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gans and Xenopus, cells carrying cytoplasmic determi-
To investigate external signals involved in germ cell nants localized in the posterior region of the cytoplasm

differentiation from somatic stem cells, we have tried to of fertilized eggs during early cleavage are determined
identify protein kinases whose expression is regulated to differentiate into germ cells (1). On the other hand,
during the process of sexualization of asexual-state such cytoplasmic determinants have not been identi-planarians. It is known that in planarians germ cells fied in most animals including mouse and human. Itdifferentiate from totipotent somatic stem cells called

has been believed that germ cells may differentiate‘‘neoblasts’’ during sexualization. As a first step, we have
from somatic stem cells in response to external signalsisolated twelve protein kinase genes from cDNAs of sex-
during early embryogenesis in these animals. Exis-ual-state planarians, including three non-receptor tyro-
tence of this pathway has been clearly demonstratedsine kinases, three receptor-tyrosine kinases and three
by production of chimeric mice combining embryonicnon-receptor serine/threonine kinases, and then ana-
stem (ES) cells and developing normal embryos (2). ESlyzed their expression patterns during sexualization.
cells participate in differentiation of germ cells in vivoOne of them, the DjPTK1 gene, is specifically expressed
in such chimeric mice. However, nobody has succeededin germ cells of sexual-state planarians. DjPTK1-posi-
in obtaining differentiation of germ cells from ES cellstive cells were also detected in the mesenchymal space

during the process of sexualization, and it appears that in in vitro culture conditions, since environmental fac-
these cells migrate to the dorsal side and then differenti- tors regulating germ cell differentiation from somatic
ate into spermatogonia/spermatocytes in testis. Se- stem cells are still unknown.
quence analysis indicated that the DjPTK1 gene en- To investigate the signal system controlling germ cell
codes a receptor protein tyrosine kinase belonging to differentiation from somatic stem cells, our laboratory
the FGFR/PDGF family. These results suggest that a re- strain of planarian (Dugesia japonica, GI strain) may
ceptor tyrosine kinase system may be involved both at be one of the most suitable animals, since GI can be
an early stage of germ cell differentiation and in a step easily converted from the asexual state to the sexual
of germ cell maturation in planarians. q 1998 Academic Press state by changing their type of food. They usually prop-

Key Words: protein tyrosine kinase; receptor; planar- agate by transverse fission in the asexual state. How-
ian; Dugesia japonica; germ cell. ever, if a sexual strain of planarian is freeze-thawed

and fed to asexual-state GI, the asexual planarians
start to produce germ cells, and form ovary, testis and
copulatory organs, and then proliferate by sexual re-There are two major pathways for germ cell differen-
production (3). The other important feature of planari-tiation in the animal kingdom. In Drosophila, C.ele-
ans is that they have totipotent stem cells called ‘‘neo-
blasts’’ in their bodies (4). Neoblasts support the high1 To whom correspondence should be addressed. Fax: /81-7915-8-
regenerative ability of planarians. It has been sug-0187. E-mail: agata@sci.himeji-tech.ac.jp.

The nucleotide sequence data reported in this paper will appear gested that germ cells of planarians may differentiate
in the DDBJ/EMBL/GeneBank nucleotide sequence databases with from neoblasts during sexualization (5). For these rea-
the following Accession numbers: DjPTK1: AB014508; DjPTK2: sons we have started to analyze signal systems that
AB014499; DjPTK3: AB014500; DjPTK4: AB014501; DjPTK5: change during sexualization in planarians in order toAB014496; DjPTK6: AB014497; DjSTK1: AB014502; DjSTK2:

get some insight into germ cell differentiation from so-AB014503; DjSTK3: AB014504; DjSTK4: AB014505; DjSTK5:
AB014506; DjSTK6: AB014507. matic stem cells.
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TABLE 1 pression patterns during sexualization to identify
genes involved in germ cell differentiation.Categorization of cDNA Clones

Gene Class No. of clones (/86) MATERIALS AND METHODS
DjPTK1 FGF receptor 19

Organisms. Asexual-state planarians (GI) proliferating as singleDjPTK2 FGF receptor 1
worms of Dugesia japonica, derived from the Irima river in Gifu,DjPTK3 EGF receptor 1
Japan, are maintained on a diet of chicken liver in our laboratory.DjPTK4 Abl 20
Clonal asexual-state planarians converted to the sexual state by feed-DjPTK5 Src 11
ing them freeze-thawed sexual-state planarians.DjPTK6 Src 2

Cloning of protein kinase cDNAs. One microgram of total RNADjSTK1 MEKK/STE11 18
of sexual-sate planarians was reversed-transcribed using a First-DjSTK2 KIN1/SNF/Nim1 9
Strand cDNA Synthesis Kit (Pharmacia). PCR amplification of theDjSTK3 KIN1/SNF/Nim1 2
cDNA using the degenerate oligonucleotide primers 5*-CGGATC-DjSTK4 KIN1/SNF/Nim1 1
CAC(A/C)GNGA(C/T)(C/T)T3* (PTKI; sense strand for IHRDL plusDjSTK5 KIN1/SNF/Nim1 1
BamHI linker) and 5*-GGAATTCCA(A/T)AGGACCA(C/G)AC(A/DjSTK6 ERK (MAP) kinase 1
G)TC-3* (PTKII; antisense strand for DVWS(F/Y)G plus EcoRI
linker) (9). The PCR reactions were carried out with annealing at
407C. The products were cloned into PCR2.1. (Invitrogen) and se-
quenced using an automatic DNA sequencer (Shimazu Co.Ltd,).
Searches for genes or proteins similar to the PCR products wereAs the first step, in order to survey a wide range
conducted by tFASTA (DDBJ, Release 33).of signal systems, we focused on protein kinase gene

