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Abstract

As in many other animals, the primordial germ cells (PGCs) in avian and reptile embryos are specified in positions distinct from the positions
where they differentiate into sperm and egg. Unlike in other organism however, in these embryos, the PGCs use the vascular system as a vehicle
to transport them to the region of the gonad where they exit the blood vessels and reach their target. To determine the molecular mechanisms
governing PGC migration in these species, we have investigated the role of the chemokine stromal cell-derived factor-1 (SDF-1/CXCL12) in
guiding the cells towards their target in the chick embryo. We show that sdf~1 mRNA is expressed in locations where PGCs are found and towards
which they migrate at the time they leave the blood vessels. Ectopically expressed chicken SDF-1a led to accumulation of PGCs at those
positions. This analysis, as well as analysis of gene expression and PGC behavior in the mouse embryo, suggest that in both organisms, SDF-1
functions during the second phase of PGC migration, and not at earlier phases. These findings suggest that SDF-1 is required for the PGCs to
execute the final migration steps as they transmigrate through the blood vessel endothelium of the chick or the gut epithelium of the mouse.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

Cell migration plays a central role in a wide variety of
biological processes such as development, tissue repair and
disease. These processes rely on directed cell migration
along and through cell layers and epithelia (e.g. (Butcher et
al., 1999; Springer, 1994; Starz-Gaiano and Lehmann,
2001)). The chemokine stromal cell-derived factor 1
(SDF-1/CXCL12), the ligand of CXCR4, is involved in
providing cells with directional cues as well as in control-
ling proliferation and differentiation (Horuk, 2001; Lazarini
et al., 2003). SDF-1 is an efficacious chemoattractant for
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lymphocytes, monocytes and CD34-expressing hemato-
poietic progenitor cells (Aiuti et al., 1997; Bleul et al.,
1996; Kim and Broxmeyer, 1998). Analysis of mice in
which SDF-1 or CXCR4 were knocked out showed that the
signaling pathway activated by these molecules controls B-
cell lymphopoiesis and bone marrow myelopoiesis (Ma et
al., 1998; Nagasawa et al., 1996), vascularization of the
gastrointestinal tract (Tachibana et al., 1998) and cerebellar
neuronal cell migration (Zhu et al., 2002; Zou et al., 1998).
In addition to regulating organogenesis and homeostatic
processes, SDF-1 and CXCR4 have been shown to be
involved in the pathogenesis of tumors and metastasis
(Muller et al., 2001; Staller et al., 2003; Zeelenberg et al.,
2003), as well as in infectious and inflammatory processes
(Abi-Younes et al., 2000; Buckley et al., 2000; Feng et al.,
1996; Gonzalo et al., 2000; Hernandez et al., 2003).
Recent work has shown that the G-protein-coupled
receptor CXCR4b (Doitsidou et al., 2002; Knaut et al.,
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2003) and its ligand SDF-1a (Doitsidou et al., 2002) provide
zebrafish primordial germ cells (PGCs) with directional cues
in the course of their migration towards the gonad. In mice
too, colonization of the gonad by germ cells is impaired in
animals lacking functional SDF-1 or CXCR4 (Ara et al.,
2003; Molyneaux et al., 2003). The role of SDF-1 signaling
in germ cell migration in avians is of particular interest since
the migratory route of PGCs is different from those of fish
and mice (Niewkoop and Sutasurya, 1979). In the chick
embryo, germ cells are specified in the epiblast in the central
zone of the area pellucida. From this position, the cells are
translocated to the anterior extraembryonic region called the
germinal crescent where they incorporate into the forming
extraembryonic vascular network [stages 8—10 according to
Hamburger and Hamilton (1951) (HH 8-10)] and start to
circulate within the blood stream (stage HH 11) (Ginsburg
and Eyal-Giladi, 1987; Tsunckawa et al., 2000). Later in
development, germ cells leave the vascular system and
migrate into the region of the future gonad (HH 15-29)
(reviewed by Niewkoop and Sutasurya, 1979). The migra-
tion path of PGCs in the chick is strikingly similar to the
route taken by leukocytes during normal development and
in response to an immune challenge as well as to the route
followed by metastatic cells on their way to form secondary
tumors. In all of those cases, the vascular system serves as a
vehicle to transport the cells to distant locations and migra-
tion through the vessel wall takes place in the vicinity of the
target tissue. We therefore sought to determine whether
SDF-1 might play a role in guiding PGC migration in the
chick. Here, we provide evidence suggesting that SDF-1a
regulates germ cell migration in the chick embryo at the
time of extravasation from the vascular system and in the
following steps of migration towards the prospective gonad.

