�-GAGACGACGACAGCGG
TGGGTGCT-3�, 5�-GATGGGGTGGGTGTGGAAGTGACG-3� (for APS);
5�-GAGGGGCCTCCAGCAGGGACA-3�, 5�-GCCTCTTCTGCCCCAGGAT
GT-3� (for SH2-B); 5�-ACCACAGTCCATGCCATCAC-3�, 5�-TCCACCACCC
TGTTGCTGTA-3� (for glyceraldehyde-3-phosphate dehydrogenase).

Immunohistochemical staining. Mouse embryos at E11.5 were fixed in 2%
(wt/vol) paraformaldehyde-PBS overnight at 4°C, equilibrated in 20% sucrose–
PBS for 2 h at 4°C, quick-frozen in Tissue Tek, and stored at �70°C. Sections (5
�m) were washed with PBS and blocked in 3% fetal calf serum–PBS. Sections
were then stained with control rabbit IgG, anti-Lnk (the C-terminal region of
Lnk) (41), or anti-CD34 (RAM34) (Becton Dickinson) for 2 h at room temper-
ature, followed by washing and treatment with a rhodamine-conjugated second-
ary antibody for 2 h. After washing, bisbenzimide H33258 fluorochrome trihy-
drochloride (Nacalai Tesque, Kyoto, Japan) was used to stain the nuclei.

Immunoblotting and coimmunoprecipitation analysis. Cultured AGM cells (6
	 105) were infected with mock or Flag-tagged Lnk mutant retroviruses and a
c-Kit retrovirus. On the next day, cells were starved for 16 h and then treated with
SCF (100 ng/ml) for 20 min. After 20 min, cells were dissolved with the lysis
buffer (0.5% Nonidet-40, 10 mM Tris-HCl, pH 7.6, 150 mM NaCl, 5 mM EDTA,
2 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 5 �g of aprotinin/ml).
Lysates were immunoprecipitated with anti-Flag antibody (M2; Sigma, St. Louis,
Mo.) or anti-c-Kit antibody (M-14; Santa Cruz Biotechnology, Santa Cruz,
Calif.). The immunoprecipitates were separated by SDS-PAGE and immuno-
blotted with anti-c-Kit antibody or anti-Flag antibody. Labeled proteins were
detected with an enhanced chemiluminescence system (ECL, Amersham Bio-
science Corp, Piscataway, N.J.).

Luciferase assay. Elk activation was measured by the GAL-4 DNA-binding
domain (DB)/Elk-1 fusion system according to the manufacturer’s protocol
(PathDetect in vitro signal transduction pathway trans-reporting system, Strat-
agene). Briefly, 293 cells (0.8 	 105) plated on 12-well plates were transfected
with Elk-1 consisting of GAL-4 DB and Elk-1 (25 ng), pFR-Luc carrying the
GAL-4 upstream activation sequence-fused luciferase gene (50 ng), pRL-CMV
encoding the sea pansy luciferase gene (25 ng), c-Kit (67.5 ng, for SCF stimula-
tion), and Lnk expression vectors (0.1, 0.3, 1, 3, or 10 ng) with Trans-IT 293
(Mirus). On the following day, cells were stimulated with SCF (20 ng/ml), bFGF
(1 ng/ml), or IL-6/soluble IL-6 receptor (sIL-6R) (20 ng/ml) for 6 h and then
solubilized. Luciferase activities in cell lysates were assessed with the Pikkagene
dual luciferase assay system (Tokyo Ink Inc., Chuou-ku, Tokyo, Japan) and a
MicroLumat LB96P luminometer (Berthold Technologies GmbH & Co. KG,
Calmbacher, Bad Wild, Germany).

