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ABSTRACT Eph and its homologues form the largest
subfamily of receptor tyrosine kinases. Normal expression
patterns of this subfamily indicate roles in differentiation and
development, whereas their overexpression has been linked to
oncogenesis. This study investigated the potential role of
Eph-related molecules during very early embryonic develop-
ment by examining their expression in embryonic stem (ES)
cells and embryoid bodies differentiated from ES cells in vitro.
By use of a strategy based on reverse transcriptase-mediated
PCR, nine clones containing Eph-subfamily sequence were
isolated from ES cells. Of these, eight were almost identical to
one offour previously identified molecules (Sek, Nuk, Eck, and
Mek4). However, one clone contained sequence from a novel
Eph-subfamily member, which was termed embryonic stem-
cell kinase or Esk Northern analysis showed expression of
Esk in ES cells, embryoid bodies, day 12 mouse embryos, and
some tissues of the adult animal. Levels of expression were
similar in ES cells and embryoid bodies. By comparison, Mek4
showed no significant transcription in the ES cell cultures by
Northern analysis, whereas Eck displayed stronger signals in
ES cells than in the embryoid bodies. These results suggest
that Eph-subfamily molecules may play roles during the
earliest phases of embryogenesis. Furthermore, the relative
importance of different members of this subfamily appears to
change as development proceeds.

The receptor tyrosine kinases (RTKs) are transmembrane
molecules which transduce signals from the extracellular en-
vironment into the cytoplasm. They include well-studied reg-
ulators of cell proliferation and differentiation, such as c-Kit
and the receptors for epidermal growth factor, platelet-derived
growth factor, and macrophage colony-stimulating factor (1).
Signaling by an RTK is initiated when its ligand binds to the
extracellular domain of the receptor. This leads to the forma-
tion of receptor dimers, which activate their catalytic domains
by reciprocal phosphorylation on tyrosine residues (2). Once
activated, RTKs can bind and phosphorylate specific intracel-
lular proteins that act as second messengers.
Eph was the first isolated member of what is currently the

largest subfamily of RTKs (3-20). This group is distinguished
by a cysteine-rich region and two fibronectin type III repeats
in the extracellular domain (4). Eph-subfamily kinases have
been found in diverse species, including zebrafish (17), frogs
(19), chickens (4, 8, 12), mice (8, 11, 14-16, 20), rats (5, 7), and
humans (3, 6, 10, 13, 18). Features of their expression pattern
suggest key functions during embryonic development. First,
strong expression in the embryo is characteristic (4, 8, 11, 12,
15, 21). Second, in situ hybridization and immunolocalization
studies show associations between the expression of specific
Eph-subfamily molecules and particular events in morphogen-
esis. For example, Eck is transiently expressed in cells adjacent
to the primitive streak during gastrulation, and later its tran-
scripts are found in specific rhombomeres of the developing
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hindbrain and in the ectoderm of the second and third
branchial arches (22). The expression of Nuk protein on
growing peripheral nervous system axons, which disappears
when the axons have ceased migrating, and the segment-
restricted pattern of Nuk and Sek expression during hindbrain
morphogenesis are other examples (11, 15). Preferential ex-
pression at interfaces between embryonic cell populations and
in intercellular junctions has led to the suggestion that Eph-
subfamily molecules influence embryonic differentiation and
cellular migration by interactions involving direct cell-cell
contact (15, 22). The recent finding that ligands for some
members of this group are cell membrane bound supports this
notion (23-26). Eph-related molecules also have a potential
role in oncogenesis. Eph and Eck overexpression was reported
in epithelial tumor cell lines and some human carcinomas (3,
27), and Hek overexpression occurs sporadically in leukemia
(9). Furthermore, artificial overexpression of Eph transforms
NIH 3T3 cells, allowing them to form colonies in agar and
produce tumors in nude mice (28). In transgenic models of
murine mammary cancer, overexpression of the Eph-subfamily
members Myk-1 and Myk-2 correlates with the development of
poorly differentiated and invasive tumors, suggesting a role in
tumor progression (20).