Materials and methods

Cloning of chicken SDF-1o. and SDF-1f and amino-acid
sequence alignment

The chicken SDF-la (GenBank accession number
AY429472) and SDF-1p (GenBank accession number
AY429473) were identified based on their homology to
the mouse SDF-1 protein. The full-length sequences were
determined by 5’ rapid amplification of cDNA ends
(RACE). Amino acid sequence alignment of SDF-1 from
chicken, mouse, rat, human, frog and zebrafish was per-
formed using ClustalW (Thompson, 1994). The signal
peptide of chicken SDF-la and SDF-1p was predicted
using a signal sequence detecting algorithm (von Heijne,
1986).

Construction of expression vectors

The chicken SDF-1a and SDF-13 were subcloned into
pcDNA 3.1(—) after being amplified using the primers 5’ -

GCTCTAGAATGGACCTCCGCGCC-3" and 5 -CC-
CAAGCTTCCTTACTTGTTTAATGCTTTCTCCAG-3’
for SDF-1a and 5 -GCTCTAGAATGGACCTCCGCGCC-
3 and 5 -GGAATTCGCTTACAATGCTTGCCTCTTA-3’
for SDF-1p.

Electroporation and whole embryo culture

Stage HH 4 and HH 10 chick (Hamburger and Hamil-
ton, 1951) embryos (White Leghorn) were electroporated
as previously described (Endo et al., 2002) and cultivated
in Early-Chick (EC)-whole embryo culture (Chapman et
al., 2001) at 38°C until stage HH 17 when they were
imaged (on average, approximately 15% of tissue ex-
pressed GFP) and analyzed following in situ hybridization.
CMV-SDF-1a 2.5 pg/pl) was co-injected with CMV-GFP
2.5 ng/ul) or as control only CMV-GFP 5 pg/ul) alone
between the blastoderm and the vitelline membrane. The
DNA was electroporated using three pulses of 7 V for 25
ms within 200 ms (using Electro Square Porator ECM 830,
Btx Inc.).

Cell culture, transfection and implantation

Cos 7 cells were co-transfected with either CMV-SDF-
la and CMV-GFP or CMV-SDF-1p and CMV-GFP using
Lipofectamine2000 (Gibco-BRL) according to manufactur-
er’s instructions. As a control, the same total DNA
amount of CMV-GFP was used. Twenty-four hours after
transfection, an aggregate of transfected Cos 7 cells was
grafted between ectoderm and endoderm into embryonic
and extra embryonic tissues at different anterior—posterior
positions of stage HH 4 or HH 10 chicken embryos.
Chicken embryos were cultured in Early-Chick (EC)-whole
embryo culture (Chapman et al., 2001) either up to stage
HH 10 or HH 17, imaged and analyzed after in situ
hybridization.