RESULTS

Expression and localization of Lnk in the AGM region. We
first examined the expression of Lnk in fetal hematopoietic
sites by RT-PCR (Fig. 1A). Transcripts for Lnk were detect-
able in the AGM region at E9.5, 11.5, and 14.5 and the fetal
liver at E14.5, but not in the muscle of adult mice. We further
analyzed the expression of Lnk protein in the AGM region at
E11.5 by immunohistochemical staining of transverse sections
(Fig. 1B). Lnk was present in the endothelial cells lining the
dorsal aorta. These results indicate that Lnk is expressed in the
AGM region at a stage of embryonic hematopoiesis. The ex-
pression pattern of Lnk overlapped with that of CD34 in the
dorsal aorta, suggesting that Lnk might be involved in hema-
topoietic cell development from endothelial precursors.

Inhibition of hematopoietic differentiation in the AGM cul-
tures by Lnk. Recent studies have shown that primary culture
of the AGM region from mouse embryos at E11.5 can be used
to examine the mechanism by which hematopoiesis of multi-
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potential progenitors occurs in vitro (20–22, 28, 29). Addition
of SCF, bFGF, and OSM to this culture system is required for
the efficient expansion of hematopoietic progenitors from en-
dothelial cell-like cells. To examine whether Lnk functions in
the production of hematopoietic cells from the endothelial
cell-like cells, we retrovirally overexpressed Lnk protein in the
AGM culture. Lnk cDNA was ligated into a retroviral vector
containing an internal ribosomal entry sequence (IRES) motif
linked to the enhanced GFP (EGFP) to the track the trans-
duced cells. Adherent cells in a 2-day AGM culture were in-
fected with this retrovirus, and the infection was monitored by
GFP expression.

Five days after infection, Lnk- and vehicle-infected adherent
cells showed similar morphology and viability, as examined
after removal of nonadherent cells by moderate pipetting (Fig.
2A). The expression of Lnk protein from the Lnk-IRES-GFP
retrovirus in the infected cells was confirmed by immunoblot-

ting (see Fig. 5). Expression of GFP in vehicle- and Lnk-
infected cases was observed in the adherent cells, especially in
the endothelial cell-like cells (Fig. 2A). These results indicate
that retrovirally expressed Lnk has no influence on the growth
or survival of the adherent cells in the AGM culture. Five days
after infection, nonadherent cells in the AGM cultures were
analyzed by flow cytometry with monoclonal antibodies against
CD45, which is a marker of hematopoietic cells except for
erythrocytes. As shown in Fig. 2B, overexpression of Lnk re-
sulted in a dramatic reduction in CD45-positive cells. The
percentage of CD45� GFP� cells to total GFP� cells in the
Lnk-infected culture was only 4.3%, which was in marked
contrast to that in the vehicle-infected culture (57.8%) (Fig.
2C). This result implies an inhibitory function of Lnk for he-
matopoietic differentiation in the AGM cultures.

Next, to further examine the effects of Lnk on AGM hema-
topoiesis, lineage marker-negative cells were isolated from the
nonadherent cells in AGM cultures by negative selection and
stained with c-Kit and Sca-1 antibodies. It has been reported

FIG. 1. Expression of Lnk in the AGM region. (A) Total RNAs
were extracted from E9.5, 11.5, and 14.5 aorta, E14.5 fetal liver, and
adult mouse muscle and then subjected to RT-PCR with specific prim-
ers for Lnk. (B) Tissue sections of E11.5 embryos were stained with
control IgG antibody, anti-Lnk polyclonal antibody, and anti-CD34
monoclonal antibody. The lower panel shows a higher magnification
view of endothelial cells. Endothelial cells lining the dorsal aorta are
stained with anti-Lnk antibody. G3PDH, glyceraldehyde-3-phosphate
dehydrogenase.