In this study, reverse transcriptase-mediated PCR (RT-
PCR) was used to identify Eph-subfamily RTKs expressed by
embryonic stem (ES) cells. These are undifferentiated, toti-
potent cells derived from the inner cell mass of the blastocyst
(29). We speculated that Eph-related molecules expressed by
ES cells may be involved in the initial differentiation and
organization of embryonic tissues, thus helping to establish the
blueprint for later development. Nine positive clones were
isolated by this method, including one which encoded se-
quence from a novel molecule.t We also cultured ES cells
under conditions which induced in vitro differentiation into
embryoid bodies containing a variety of primitive tissue lin-
eages (30). Expression of selected Eph-related molecules was
then examined in both the ES cells and embryoid bodies by
Northern analysis.

MATERIALS AND METHODS
ES Cell Cultures. The murine 129/Sv-derived ES cell line

W9.5 (provided by F. Koentgen of the Walter and Eliza Hall
Institute, Melbourne, Australia) was routinely passaged on
underlayers of irradiated embryonic fibroblasts in Dulbecco's
modified Eagle's medium supplemented with leukemia inhib-
itory factor (LIF, 1000 units/ml; AMRAD, Melbourne), 0.1
mM 2-mercaptoethanol, and 15% fetal bovine serum. Cultures
were incubated in a 10% CO2 atmosphere at 37°C. In prepa-
ration for the studies described below, ES cells were subcul-

Abbreviations: RTK, receptor tyrosine kinase; ES cells, embryonic
stem cells; RT-PCR, reverse transcriptase-mediated PCR; LIF, leu-
kemia inhibitory factor; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase.
*To whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank database (accession no. MMU18084).
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tured into gelatin-coated flasks, and four passages without a

feeder layer were performed to deplete the embryonic fibro-
blasts. In some of the cultures, LIF was withdrawn 11 days prior
to harvesting, to allow differentiation into embryoid bodies to
take place (30). Control cultures of embryonic fibroblasts
alone were also prepared.
RT-PCR. Prior to RNA extraction, cultures of undifferen-

tiated ES cells were disrupted with trypsin and the cells were
washed in phosphate-buffered saline. Cell pellets were resus-

pended in buffer containing guanidinium isothiocyanate and
total RNA was extracted with the use of organic solvents (31).
cDNA was then synthesized from 1 gg of total RNA by use of
an oligo(dT) primer and avian myeloblastosis virus reverse
transcriptase (Promega). PCR amplifications were performed
with degenerate primers derived from three regions of se-
quence which are relatively conserved in the Eph subfamily
(13) (Fig. 1). Reaction mixtures (30 ,ll) contained 50 mM KCl,
10 mM Tris-HCl (pH 8.3), 1.25 mM MgCl2, 0.2 mM each
dNTP, 2.5 units of Taq polymerase (Perkin-Elmer), 30 pmol
of sense primer (P1 or P2), 30 pmol of antisense primer (P4),
and 3 ,lI of the ES cell cDNA synthesis reaction. In addition,
mRNA was directly extracted from ES cells with oligo(dT)-
coated magnetic beads (Dynal, Oslo) and cDNA was synthe-
sized from 1 jig of mRNA with an oligo(dT) primer and
Superscript II reverse transcriptase (Life Technologies, Grand
Island, NY). Half of the reverse transcription reaction was then
amplified with primers P1 and P4, with other reaction condi-
tions identical to those described above. PCR products were

electrophoretically separated, purified with the Geneclean II

kit (Bio 101), and then subjected to a second round of PCR.
Products initially amplified with primers P1 and P4 were
reamplified with the same primers, while those amplified with
P2 and P4 were reamplified with P2 and P3. All reactions were
carried out in a PTC-100 programmable thermal controller
(MJ Research, Cambridge, MA) employing cycle programs
specific to each primer combination, as follows: 1 min at 95°C,
2 min at 70°C, and 3 min at 72°C for 30 cycles (primers P1 and
P4); 1 min at 95°C, 1 min at 51°C, and 1 min at 72°C for 35
cycles (primers P2 and P4); 1 min at 95°C, 1 min at 41°C, and
1 min at 72°C for 35 cycles (primers P2 and P3).
Cloning and Sequencing. Reamplified, gel-purified PCR