Whole mount in situ hybridization and histology

Mouse and chicken in situ hybridization were per-
formed as previously described (Knoetgen et al., 1999;
Wilkinson, 1992). In situ hybridization probes were syn-
thesized using a PCR amplified template containing only
the sequence of the probe and polymerase promoter. The
following probes were used for whole mount in situ
hybridization analysis: mouse Stella (Saitou et al., 2002),
mouse SDF-la and SDF-1p (Nagasawa et al., 1996),
chicken CVH (Tsunekawa et al., 2000), chicken dead
end (Weidinger et al., 2003), chicken SDF-1 (this work;
discrimination between SDF-1a and SDF-13 RNA expres-
sion pattern was technically not possible presumably due to
the small size of the splice specific probes) and chicken
CXCR4 (Liang et al., 2001). Stained embryos were dehy-
drated, embedded in Paraplast Plus (Sherwood medicals)
and sectioned (8 pum).
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Mouse organ culture and time lapse

Transverse slices from the hindgut regions of hetero-
zygous Oct4APE:GFP transgenic mouse embryos express-
ing GFP in the germ cell lineage were cultured and filmed as
previously described (Molyneaux et al., 2003). Images for
time lapse were captured every 7 min starting at E 9.5.

Results
Identification of chicken SDF-1

Avian and reptile primordial germ cells (PGCs) are
transported by the vascular system to the region of the
gonad where they exit the blood vessels and migrate into the
genital ridge. The mechanisms that direct the PGCs along
this route are largely unknown. Considering recent evidence
implicating SDF-1 signaling in guiding germ cell migration
in zebrafish (Doitsidou et al., 2002), SDF-1 is a good
candidate molecule for providing PGCs with directional
cues in these organisms. To investigate this point, we cloned
the chick SDF-1 ¢cDNA and identified two transcripts, which
were termed SDF-1a and SDF-1B . These two transcripts
are identical except for the C-terminal domain in which the
p form is 42 amino acids longer. SDF-1 amino acid
sequence alignment of chicken, mouse, rat, human, Xenopus
laevis and zebrafish shows extensive conservation of the
chick SDF-1 with its mammalian counterparts (Fig. 1A and

A Signal peptide

supplementary data S1A). For example, the chicken SDF-
la protein is 90% identical to the mature mouse SDF-1la
(identical residues in respect to chicken SDF-1a are indi-
cated in black). Six residues that are essential for binding to
glycosaminoglycans (i.e. Lys' Lys®*, His*, Lys®’, Arg*',
Lys*) (Fig. 1A, arrowheads) (Amara et al., 1999; Sadir et
al., 2001) as well as the R"’FFESH (Arg'?PhePheGluSer-
His) motif (Fig. 1A, stars), proposed to be an important
initial docking site of mouse SDF-1 with its receptor
(Crump et al., 1997), are identical except His'’ which is
replaced by a similar amino acid Asn. The chicken SDF-1p
protein is more similar in length to the recently cloned rat
SDF-1vy for which a function has not been assigned yet
(Gleichmann et al., 2000). The similarity between the mouse
and the chick proteins at the primary sequence level can be
extended by way of calculation to imply conservation at the
level of the tertiary structures (supplementary data S1B).

Chick SDF-1 is expressed in positions where PGCs are
found during the last stages of their migration

To determine whether SDF-1 and CXCR4 play a role in
chicken PGC migration, we examined the expression of the
chicken SDF-1 and CXCR4 RNAs relative to the position of
the PGCs at different stages. The PGCs were detected by
employing a cocktail of the chick vasa (cvh) and dead end
(dnd) probes, while SDF-1 was detected using a probe
recognizing both the o and the § forms (see Materials and
methods). At stage HH 6, SDF-1 is expressed in the posterior