FIG. 2. Inhibition of hematopoietic differentiation by Lnk in cul-
tured AGM cells. (A) E11.5 AGM cells were cultured with SCF (100
ng/ml), bFGF (1 ng/ml), and OSM (10 ng/ml). On day 2 of culture,
cells were infected with GFP and/or Lnk retrovirus. On day 7 of
culture, adherent cells in the vehicle- and Lnk-infected AGM cultures
showed normal proliferation, and no significant difference in the num-
ber of the GFP� adherent cells between these cultures was observed.
(B) On day 7 of culture, nonadherent cells were stained with anti-
CD45 antibody, and 104 cells were analyzed by flow cytometry. Rep-
resentative plots of four independent experiments are shown. (C) The
percentage of the CD45� cells in the GFP� cells was determined.
Error bars indicate the standard error of the mean (n 
 4).
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that Lin� c-Kit� Sca-1� cells contain most of the long-term
multilineage reconstituting activities in the murine bone mar-
row. As shown in Fig. 3, the Lin� c-Kit� Sca-1� GFP� cell
fraction was markedly decreased in the Lnk-infected AGM
cultures. The percentages of nonadherent cells that expressed

c-Kit in the GFP-positive cells were 1.3% of Lnk-infected cells
and 31.7% of vehicle-infected cells (Fig. 3B), suggesting that
Lnk inhibits the appearance of c-Kit� cells.

Furthermore, the colony-forming activity of nonadherent
cells from the AGM culture was assayed in methylcellulose
medium containing SCF, IL-3, and EPO. The Lnk-expressing
nonadherent cells derived from the AGM cultures were unable
to form colonies containing granulocytes, macrophages, and
erythrocytes (Table 1). These results indicate that Lnk has a
role in the negative regulation of hematopoiesis in the AGM,
at least in culture.

Essential role for the SH2 domain of Lnk in hematopoietic
differentiation in AGM culture. To determine the region im-
portant for the inhibitory activity of Lnk, we constructed a
series of point and deletion mutants of Lnk: a mutant (Y536F)
with a substitution of Phe for Tyr536 which is phosphorylated in
response to SCF stimulation (39); a mutant (R346E) with a
substitution of Glu for the conserved Arg in the SH2 domain
which is known to abolish binding to a phosphotyrosine-con-
taining target; and mutants devoid of the N-terminal region
(�N), the pleckstrin homology domain (�PH), and the C-
terminal half (N-PH). As shown in Fig. 4, R364E and N-PH
did not work as inhibitors of hematopoiesis. These data suggest
that the SH2 domain of Lnk is essential for inhibition of he-
matopoiesis in the AGM culture.

It has been shown that Lnk is associated with the SCF
receptor c-Kit (39). To examine the molecular mechanism of
interaction between Lnk and c-Kit, we expressed wild-type
Lnk, R364E mutant, and c-Kit proteins in the AGM culture.
SCF stimulation induced the association between Lnk and
c-Kit in the AGM culture, and the R364E substitution resulted
in a loss of their interaction (Fig. 5). Thus, the cytoplasmic
region of c-Kit likely conforms to the binding site of the SH2
domain of Lnk in the intermolecular interaction, which raises
the possibility that hematopoiesis in the AGM culture was
blocked by the inhibition of the c-Kit signal caused by the
interaction of Lnk.

Effect of Lnk on SCF, bFGF, and OSM signaling. We have
previously shown that a stable transfectant of Lnk attenuated
activation of mitogen-activated protein kinase as detected by
phosphorylation of Erk upon stimulation with SCF (39). To
evaluate the functional role of Lnk in SCF-, bFGF-, and OSM-
induced signaling, we examined the effect of Lnk on the acti-
vation of Elk-1, one of the nuclear targets of Erk, reporter
activity with 293 cells. 293 cells transfected with an Elk-1 re-
porter were used for this experiment. Since 293 cells do not
express OSM receptors but express gp130, the signal transduc-

FIG. 3. Lnk-driven inhibition of the appearance of c-Kit on cul-
tured AGM cells. (A) E11.5 AGM cells were cultured with SCF,
bFGF, and OSM. On day 2 of culture, cells were infected with GFP or
Lnk retrovirus. On day 7 of culture, Lin� cells were separated from
nonadherent cells with magnetic microbeads. Purified cells were
stained with anti-c-Kit and Sca-1 antibodies and analyzed by flow
cytometry. In each flow cytometric profile, 3 	 103 (total cells, upper
three panels) or 5 	 102 (GFP� cells, lower two panels) events are
recorded. (B) The percentage of c-Kit� and Sca-1� cells in the 5 	 102

GFP� cells was determined. Error bars indicate the standard error of
the mean (n 
 5).