Isolation of DjPTK1 cDNA. DjPK1 cDNA was isolated by step-families, since it is well known that these genes are
wise dilution screening (12) of 3.51106 recombinant phage in lZAPIIinvolved in a variety of signal systems (6, 7, 8), and
vector (Stratagene) from the cDNA library. The positive cDNA cloneideal PCR primers have been designed to amplify pro-
with the longest insert was recloned into pBluescript according to

tein kinase genes from various animals (9). Also, it the manufacturer’s protocol, and sequenced.
has been indicated that receptor tyrosine kinases are

In situ hybridization. Digoxigenin-labeled RNA probe was pre-involved in germ cell differentiation/maturation in pared according to the manufacturer’s protocol (Boehringer), with
mouse (10, 11). Here, we have isolated a set of protein the DjPTK1 cDNA as a template. Whole-mount in situ hybridization

was performed as described by Umesono (13). For fixation, the relax-kinase genes from planarian and analyzed their ex-

FIG. 1. Alignment of amino acid sequences of planarian protein kinases deduced from nucleotide sequences of PCR fragments. Shaded
residues represent amino acids which are conserved. Roman numerals show highiy conserved subdomains.
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FIG. 2. Phylogenetic relationship among the six planarian protein tyrosine kinases and nine human protein tyrosine kinases. The tree
was drawn by the NJ method. The number shows bootstrap value.

ant solution was 1% HNO3, 2.25% formalin, 50mM MgSO4 in modified and molecular phylogenic analysis (Table. 1, Fig. 2):
Holtfleter solution. Fixed samples were embedded in paraffin and three receptor protein tyrosine kinase genes (DjPTK1-
serially sectioned at 4mm. In situ hybridization of sections was per- 3), three non-receptor protein tyrosine kinase genesformed as described by Agata (14). Cell nuclei were labeled with

(DjPTK4-6), and six non-receptor serine/threonine ki-Hoechst No.33342 (Sigma).
nase genes (DjSTK1-6).

To identify signal molecules involved in germ-cell dif-
RESULTS AND DISCUSSION ferentiation, we compared the expression pattern of

these genes in the asexual state with that in the sexual
We cloned PCR fragments from cDNA of sexual-state state by whole mount in situ hybridization analysis.

planarians using kinase domain-specific degenerate One of these genes, DjPTK1, showed a very interesting
primers (PTK1 and PTK2) (9). One hundred and fifty expression pattern during sexualization. Fig. 3B shows
clones in PCR2.1 plasmid were randomly selected and whole mount views of both sexual and asexual planari-
categorized into twelve groups by sequence and restric- ans. Expression of the DjPTK1 gene was observed in
tion fragment analyses (Table. 1). The amino acid se- both testis and ovary in the sexual-state planarian
quences deduced from the nucleotide sequences of the (right panel), but not in the asexual planarian (left
twelve genes are aligned in Fig. 1. Since all of them panel). The cells expressing the DjPTK1 gene were pre-
contained amino acid residues conserved in domains cisely localized in transverse sections of sexual planari-
VI-IX of the protein kinase family (15), they might en- ans. The DjPTK1-expressing cells were detected in a
code protein kinases of the planarian Dugesia japonica. layer containing spermatogonia/spermatocytes in tes-
These twelve protein kinase genes were classified into tis, but not in spermatids after meiosis nor in sperm

(Fig. 3C and D). The most informative view (Fig. 3E)three families by homology search (tFASTA search)
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FIG. 3. Expression of DjPTK1. (A) Illustration of planarain sexualization. (B) Whole mount in situ hybridization of DjPTK1. Left: a
dorsal view of an asexual planarian, middle: a dorsal view of a sexual planarian, right: a ventral view of a sexual palnarian. Expression is
seen in testis and ovary (white arrows). (C) A transverse section of a testis. Expression is seen in the layer containing spermatogonia/
spermatocytes. (D) A counter nuclear staining of Fig. 3C using Hoechst 33342 shows mature testis. (E) A parasagittal section of sexual
palanarian in the process of sexualization. DjPTK1-positive cells were detected in the mesenchymal space (white arrows). te, testis. (F) A
counter nuclear staining of Fig. 3E using Hoechst 33342 shows immature testis.

was a transverse section of a sexual planarian in the to the dorsal side through the interspace between the
intestines, and then differentiate into spermatogonia/process of sexualization. Fig. 3F shows a counter nu-

clear staining of Fig. 3E using Hoechst 33342. Cells spermatocytes on the dorsal side. These results sug-
gested that DjPTK1 may be involved in both an earlystrongly expressing DjPTK1 were detected in the mes-

enchymal space of the body. The positive cells appear stage of germ cell differentiation and the process of
germ-cell maturation.in the ventral mesenchymal space, appear to migrate
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FIG. 4. (A) Nucleotide and deduced amino acid sequence of DjPTK1. Conserved Cys residues of the Ig-domain are circled. The shaded
box indicates the predicted transmembrane region. The tyrosine kinase catalytic sequence is boxed. The conserved Tyr residue in the C-
terminal tail is indicated by a triangle. (B) Diagram showing structures of DjPTK1, human FGF-R (FLG) and C-KIT. Percentages indicate
similarities betwwen kinase domains.
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