Xk ok k k¥ Yy Vv vV Vv

chSDFla PVSLytYRCPCRFFESNVARANIKHLKILSTPNCSLQIVARLKS
chSDF18 PVSLi\YRCPCRFFESNVARANIKHLKILSTPNCSLQIVARLKS
mSDFla KPVSLEYRCPCRFFESSIARANY/KHLK I PNCHLQIVARLKE
mSDF1f : A\YLA A KPVSLSYRCPCRFFES! RAN‘KHLKI PNCHLQIVARLKN
rSDF1o, KPVSLEYRCPCRFFES;VARANYKHLKI PNCRLQIVARLKS
rSDF1f KPVSLSYRCPCRFFES;VARANyKHLKILYTPNCIALQIVARLKS
rSDF1ly ! AVLE ! KPVSLEYRCPCRFFES);VARAN/KHLKI PNCHLQIVARLKS
hSDFla A KPVSLEYRCPCRFFES) RAN‘KHLKI PNCE: QIVARLKE
hsSDF1f KPVSLSYRCPCRFFES)VARANJjKHLKI L TPNC,\LOIVARLK)
XSDF1 IKHLKILSTENCSLOIVARLKY
zSDFla ITPNCIZFOVAIA L'—H
zSDF1b SN
chSDFla 89
chSDF1f  [Fi{0/eharl3 s Balade)od'a R A9V AN P RHRTHKKKQOKKRGPLCPSRATPLKSPGRKNGGSRCKRQAL 131
mSDF1la JOVCIDPKLKWIQEYLEKALNK 89
mSDF1B 10 0VC IDPKLKWIQEYLEKALNK):IAS 93
PRI STV i OVC IDPKLKWIQEY N 89
rSDF1f 1510VCIDPKLKWIQEY ) UURLKM 93
rSDF1y I USOVCIDPKLKWIQEY )W HGREEKVGKKKEKIGKKKROKKRKAAQKKKN 119
Y37 N RV AN \1: 'OV C I DPKLKWIQEYLEKALNK] 89
hSDF1f N'OVCIDPKLKWIQEYLEKALN1RFKM 93
xSDF1 94
zSDFla KAQQQOQV 99
zSDF1b VLT KKKRSE 97

Fig. 1. (A) SDF-1 amino acid sequence alignment of chicken (chSDF1a and chSDF1p), mouse (mSDF 1o and mSDF1p), rat (rfSDF Lo, rSDF1 and rSDF 1),
human (hSDFla and hSDF1p), Xenopus laevis (xSDF1) and zebrafish (zSDF1a and zSDF1b) shows extensive conservation of the chick SDF-1a with its
mammalian counterparts including essential residues for binding to CXCR4 and glycosaminoglycans (identical residues in respect to chicken SDF-la are

indicated in black).
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region of the ectoderm and mesoderm (Figs. 2K and P) but
not in the hypoblast of the germinal crescent, the site where
most PGCs are located (Figs. 2A and F). Later in develop-
ment, during the first phases of somitogenesis, the PGCs
migrate out of the hypoblast and enter the developing
vascular network (Figs. 2F and G, arrowheads). At this stage,
a few PGCs are frequently found in the developing head (data
not shown). As the heart starts to beat (HH 11), PGCs are
transported passively by the blood stream and are distributed
throughout the entire vascular network (Niewkoop and Suta-

surya, 1979). Finally, between embryonic stage HH 15 and
HH 23, PGCs start to transmigrate the vascular endothelium
and migrate within the lateral plate mesoderm (Ipm) towards
the genital ridge (Figs. 2C—E and H-J).

Analysis of the spatiotemporal expression of sdf-1
revealed a strong correlation between sdf-1 expression
domains and the position of the PGCs during these devel-
opmental stages. During HH 8—10, SDF-1 expression
becomes restricted to the posterior part of the embryo and
to the head region (Figs. 2Q and L), thus raising the