TABLE 1. Colony-forming activities in AGM-derived nonadherent cells in culturea

Cell source for
colony assay Infection

No. of colonies per 105 nonadherent cells

CFU-G CFU-M CFU-GM CFU-E CFU-Mix

GFP� cells Mock 9.8 � 5.3 58.0 � 2.3 1.8 � 1.0 0.0 � 0.0 0.7 � 0.3
Lnk 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0

GFP�/� cells Mock 85.9 � 7.2 605.3 � 8.9 16.8 � 2.3 11.3 � 4.5 8.5 � 3.3
Lnk 109.0 � 7.2 699.3 � 10.0 20.3 � 1.8 5.5 � 6.1 5.5 � 2.8

a Nonadherent cells expanded in the retrovirus-infected AGM cultures were inoculated in methylcellulose medium containing SCF (100 ng/ml), IL-3 (20 ng/ml), and
EPO (4U/ml). Colonies were scored at 7 days of culture. Colony types: G, granulocyte; M, macrophage; GM, granulocyte and macrophage; E, erythrocyte; Mix,
graneulocyte, macrophage, erythrocyte, and megakaryocyte. Results represent the mean � standard error of triplicate samples.
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ing receptor component of the OSM receptor complex, IL-6/
sIL-6R fusion protein was used in place of OSM because
IL-6/sIL-6R is known to stimulate gp130. It should be noted
that IL-6/sIL-6R and OSM have similar biological effects on
the AGM culture (42).

First, the 50% effective concentrations of the cytokines SCF,
bFGF, and IL-6/sIL-6R for Elk-1 reporter activity were deter-
mined by dose-response studies: SCF, 20 ng/ml; bFGF, 1 ng/

ml; and IL-6/sIL-6R, 20 ng/ml (data not shown). The effect of
Lnk was examined in the AGM culture with either SCF, bFGF,
or IL-6/sIL-6R at concentrations of 20, 1, and 20 ng/ml, re-
spectively. As shown in Fig. 6, Lnk dose-dependently inhibited
SCF-induced Elk-1 activation. In contrast, Lnk did not signif-
icantly affect bFGF- and IL-6/sIL-6R-induced Elk-1 activation
(Fig. 6). These results suggest that Lnk selectively inhibited the
SCF-induced Erk pathway activation.

Ability of Lnk family proteins, APS and SH2-B isoforms, to
inhibit hematopoietic differentiation in cultured AGM cells.
We examined the effects of the Lnk family proteins APS and
SH2-B splicing variants on hematopoietic differentiation in
cultured AGM cells. We first analyzed Lnk family protein
expression in the AGM region at E11.5 by RT-PCR. As shown
in Fig. 7A, transcripts for APS and a common part of the
SH2-B splicing variants were observed in the AGM region at
E11.5. Next, to investigate functional differences in the inhib-
itory activities of Lnk family proteins, we expressed Lnk, APS,
and SH2-B isoforms (�, �, and �) with retroviruses in AGM
cultures (Fig. 7B). Overexpression of either APS or SH2-B
isoforms could not inhibit the proliferation of the CD45� cells,
indicating that the inhibitory effect of Lnk on the AGM-cul-
tured cells was not generally applicable to other Lnk family
proteins (Fig. 7C and D). Furthermore, we examined SCF-
mediated interaction between Lnk family proteins and c-Kit in
the AGM culture. Lnk bound strongly to c-Kit in the presence
of SCF, but no other family members showed significant bind-
ing (Fig. 7E). Based on these observations, it seems that Lnk is
highly effective in regulating hematopoiesis in AGM cells.