fragments were cloned into the Sma I site of pUC18 with the
SureClone ligation kit (Pharmacia). Recombinant clones were
sequenced with the Taq DyeDeoxy Terminator Cycle sequenc-
ing kit (Applied Biosystems); a Perkin-Elmer GeneAmp PCR
System 2400 was used to perform the sequencing reactions and
an Applied Biosystems 373 DNA sequencer was used for their
subsequent analysis. Sequences were compared against se-
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FIG. 1. Position of the four degenerate oligonucleotide primers
used for RT-PCR. Relatively conserved peptide motifs on which the
primers were based are shown above a schematic representation of the
basic domain structure of Eph-subfamily molecules. ECD, extracellu-
lar domain; ICD, intracellular domain. The particular amino acid
sequences shown are from Eph. Two sense primers (P1 and P2) and
two antisense primers (P3 and P4) were synthesized. Their sequences
were as follows: P1, 5'-GTAGGCATGCAAGGAGAC(A/C)TT(C/
T)AACC-3'; P2, 5'-GCGATGATCAT(C/G)AC(A/G/T)GA(A/
G)TA(C/T)ATGG-3'; P3, 5'-GTAGGAATTCCA(C/G/T)A-
CATC(A/G)CT(A/G)GC-3'; P4, 5'-CCA(T/A)A(A/G)CTCCA(C/
T)ACATC(A/G)CT-3'.

quence databank entries with the FASTA sequence analysis
program.
Northern Blots. Poly(A)+ RNA from ES cells, embryoid

bodies, embryonic fibroblasts, day 12 mouse embryos, and
adult mouse tissues (5 jig per sample) was electrophoresed
through 1.2% agarose gels containing 2.2 M formaldehyde and
transferred to nylon membranes (Zeta-Probe, Bio-Rad). The
Northern blots were then probed with cDNA inserts from
selected ES cell recombinants cloned by the methods described
earlier. Sequence analysis (see Table 1) showed that clone
35C4 encoded murine Eck (21), clone 35C11 encoded Mek4
(8), and clone 35C15 encoded an apparently novel sequence.
Inserts were digested from these clones with EcoRI and Xba
I and used as templates for synthesizing 32P-labeled probes
with the Prime-It II random primer labeling kit (Stratagene).
A labeled probe was also made from glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) cDNA. All blots were
initially hybridized to the 35C15 probe. Subsequently, the
membrane containing RNA from ES cells, embryoid bodies,
and embryonic fibroblasts was reprobed with the Eck and
Mek4 probes. Between each reprobing, hybridized probe was
stripped from the membrane by pouring boiling 0.1% SDS on
the membrane and cooling to room temperature. Exposure to
x-ray film overnight confirmed effective removal of the probe.
Hybridization to the GAPDH probe was performed last. In all
cases, hybridizations took place in 50% formamide at 42°C and
washes were performed under stringent conditions, with the
final wash at 65°C in 0.1 x SSC/0.1% SDS (SSC is 0.15 M
NaCl/0.015 M sodium citrate, pH 7.6). Autoradiographs were
exposed at -70°C.

RESULTS

Eph-Subfamily Molecules Expressed by ES Cells. Primers
P2 and P4 were expected to amplify -350 bp from the catalytic
domain of Eph-subfamily molecules. In contrast, it was antic-
ipated that primers P1 and P4 would amplify about 2.1 kb,
including much of the extracellular and intracellular domains
(Fig. 1). RT-PCR was initially performed on total RNA
derived from ES cells. Reactions using primers P2 and P4
amplified a band of the expected size, which reamplified with
primers P2 and P3. However, no PCR product of the antici-
pated size was observed when primers P1 and P4 were used.
Subsequently, when magnetically separated poly(A)+ RNA
was substituted for total RNA, reactions with primers P1 and
P4 successfully amplified a 2.1-kb product. Cloning of the
350-bp product resulted in four recombinants containing
Eph-subfamily sequences (Table 1). These were highly homol-