HH22/23

dead end + cvh

sdf-1

YA9 + pud peap

L4ps

Fig. 2. Correlation between sdf-1 expression and the position of the germ cells. (A—E) Whole mount in situ hybridization pictures of chicken embryos stained
with PGC marker dead end and cvh or (P—T) sdf-1. (F—0O) Sections from the corresponding embryo performed at the level indicated by the black dashed line.
(A, B, F, G) PGCs marked by dead end and cvh are in the germinal crescent within the hypoblast at stage HH 6 and within forming blood vessels (arrowhead
and insert) at stage HH 10. (K, L, P, Q) At these stages, sdf-1 is expressed more posterior in the ectoderm and mesoderm and later additionally in the head
region. (C and H) At HH 15, circulating PGCs (arrowhead) leave the vesicular endothelium and migrate within the lateral plate mesoderm. (M and R) sdf-1 is
expressed in the lateral plate mesoderm and in the ectoderm while expression in the head region is almost completely diminished (data not shown). (D, E, 1, J)
Germ cells within the lateral plate mesoderm migrate towards the genital ridge between HH 18 and HH 23. (N, O, S, T) Expression of sdf-1 within the lateral
plate mesoderm (arrowhead) becomes more restricted and overlaps with the position of the germ cells. Indicated are dorsal aorta (da), ectoderm (ec), endoderm
(en), foregut (fg), genital ridge (gr), hypoblast (hy), lateral plate mesoderm (lpm), neural tube (n), notochord (nt), mesoderm (me), optic vesicle (ov), somite
(so) and vein (v). The scale bar in A represents | mm in A and P, 0.8 mm in B and Q, 0.5 mm in C—D and R—S and 1.5 mm in E and T. The scale bar in F-O

represents 200 um and in insert 600 um.
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possibility that SDF-1 is responsible for the localization of
some PGCs to the developing head. As expression in the
head region is strongly reduced at stage HH 15 (data not
shown), sdf-1 is expressed in a broad area of the posterior
part of the embryo in the lateral plate mesoderm where the
germ cells are found after leaving the blood vessels (Figs.
2C, H, M and R). In the following stages, sdf-1 expression
becomes stronger and more spatially restricted in the lateral
plate mesoderm. Thus, during later development, the ex-
pression pattern of sdf-1 becomes gradually overlapping
with the sites at which PGCs are found (Figs. 2D, E, I, J, N,
O, Sand T).

The correlation between the position of the PGCs during
later stages of migration and the expression pattern of SDF-1
raises the possibility that SDF-1 provides the cells with
directional cues by activating its receptor, CXCR4, expressed
by the migrating cells. To examine this supposition, the
distribution of cxcr4 mRNA was examined by in situ hybrid-
ization. At stage HH 4 and HH 8, cxcr4 is weakly expressed in
the germinal crescent, where PGCs reside (Figs. 3A and B,
arrowheads). Before stage HH 14, cxcr4 is widely expressed
in the lateral plate mesoderm (data not shown). Significantly,
at the time of PGC migration, cxcr4-positive cells can be
clearly detected showing the typical morphology (large cell
size, 14—17 um) and location characteristic of PGCs at this
stage (Figs. 3C and D). At the time PGCs are colonizing the
gonad (Fig. 3E), cxcrd is expressed in numerous tissues
whereas mRNA expression in the region where the germ
cells reside is significantly reduced (Fig. 3F).

PGCs can be attracted towards a source of SDF-1u

To directly test the notion that SDF-1 can attract chick
PGCs, SDF-1a and SDF-1p were ectopically expressed and
the ensuing PGC response was examined. Aggregates of
Cos 7 cells, co-transfected with either the a or 3 form of
SDF-1 and GFP, were implanted into the chicken embryo at
stages HH 4 and HH 10 at different regions (Fig. 4A).
Embryos manipulated at stage HH 4 were cultured until
stage HH 10, at which time the PGC localization relative to
the site of the implant was examined. Embryos harboring
implants expressing either SDF-1a and GFP (n = 16), SDF-
1 and GFP (n = 13) or GFP alone as control (n = 10) in the
area opaca or head region did not show any effect of SDF-1
on germ cell localization as no PGCs were found adjacent to
the implants (data not shown). Considering that SDF-1-
expressing cells were transplanted adjacent to the region
where PGCs reside and close to positions where blood
vessel develop, we conclude that at least under the con-
ditions of this experiment, PGCs do not respond to SDF-1
between stages HH 4 and HH 10.