Role of Lnk in AGM hematopoiesis. In light of these results
obtained from the Lnk overexpression experiments, we exam-
ined the effect of Lnk deficiency on embryonic hematopoiesis
with AGM cells from E11.5 Lnk �/� and Lnk �/� littermates.
As shown in Fig. 8A, a larger number of nonadherent cells
were observed in Lnk �/� AGM cultures than in Lnk�/� cul-
tures, while the expansion of adherent cells in Lnk �/� cultures
was comparable to that in Lnk�/� cultures. Moreover, flow
cytometric analysis showed that the expression of CD45 in-
creased in nonadherent cells from Lnk �/� AGM cultures (Fig.
8B). The numbers of CD45� nonadherent cells in each well

FIG. 4. Ability of various Lnk mutants to inhibit hematopoietic
differentiation in cultured AGM cells. (A) The structures of the Lnk
mutants are represented schematically. (B) E11.5 AGM cells were
cultured with SCF (100 ng/ml), bFGF (1 ng/ml), and OSM (10 ng/ml).
On day 2 of culture, cells were infected with retrovirus encoding GFP
and/or Lnk mutants. On day 7 of culture, nonadherent cells were
stained with anti-CD45 antibody, and 104 cells were analyzed by flow
cytometry. (C) The percentages of CD45� cells among the Lnk mu-
tant-expressing GFP� cells were determined. These data were normal-
ized to the value in the mock culture which was set at 100%. Error bars
indicate the standard error of the mean (n 
 4).

FIG. 5. Requirement of the SH2 domain of Lnk for interaction
with c-Kit in cultured AGM cells. (A and B) Cultured AGM cells were
infected with retroviruses encoding either Flag-tagged Lnk or Lnk-
R364E together with a retrovirus encoding c-Kit. The cells were stim-
ulated with SCF (100 ng/ml) for 20 min. Cell extracts were subjected to
immunoprecipitation with anti-Flag antibody (A) and anti-c-Kit anti-
body (B). Precipitates or lysates were separated by SDS-PAGE and
analyzed by immunoblotting with anti-c-Kit antibody (A) and anti-Flag
antibody (B). The expression of Lnk and c-Kit was monitored.
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and that in each embryo were both greater in Lnk �/� than in
Lnk�/� mice (Fig. 8C).

Furthermore, the emergence of colony-forming activities of
nonadherent cells was examined in the in vitro AGM culture.
The frequency of nonadherent cells forming a colony in Lnk
�/� mice was approximately twofold higher than that in
Lnk�/� mice (Table 2). These results indicate that the AGM
region of E11.5 Lnk�/� mice had a higher capacity to differ-
entiate into hematopoietic cells than did that of Lnk�/� mice.
To examine the ability of AGM cells with Lnk deficiency to
form hematopoietic colonies, we performed the same experi-
ments with the exception of omitting the 7-day culture. In
contrast to the primary AGM cells of heterozygous littermates
(Lnk�/�), those of homozygous mice (Lnk�/�) showed in-
creased capability for colony formation (Table 3). The data

suggest a negative regulatory role of Lnk in AGM hematopoi-
esis in vivo.

DISCUSSION

In the present study, Lnk was shown to function as a nega-
tive regulator of the development of hematopoiesis in the
AGM region during mouse embryogenesis. We demonstrated
that Lnk had inhibitory effects on hematopoietic differentia-
tion in the AGM culture and colony-forming ability and that
these inhibitory effects of Lnk were mediated by the binding of
the Lnk SH2 domain to the phosphorylated c-Kit receptor.

Cultured AGM cells derived from E11.5 mouse embryos
retain many of the characteristics of in vivo hematopoiesis at
this stage. In this culture system, endothelial cell-like cells,
including hemangioblasts, are thought to expand and subse-
quently generate nonadherent hematopoietic progenitors
(Lin� c-Kit� Sca-1�) and then CD45� hematopoietic cells.
Finally, these nonadherent cells display the morphology and
markers of specific lineages. From our results, the introduction
of a retrovirus encoding Lnk-IRES-GFP into endothelial cell-
like cells decreased the number of cells expressing c-Kit and
CD45. The proliferation of GFP� adherent cells in the AGM
culture was unaffected by introduction of Lnk compared to
that in the vehicle-infected cells (Fig. 2A), and expression of
Flag-tagged Lnk in the AGM culture was confirmed by immu-
noblotting analysis (Fig. 5).