Table 1. Eph-subfamily cDNA clones isolated from ES cells
by RT-PCR

Closest Homology,
Clone homologue %

Primers P2 and P4*
25C5 Sek 97.8
33C1.1 Nuk 97.2
33C1.2 Eck 99.1
33C1.5 Eck 100

Primers P1 and P4*
35C4 Eck 97.2
35C6 Mek4 97.3
35C10 Mek4 99.7
35C11 Mek4 99.7
35C15 Eph 83

Homologues were identified by screening nucleic acid databanks
with the FASTA program. Sek (11), Nuk (15), Eck (21), and Mek4 (8)
are murine Eph-subfamily molecules; Eph (3) is a human molecule.
*Refers to the primers used in the initial amplification during RT-
PCR.
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ogous to either Sek (11), Nuk (15), or Eck (21)-members of
the Eph subfamily previously isolated from murine sources.
When the 2.1-kb product was cloned, five recombinants con-
taining sequences of this subfamily were identified. Four of
these showed high levels of homology with either murine Eck
or Mek4 (8), but one clone (35C15) contained 1602 bp of
sequence which appeared novel after comparative databank
analysis (GenBank and GenBank Cummulative Updates, No-
vember 1995). The novel molecule was termed embryonic stem
cell kinase or Esk.

Sequence and Structural Features of Esk The sequence of
the partial Esk cDNA is shown in Fig. 2. Its shortfall of about
500 bp from the expected length of 2.1 kb is due to a 5'-end
deletion, which presumably occurred during cloning. The
deduced amino acid sequence of Esk was obtained by using an
open reading frame spanning the entire cDNA fragment. This
encoded a sequence of 533 amino acids (Fig. 2). Sequence
homology strongly suggests that Esk is a new Eph-subfamily
member. Its closest relative is the human kinase Eph, which
displays 83.0% identity in its nucleotide sequence and 78.8%
identity at the amino acid level. Eck is the closest murine
relative, showing 44.9% amino acid identity. An alignment of
the peptide sequences of Esk, Eph, and Eck is shown in Fig. 3.
Included in the Esk sequence is a group of hydrophobic
residues (amino acids 269-289) which form a putative trans-
membrane domain, dividing the molecule into extracellular
and intracellular portions. Two fibronectin type III repeats are
arranged in series in the C-terminal part of the extracellular
domain. Similar repeats are found in all other Eph subfamily
molecules (4, 10, 18). Also highly conserved in this group is a
cysteine-rich box (6, 18) in the N-terminal region. All of the
expected cysteine residues were encoded by the 35C15 se-
quence, except for the anticipated cysteine at position 104,
which was replaced by an arginine. Since 35C15 was cloned
after a total of 60 cycles of amplification using Taq polymerase,
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a small number of base misincorporations would be expected.
To check whether this was responsible, cDNA was reverse
transcribed from ES cell poly(A)+ RNA and subjected to 35
cycles of PCR using Taq polymerase and two Esk-specific
primers 519 bp apart. A product of the expected size was
amplified and directly sequenced with the PCR primers.
Unambiguous sequence data were obtained over a region
corresponding to bases 45-397 of clone 35C15, and this
contained four base differences compared with the cloned
PCR fragment. The differences included a thymine instead of
a cytosine at base 311, which would result in a cysteine at
residue 104. All analyses and figures in this report employ the
bases observed by direct sequencing of PCR product where
they are different from those in clone 35C15.