To explore the possible function of SDF-1 in germ cell
migration during later stages, embryos were similarly ma-
nipulated at stage HH 10 and analyzed at stage HH 17 (Figs.
4B-G@, at these stages, all embryos showed high numbers of
PGCs in the gonad which responded to the endogenous

signals, but these cells can be visualized only from the
ventral side of the embryo). Four of the thirteen embryos
containing implanted Cos 7 cells that express SDF-1a and
GFP (Figs. 4B and D) showed ectopic dead end and cvh
labeled PGCs exactly and exclusively at the position of the
GFP-labeled graft (Figs. 4C and E). This result was further
validated by sectioning the embryos and confirming the
overlapping localization of the SDF-la source and the
attracted PGCs (data not shown). In contrast, none of the
embryos in which SDF-1R/GFP- or GFP-expressing cells
were implanted showed PGCs near the graft (n = 17, data
not shown and n = 17, Figs. 4F and G, respectively). Taking
into consideration that the exogenous SDF-1a source has to
be precisely positioned near a blood vessel such that it can
subsequently be presented on the luminal side to circulating
PGCs and that it has to compete with the endogenous SDF-
la, the number of embryos showing these results supports
the idea that SDF-1a acts as a chemoattractant for chicken
PGCs.

To confirm this finding, we employed an independent
method, in which we electroporated chicken embryos at
stages HH 4 and HH 10 with SDF-1a and GFP or GFP
alone to generate an ectopic SDF-la source at different
positions (Fig. 4H). These embryos were cultured in EC-
whole embryo culture until stage HH 17. Indeed, 19.1 +
5.5% (SEM) of PGCs in embryos electroporated with SDF-
la and GFP (n = 10 embryos, n = 519 cells) reached the
region of high SDF-la expression (marked by high GFP
expression) away from the region of the gonad (Figs. 41-L).
In contrast, only 1.7 + 0.6% of the PGCs in GFP electro-
porated control embryos (n = 20 embryos, n = 1472 cells
P <0.0001) were found within high GFP expressing regions
(Figs. 4M and N).

These data, along with sdf-1 expression pattern, clearly
implicate SDF-1a, but does not support a role for SDF-1,
in guidance of migrating PGC in the chick. Interestingly,
in zebrafish too, only one of the two SDF-1 proteins (SDF-
la which differs from SDF-1b in its C-terminus) is
considered to be relevant for activating CXCR4b in the
PGCs (Doitsidou et al., 2002). According to our findings,
the function of SDF-1 as a PGC attractant in the chick
appears to be temporally restricted to the second phase of
PGC migration, the stage at which germ cells leave the
vascular network and migrate towards the genital ridge
(HH 15-29).

Mouse PGCs transmigrate through the hindgut epithelia
exclusively in the region of SDF-1 expression

Analogous to our findings in chick, mouse SDF-1 has
been recently shown to be essential for PGC migration from
the hindgut via the mesenchyme to the gonad (Ara et al.,
2003; Molyneaux et al., 2003), but is not required for the
earlier migration phases. Based on these results, it was
proposed that during early steps of PGC migration, SDF-1
might be complemented by other chemokines or cytokines
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Fig. 3. cxcrd is expressed in the germinal crescent and in cells with typical morphological characteristics of PGCs in the lateral plate mesoderm. (A and B) At
stage HH 4-8, cxcr4 is expressed in low amount in the germinal crescent, the site where germ cells are (arrowheads). (C) At stage HH 16, PGCs expressing
dead end and cvh are in the lateral plate mesoderm. (D) At this stage, cells in the lateral plate mesoderm showing the typical morphology and size of germ cells
express cxcrd. (E and F) At stage HH 23, PGCs expressing dead end and cvh are in the region of the gonad (E) and cxcr4 is expressed in numerous tissues
including the region of the gonad (F). The scale bar in B represents 280 um in A and B, 200 um in C and D, 17 um in inserts and 0.9 mm in E and F.