Recently, Ly-6A, a component of Sca-1 protein in mice, was
shown to be expressed in the single cell layer lining the dorsal
aorta at E11.5 (5), while c-Kit expression is found in the ventral
wall of the dorsal aorta and hematopoietic cell clusters, which
attach to the ventral wall of the dorsal aorta. The expression
pattern of Runx1/AML-1 in the endothelial cells of the dorsal
aorta at E11.5 shows similarity with that of c-Kit, while the
clusters of CD45� cells are also present on the ventral side
(26). Considering the expression patterns of these molecules,
endothelial cells in the midgestation mouse aorta are sug-
gested to have long-term reconstitution activities. c-Kit� cells
are observed in all hematopoietic stem cells in the AGM re-
gion (38). We demonstrated that Lnk was expressed in the
endothelial cells lining the dorsal aorta (Fig. 1B), and the
introduction of Lnk significantly reduced the number of c-Kit-
positive cells (Fig. 3), suggesting that Lnk inhibited the differ-
entiation of endothelial cells (hemangioblasts) into hematopoi-
etic progenitors and lineage-committed cells.

In the previous studies, AGM cultures from transcriptional
factor c-Myb or Runx1 null embryos, which die at E15.5 and
E12.5, respectively, have not produced hematopoietic cells (21,
22). In op/op mice with defective macrophage colony-stimulat-
ing factor, the expansion of hematopoietic progenitors and the
reduction in the expression of endothelial markers were ob-
served in the AGM culture (17). Mice deficient for Lnk are
born normally and show no developmental abnormalities in
appearance (38) but had an enhanced colony-forming ability of
the primary AGM cells at E11.5, as well as that for nonadher-
ent cells from cultured AGM cells (Tables 2 and 3) and exhib-
ited an increase in the number of hematopoietic progenitors
(Lin� c-Kit� Sca-1�) in the adult bone marrow (39).

Our data raise a couple of possibilities for the precise phys-
iological function of Lnk in AGM hematopoiesis: a modulation

FIG. 6. Effect of Lnk on SCF-, bFGF-, and IL-6/sIL-6R-induced
Elk-1 reporter activity. 293 cells were transfected with an Elk-1 re-
porter plasmid and the indicated amounts of Lnk plasmid. In the
experiment with SCF, the c-Kit plasmid was also used. The cells were
stimulated on the following day with either SCF (20 ng/ml), bFGF (1
ng/ml), or IL-6/sIL-6R (20 ng/ml) for 6 h, and luciferase activities in
the cell lysates were measured.
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FIG. 8. Induction of hematopoietic differentiation in the Lnk�/�

AGM culture. (A) Dynamic expansion of nonadherent cells from the
Lnk�/� AGM culture. E11.5 AGM cells from Lnk�/� and Lnk�/�

littermates were plated on gelatin-coated 24-well plates at a density of
1.5 	 105 per well with cytokines as described above. The proliferation
rates of the adherent cells in the Lnk�/� and Lnk�/� cultures were
comparable. After 7 days of culture, nonadherent cells were generated
and counted. (B) Flow cytometric profiles of the nonadherent cells
(104 cells) from the AGM culture stained with anti-CD45 antibody.
(C) The numbers of CD45� nonadherent cells in each well (left) or
each embryo (right) were determined by the percentages of CD45�

cells in the nonadherent cells. Error bars indicate the standard error of
the mean (n 
 3).