Several features of the deduced peptide sequence of Esk
imply protein-tyrosine kinase activity. The putative intracel-
lular domain contains a kinase consensus region, beginning at
residue 343 (32). This includes the presumed ATP-binding-site
motif Gly-Xaa-Gly-Xaa-Xaa-Gly at residues 352-357 and a
lysine at position 377, thought to be involved in the phospho-
transfer reaction and highly conserved among protein-tyrosine
kinases (32). However, the partial cDNA sequence ends before
a complete catalytic domain is encoded. Esk also displays the
motifs Asp-Leu-Ala-Ala-Arg-Asn (positions 470-475) and
Pro-Ile-Arg-Trp-Thr-Ala-Pro (positions 510-516), which in-
dicate substrate specificity for tyrosine (32). However, the
latter sequence is followed by a conserved glutamate in other
protein-tyrosine kinases, while in Esk this residue is a glycine.
This could indicate another PCR artifact. Finally, the tyrosine
residue at position 502 is a potential autophosphorylation site.
Esk Expression. Northern analysis revealed expression of a

4.2-kb Esk transcript in day 12 mouse embryo and adult mouse
thymus, liver, kidney, lung, and placenta (Fig. 4). Faint bands
at -6.0 kb observed in the liver, kidney, and lung samples may
be due to alternatively spliced transcripts, although weak
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FIG. 2. Partial nucleotide and deduced amino acid sequences of Esk. Nucleotides are numbered down the left side of the figure; amino acids
are numbered above the peptide sequence. The putative transmembrane domain is overlined. Clone 35C15 showed the following differences when
compared with directly sequenced PCR product over nucleotides 45-397: nt 86 = C, aa 29 = Pro; nt 232 = G, aa 77 = Arg (unchanged); nt 254
= G, aa 85 = Val; nt 311 = C, aa 104 = Arg.
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FIG. 3. Peptide sequence of Esk aligned with two close homologues, Eph and Eck. Conserved cysteine residues are marked with arrowheads.
The fibronectin type III repeats are indicated with a single overline and the transmembrane domain with a double overline. The bracket shows
the beginning of the catalytic domain, and the ATP-binding motif is marked with dots.

hybridization to related molecules cannot be excluded. No
signal was detected from lymph node, spleen, heart, brain, or

skeletal muscle.
Comparative Expression of Esk, Mek4, and Eck in ES Cells

and Embryoid Bodies. To determine whether expression of
Eph-subfamily molecules occurred in ES cells at a significant
level and to investigate potential changes in expression as ES
cells differentiated in vitro, a Northern blot containing ES cell
and embryoid body RNA was sequentially hybridized to Esk,
Mek4, and Eck probes. Embryonic fibroblast RNA was in-
cluded as a control on this blot, because some fibroblast

contamination of the ES cell and embryoid body samples could
not be excluded. As shown in Fig. 5, the Esk probe hybridized
to all three samples, approximately in proportion to the
amount of RNA present. This indicates significant levels of Esk
expression in ES cells and embryoid bodies and could not be
accounted for by fibroblast contamination alone. In contrast,
expression of Mek4 was barely detectable in the ES cell
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FIG. 4. Expression of Esk. Northern blots were prepared with

poly(A)+ RNA (5 ,g per lane) extracted from day 12 mouse embryo
and the adult mouse tissues shown. Hybridization was performed in
turn to a 32P-labeled probe derived from clone 35C15 and a GAPDH

probe. The positions of RNA size markers are indicated to the left of
the blots.

FIG. 5. Comparative expression of Esk, Mek4, and Eck during in
vitro differentiation of ES cells. Cultures of ES cells were induced to
differentiate into embryoid bodies by the withdrawal of LIF 11 days
prior to harvesting. The Northern blot was prepared with poly(A)+
RNA (5 ,g per lane) extracted from undifferentiated ES cells (ESC),
embryoid bodies (EB), and embryonic fibroblasts (EF). 32P-labeled
probes synthesized from Esk, Mek4, Eck, and GAPDH were then
sequentially hybridized to the membrane. The sizes of transcripts are

indicated at right.
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cultures. A 9.5-kb Mek4 transcript was expressed by the
embryonic fibroblasts, however, suggesting that the faint bands
seen in the ES cell lane may be due to contaminating fibroblast
RNA. Finally, the Eck probe hybridized to all three samples,
but expression was relatively greater in the undifferentiated ES
cells. Transcripts were of slightly different sizes in the different
lanes.