that play a redundant role (Ara et al., 2003). To address this
notion, we examined the expression pattern of mouse SDF-
la and SDF-1p with respect to the position of the germ
cells by in situ hybridization from developmental stages
E8.5—11.5. During this time window, the PGCs exit the
hindgut and migrate towards the gonad. sdf-1p (and sdf-1a,

data not shown) is expressed along the migratory route in
the dorsal mesentery and in the genital ridge (Figs. 5B, D—1
and supplementary data S2A—D). However, at E9, before
the PGCs migrate dorsally towards the point where they exit
the gut, sdf-1p (and sdf-1a, data not shown) is expressed in
the dorsal half of the hindgut, but is clearly absent from the
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ventral half (Figs. 5A and A’ ), where PGCs are predomi-
nantly found at this stage (Figs. 5C and C’). These data
show that most PGCs are distant from SDF-1 expression
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domain before the time point at which they migrate dorsally
(E9-9.5). We conclude that SDF-1 does not play a role in
guiding the cells anteriorly along the ventral side of the

ﬂnﬁﬁﬁﬁnn‘

GFP + SDF-10.

GFP

@
Electroporation
-
L
.
J  deadend/cvh
N
!‘ -‘_ Lot
GFP/SDF-10. [ B

GFP

A\l

_ deadend/cvh

Fig. 4. Germ cells are attracted towards ectopically expressed SDF-1a. (A) Aggregates of Cos 7 cells expressing either SDF-1a and GFP, SDF-1p and GFP or
GFP alone were implanted at different anterior—posterior position into the chicken embryo at stage HH 10. Embryos were cultured until stage HH 17 and after
in situ hybridization using the PGC markers dead end and cvh analyzed for the position of germ cells relative to the graft. Arrowhead indicates region of the
future gonad. (B, C, D, E) GFP and SDF-1a expressing Cos 7 cells (white arrow) attracted numerous germ cells (insert), which are marked with dead end and
cvh (dorsal view). (F and G) GFP expressing Cos 7 cells do not attract germ cells. (H) CMV-SDF-lac and CMV-GFP or CMV-GFP alone were co-
electroporated at different positions into the chicken embryo, cultured until stage HH 17 and analyzed for the position of the PGCs relative to cells expressing
high levels of SDF-1a. (I, J, K, L) Germ cells (insert) are attracted to areas of CMV-GFP and CMV-SDF-1a electroporated cells (white arrow). (M and N)
Germ cells are not attracted to areas of CMV-GFP electroporated cells. Insert shows PGCs from the area indicated by the arrow. All embryos showed high
numbers of PGCs in the gonad, which were attracted by the endogenous signals (visible from ventral side view only, data not shown). The scale bar in M

represents 515 um in B and C, 500 pm in D—G and I-N.
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E 9.0 E9.75

sdf-1B

Oct4APE:GFP

time lapse starting at E 9.5

0:00 hrs

Oct4APE:GFP

Fig. 5. Mouse SDF-1 expression correlates with germ cell position from the time PGCs start to emerge from the hindgut. (A and A’ ) Two sections of a stage E9
embryo show sdf-1p staining in the dorsal half of the hindgut but not in the ventral half. Both sections are from the same embryo whereas A is more posterior
than A’ . (B) Section through the gonad of the E9.75 embryo displayed in supplementary data Fig. S2C shows that sdf-1p is expressed along the PGC migration
route in the dorsal mesentery and in the gonad but not anymore in the hindgut. (C) GFP expressing germ cells in cultured hindgut transverse slices are in the
ventral half of the hindgut. C' shows C in bright field. (D—1I) Six snapshots from a time-lapse movie showing GFP expressing PGCs, which emerge from the
dorsal-most part of the hindgut and migrate towards the genital ridge (blue arrowhead). Germ cells in the ventral half of the hindgut (red and yellow
arrowheads) do not transmigrate the gut epithelia and eventually die (supplementary Movie 1). Indicated are dorsal aorta (da), dorsal hindgut (dh), genital ridge
(gr), hindgut (h), neural tube (n) and ventral hindgut (vh). The scale bar in C represents 1 mm in A and C and 2.5 mm in B and D. The scale bar in A represents
200 pm in A—B, 300 pm in D—I and 360 pm in C and C’.