FIG. 7. Ability of Lnk family proteins to inhibit hematopoietic dif-
ferentiation in cultured AGM cells. (A) Expression of Lnk family
proteins in the AGM region. Total RNAs were extracted from E11.5
aorta and subjected to RT-PCR with specific primers for each indi-
cated molecule. (B) The structures of Lnk, APS, and SH2-B splicing
variants (SH2-B �, �, and �) are represented schematically. (C) E11.5
AGM cells were cultured with cytokines as described above. On day 2
of culture, cells were infected with retroviruses encoding GFP or Lnk
family proteins. On day 7 of culture, nonadherent cells were stained
with anti-CD45 antibody, and 104 cells were analyzed by flow cytom-
etry. (D) The percentage of CD45� cells in the GFP� cells was deter-
mined. Error bars indicate the standard error of the mean (n 
 3).
(E) Flag-tagged Lnk family proteins were transfected into cultured
AGM cells with a retrovirus carrying c-Kit. Cells were stimulated with
SCF (100 ng/ml) for 20 min. Cell extracts were subjected to immuno-
precipitation with anti-Flag antibody. Precipitates or lysates were sep-
arated by SDS-PAGE and analyzed by immunoblotting with anti-c-Kit
antibody. The expression of Lnk and c-Kit was monitored.
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of the timing of hematopoietic differentiation from the AGM
regions by controlling SCF/c-Kit signaling and negative regu-
lation of SCF/c-Kit signaling at the time of the movement of a
site of definitive hematopoiesis from the AGM region to the
fetal liver. Further studies regarding the molecular mecha-
nisms of transcriptional regulation and these functions of Lnk
should better clarify hematopoiesis during embryonic develop-
ment.

We consider that Lnk acts through the c-Kit receptor to
regulate the growth and differentiation of hematopoietic cells.
Mukoyama et al. have shown that OSM is required for the
development of hematopoietic progenitors in the AGM cul-
ture in the presence of SCF and bFGF (22). When cultured in
serum-free medium with cytokine, E11.5 AGM cells were able
to expand and differentiate into hematopoietic progenitor cells
(data not shown). In serum-free culture, the nonadherent cells
were sufficiently generated by the addition of only SCF, com-
pared with those given SCF, bFGF, and OSM. This result
indicates that the SCF/c-Kit signaling pathway is essential for
the growth and differentiation of hematopoiesis in the AGM
culture. Moreover, Lnk selectively inhibited the SCF signaling
pathway, at least in 293 cells (Fig. 6). It is most likely that the
overexpression of Lnk eventually led to the inhibition of the
SCF/c-Kit signaling pathway in the AGM culture.

Lnk is an adaptor protein containing some functional re-
gions or domains: the N-terminal putative multimerization re-
gion, the pleckstrin homology domain involved in interaction
with phospholipids or other proteins, the SH2 domain capable
of binding to phosphotyrosine residues, and the tyrosine 536
residue subjected to phosphorylation upon SCF stimulation
(32, 39). As shown in the overexpression experiment with a
series of Lnk mutants in the AGM culture, the SH2 domain of

Lnk was a prerequisite for inhibition of the generation of
CD45� nonadherent cells (Fig. 4). In addition, the SH2 do-
main of Lnk was involved in the interaction with c-Kit recep-
tors (Fig. 5), suggesting that SCF-induced signaling might be
inhibited by Lnk via the SH2 domain. SCF-induced tyrosine
phosphorylation of c-Kit receptors generates the binding site
for signal-transducing proteins, for example, Grb2, the p85
subunits of phosphatidylinositol 3-kinase, phospholipase C-�1,
and Src kinase, and consequently leads to proliferation, sur-
vival, calcium mobilization, cell migration, and differentiation
(2, 14, 43). The mitogen-activated protein kinase and phospha-
tidylinositol 3-kinase pathways are known to be initiated by
SCF stimulation. Expansion of nonadherent cells from AGM
cultures was dose-dependently inhibited by the mitogen-acti-
vated protein kinase/ERK kinase inhibitor U0126 (I. Nobuhisa
and T. Taga, unpublished data). A recent study has shown that
a stable transformant of Lnk attenuates phosphorylation of
Gab2 and activation of the mitogen-activated protein kinase
pathway with an SCF-dependent mast cell line, MC9 (39). In
present study, Lnk suppressed SCF-induced Erk activation
(Fig. 6). Moreover, the SCF-induced phosphorylation levels of
ERK and Akt (downstream of phosphatidylinositol 3-kinase)
are reduced in Gab2�/� mast cells (24). These observations
raise the possibility that Lnk blocks mitogen-activated protein
kinase and phosphatidylinositol 3-kinase pathways by associat-
ing with c-Kit receptors.