DISCUSSION
Nine Eph-subfamily cDNA clones were isolated from ES cells
by use of RT-PCR with degenerate primers specific for this
subfamily (Table 1). Of these, eight showed >97% homology
to one of four previously reported molecules (Sek, Nuk, Eck,
and Mek4). Given that clones were isolated after 60-70
amplification cycles using Taq polymerase, PCR artifacts are a
likely reason for the less than complete identity with published
sequences. In support of this, when sequence from Esk ob-
tained by direct sequencing of PCR product was compared
with clone 35C15, a misincorporation rate of 4/353 bases
(1.1%) was observed in the latter. However, it remains possible
that clones amplified from the catalytic domain with primers
P2 and P4 could be derived from novel RTKs. This region is
highly conserved within the Eph subfamily and may be close
to identical in molecules which have markedly divergent
sequence elsewhere (13).
A novel molecule, Esk, was also identified in ES cells. The

deduced peptide sequence of Esk contains the conserved
cysteine residues and fibronectin type III repeats characteristic
of the Eph subfamily. It also shows typical protein-tyrosine
kinase catalytic domain motifs. These findings define Esk as a
member of the Eph subfamily of RTKs. Esk most closely
resembles the human kinase Eph, with an overall amino acid
sequence identity of 78.8%. When the most disparate region of
Esk (residues 302-338) is excluded, the identity is 85.7%.
However, this remains less than the similarity between other
Eph-subfamily molecules considered to be interspecies homo-
logues. For example, Mek4 shows 95.5% amino acid sequence
identity to Hek, and murine Eck is 92% identical to its human
homologue (21). Although a definitive answer awaits further
data, it appears that Esk may not be the murine homologue of
Eph.

Northern analysis of Esk revealed strong expression in ES
cells, embryoid bodies, and day 12 embryo, suggesting that Esk,
like other Eph-related kinases, has a role in development.
Expression was also observed in adult mouse thymus, liver,
kidney, and lung, which implies ongoing roles in these tissues.
In contrast to the situation for the majority of its subfamily, Esk
transcripts were not observed in adult brain. Eph and Eck show
a similar propensity for expression in epithelial tissues and,
together with Esk, may form a subgroup within the Eph
subfamily.
When expression of two other Eph-related molecules in the

ES cell cultures was investigated, contrasting patterns were
observed. Mek4 demonstrated no significant expression by
Northern analysis, while Eck was preferentially expressed by
undifferentiated ES cells. These results suggest that Esk and
Eck are likely to be more important than Mek4 in the in vitro
differentiation of ES cells to embryoid bodies. A corollary is
that they may also be more important in very early embryo-
genesis in vivo. The identification of Eck protein in gastrula-
stage embryos (22) provides additional support for this con-
clusion.

While the specific functions of Eph-related RTKs in devel-
opment require further study, several findings indicate involve-
ment in signaling processes mediated by direct cell-cell con-
tact (15, 23-26). Therefore, although stimulation of protein-
tyrosine kinase activity is the final common pathway of signal
transduction, this may be critically linked to the adhesive
interactions of these molecules. One possibility is that the

extensive family of Eph-related proteins convey positional
information between embryonic cells, which regulates their
migration and differentiation. Given the oncogenic potential
of some Eph-like RTKs (3, 9, 20, 27, 28), the attainment of
correct position within the embryo might be communicated by
signals which induce proliferation and/or prevent apoptosis. In
this context, it is interesting that Esk, Eck, and Mek4 were all
present in embryonic fibroblasts. Expressing multiple Eph-
related molecules may permit fibroblasts to migrate into all
developing tissues.
The normal functions of Eph-related proteins in adult

tissues remain unclear but may be an extension of their
functions in development. For example, thymocyte maturation
requires direct cell-cell interactions and a specific migration
pathway within the thymus (33). Eph-subfamily molecules
expressed in thymus, such as Esk, are possible mediators of
some of these interactions. In this context, it is interesting that
Esk transcripts were not observed in lymph node and spleen,
suggesting expression by thymus-specific populations such as
CD4+CD8+ T-cell progenitors or thymic epithelial cells. Stud-
ies of the ligands of Eph-related RTKs, and potentially the
outcome of gene targeting experiments, will be required to
better define the biological function of these molecules.
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