hindgut. The migration of the cells to the position adjacent To examine the events occurring at this stage more
to the genital ridge is therefore guided by other chemokines directly, we monitored the behavior of GFP-expressing
or cytokines. mouse germ cells in cultured transverse slices (Anderson
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et al., 1999; Molyneaux et al., 2001) from E9.5 hindgut by
time-lapse microscopy (Figs. 5SD—I; supplementary Movie
1). We found that the germ cells emerge exclusively from
the dorsal-most part of the hindgut (blue arrowhead),
where sdf-1 is expressed, whereas ventrally positioned
PGCs move while colliding with the epithelium but do
not transmigrate through it (red and yellow arrowhead) and
eventually die (Molyneaux et al., 2001). Together, these
results are consistent with the idea that SDF-1 is required
specifically for directing the dorsal migration of PGCs to
the position in the hindgut from which they migrate into
the mesentery. Our data suggest a common function of
SDF-1 in promoting PGC transmigration through epitheli-
al-like structures such as the hindgut epithelium in mouse
and the endothelium in chick.

Discussion

The migration path of PGCs in chick is remarkably
similar to that taken by leukocytes during normal develop-
ment and disease as well as by metastatic cells. In this study,
we provide evidence that implicates SDF-la in guiding
chicken germ cells as they leave the blood vessels on their
way to the region of the gonad.

Ectopic expression of SDF-1a, but not SDF-1p, could
attract PGCs at the time at which they migrate through the
endothelium but not in earlier stages. Our interpretation of
these results is that SDF-1 does not play a role in PGC
migration before stage HH 11, nor is it responsible for the
commonly observed early ectopic localization of PGCs in
the head region (Nakamura et al., 1988), as could have been
inferred from SDF-1 expression domains at early develop-
mental stages. We therefore favor the idea that early
migration of chick PGCs, as well as the early ectopic
positioning of PGCs, reflects the function of another sig-
naling molecule or results from non-guided cell movements.
As we were not able to label the PGCs simultaneously with
germ cell markers and CXCR4, we could not exclude the
formal possibility that the cells do not respond to SDF-1 at
these stages due to lack of receptor on their cell membrane.

The proposed role for SDF-1 in migration of chick PGCs
is highly reminiscent of the mechanism underlying the
migration of hematopoietic precursor cells and lymphocytes
as they exit the blood vessels. Here, SDF-1 stimulates
integrin-mediated arrest of CD34-expressing cells (Peled
et al.,, 1999) and mediates transendothelial migration of T
lymphocytes (Phillips and Ager, 2002) possibly through
rapid increase of integrin avidity (Campbell et al., 1998;
Grabovsky et al., 2000).

The demonstration that SDF-1/CXCR4 signaling is
important for germ cell migration in birds (aves) together
with similar findings in ray-finned fish (actinopterygii) and
mammals (mammalia) suggests that this mechanism had
evolved before the phylum Chordata diverged. Moreover,
the requirement for seven transmembrane domain recep-

tors for PGC migration could represent a more ancient
mechanism since Drosophila PGCs, which transmigrate
through the gut epithelium on their way to the gonad also
appear to depend on the function of such proteins (Starz-
Gaiano, 2002). Despite the apparent evolutionary conser-
vation with respect to the use of the CXCR4-SDF-1
signaling in PGC migration, an important difference
should be pointed out. In contrast to the role of SDF-la
in fish, which is essential for PGC guidance throughout
their migration (Doitsidou et al., 2002), chicken and
mouse germ cells appear to perform the first phases of
migration independently of SDF-1 function (Molyneaux et
al., 2003, and this work).

The observation that transepithelial migration of mouse
PGCs occurs specifically in the dorsal-most part of the
hindgut is consistent with the suggestion that the cells are
attracted towards this region. Interestingly, cells located at
ventral positions never exit the hindgut although they
clearly bounce against its walls. It would be interesting to
determine whether in analogy to the situation in Drosophila
(Jaglarz and Howard, 1994, 1995; Starz-Gaiano and Leh-
mann, 2001), only parts of the mouse hindgut epithelium
become competent for transmigration due to specific altera-
tions in epithelial morphology.
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