Lnk is a member of the Lnk protein family including, for
example, APS and SH2-B isoforms. Functional specificity is
observed in Lnk family protein-deficient mice. Lnk-deficient
mice exhibit a significant increase in the number of hemato-
poietic progenitors in the adult bone marrow (39, 40). In SH2-
B-deficient mice, the numbers of follicles and sperms are both
reduced compared with the wild type, resulting in small genital
organs, ovaries, and testes (30). Among the Lnk family pro-
teins, Lnk and APS have previously been reported to bind to
c-Kit upon stimulation with SCF (9, 39, 46). Here we demon-
strated that Lnk had inhibitory effects on AGM hematopoiesis
but that APS and SH2-B did not, and, moreover, that a strong
interaction of the SH2 domain of Lnk with c-Kit was observed
in AGM culture. These results indicate that Lnk, but not APS
or SH2-B, regulates AGM hematopoiesis.

c-Myb and Runx1 are known to play a positive regulatory
role in the emergence of hematopoietic cells in the AGM
culture (20, 21), whereas Lnk is revealed to function as a
negative regulator in the present study. Since retrovirally ex-
pressed Lnk inhibited the appearance of GFP� CD45� cells in
the AGM culture, the expression and/or transcriptional activity
of c-Myb and Runx1 might be affected by Lnk. Negative reg-
ulators of cytokine signaling are most likely to modulate the
amount or functional properties of transcription factors that
are essential for AGM hematopoiesis.
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TABLE 2. Colony-forming activities in AGM-derived nonadherent
cell culture in Lnk-deficient micea

Cell source for
colony assay

No. of colonies per 2 	 105 nonadherent cells

CFU-G CFU-M CFU-GM CFU-E CFU-Mix

Lnk�/� cells 9.0 � 2.6 51.3 � 1.2 1.0 � 0.0 0.7 � 0.6 0.3 � 0.6
Lnk�/� cells 21.3 � 5.7 105.3 � 8.1 1.7 � 0.6 1.0 � 1.0 0.3 � 0.6

a Nonadherent cells expanded in the AGM cultures of Lnk-deficient mice were
inoculated in methylcellulose medium containing SCF (100 ng/ml), IL-3 (20
ng/ml), and EPO (4 U/ml). Colonies were scored at 7 days of culture. Colony
types: G, granulocyte; M, macrophage; GM, granulocyte and macrophage; E,
erythrocyte; Mix, graneulocyte, macrophage, erythrocyte, and megakaryocyte.
Results represent the mean � standard error of triplicate samples.

TABLE 3. Colony-forming activities in primary E11.5 aorta cells in
Lnk-deficient micea

Cell source
for colony

assay

No. of colonies per 2 	 105 primary E11.5 aorta cells

CFU-G CFU-M CFU-GM CFU-E CFU-Mix

Lnk�/� 22.5 � 4.7 107.3 � 17.6 3.5 � 2.1 2.3 � 1.0 14.8 � 3.0
Lnk�/� 58.5 � 13.8 175.5 � 25.1 6.3 � 3.0 2.5 � 1.0 20.8 � 3.6

a Primary E11.5 aorta cells from Lnk�/� and Lnk�/� littermates were inocu-
lated in methylcellulose medium containing SCF (100 ng/ml), IL-3 (20 ng/ml),
and EPO (4 U/ml). Colonies were scored at 7 days of culture. Colony types: G,
granulocyte; M, macrophage; GM, granulocyte and macrophage; E, erythrocyte;
Mix, graneulocyte, macrophage, erythrocyte, and megakaryocyte. Results repre-
sent the mean � standard error of quadruplicate samples.
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Unit,” the Human Frontier Science Program, and the Virtual Re-
search Institute of Aging of Nippon Boehringer Ingelheim.
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