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We are using RT-PCR with degenerate oligonucleotide primers corresponding to conserved 
receptor tyrosine kinase sub-domains14 to clone fragments of specific receptor cDNAs from

Protein kinases in eukaryotic cells are divided into serine/threonine-specific and tyrosine-specific 
classes depending on their substrate specificities3,4. These kinases have a high degree of similarity in 
their kinase or catalytic domains, which consist of 250-300 amino acids. Since the discovery of the 
EGF receptor tyrosine kinase by Stanley Cohen and colleagues5’6, numerous receptors for growth 
factors and hormones have been found to transmit intracellular signals via intrinsic or non-covalently 
associated tyrosine kinases. These signaling cascades ultimately change gene expression patterns in 
cells by activating transcription factors. Amongst the approximately 32,000 protein coding genes in the 
human genome, there are 520 protein kinase genes and more than 90 protein tyrosine kinase genes of 
which 58 encode cell surface receptor molecules7. The serine/threonine-specific receptor protein 
kinases that have been identified thus far all bind members of the TGF-beta superfamily of ligands8. 
The hypothesis that cell surface receptors with intrinsic kinase activities and their ligands are 
intimately involved in cell proliferation and differentiation in vertebrate development has received 
much experimental support over that past 25 years9'12. For example, members of the bone 
morphogenetic protein (BMP) subgroup of the TGF-beta superfamily10 and the FGF family of growth 
factors11 have been found to be involved in mesoderm induction during gastrulation and in limb 
development and organogenesis later in development. Recently, Ying, et al.13 have found BMPs 
contribute the maintenance of murine ES cell pluripotency by inducing the expression of inhibitor of 
differentiation (Id) proteins.

We are identifying extracellular and genetic factors that confer germ-line competency to 
pluripotent zebrafish (Danio rerio) embryonic stem (ES) cells in a project to optimize the existing cell 
culture system for zebrafish ES cells developed for use in the production of gene-targeted knockouts1’2. 
One of the approaches we are using to achieve this objective is to generate a profile of the growth 
factor receptors that are expressed in germ-line competent zebrafish ES cells. This information will tell 
us to which growth factors these cells can potentially respond, and it will suggest receptor kinase- 
activated signaling pathways that may be involved in the maintenance of germ-line competency. The 
factors identified in this work will be tested in the culture system for the ability to enhance the 
production of zebrafish germ-line chimeras. Since zebrafish ES cell cultures are the only non-murine 
cells available that successfully contribute to the germ cell lineage of a host embryo, they provide a 
unique system to study factors controlling germ-line competency. In general, gene-targeting techniques 
are not available in non-murine species due to the absence of germ-line competent ES cell lines. 
Analysis of the factors conferring germ-line competency to zebrafish ES cell cultures will provide 
information that can be applied to the development of ES cell cultures and gene-targeting technology 
in other animal models.
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In another experiment, specific receptor serine/threonine kinase fragments were cloned directly 
from PCR products amplified with degenerate primers corresponding to sub-domains V1B and VIII, 
and they were identified by DNA sequencing. Of ten clones sequenced, three corresponded to bone 
morphogenetic protein receptor la (BMPRla) (mean sequence identity=98%), three corresponded to 
BMPRlb (mean sequence identity=97%), and three corresponded to activin receptor type Il-like 
protein (mean sequence identity=100%). These levels of sequence identity indicate that the degenerate
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Figure 1. PCR products generated with specific primers to zebrafish receptor tyrosine (A) and serine/threonine (B) kinases 
from ES cell cDNA amplified with degenerate primer pools. (A) 1. EGFR primers; 2. FGFR1 primers; 3. PDGFR alpha 
primers; 4, control with no DNA template; 8. DNA ladder. (B) 1, control with no DNA template; 2, ActRliB primers; 3. 
BMPRla primers; 4, TGFbRII primers; 5, DNA ladder. The sizes of DNA markers are provided in base pairs.

RNAextracted from germ-line competent zebrafish ES cells maintained on trout spleen feeder cells1. 
The ES cells were harvested with EDTA solution, which caused the ES cells to dissociate from the 
underlying adherent trout feeder cells. This method yielded ES cell preparations of 90% or greater 
purity. Single-stranded oligo(dT)-primed cDNA was amplified with degenerate PCR primer pools 
corresponding to sub-domain VIB (384x17mer) and VIII (288x17mer) sequences taken from all 
annotated zebrafish receptor tyrosine kinase cDNAs in the GenBank database. Aliquots of the PCR 
product pool were subjected to an additional 30 cycles of amplification with specific primers from sub­
domain VIB and VIII sequences in the epidermal growth factor receptor (EGFR). fibroblast growth 
factor receptor-1 (FGFR1) and platelet-derived growth factor receptor (PDGFR) alpha. The PCR 
products were resolved by electrophoresis in a 1% agarose gel (Fig. 1 A). A unique ethidium bromide- 
stained band of about 160bp was detected in each specific PCR reaction (lanes 1-3) but not in the 
control reaction, which contained no template DNA (lane 4). The stained band in the control reaction 
was most likely a primer dimer product.

A similar agarose gel of PCR products generated with specific primers corresponding to sub­
domains VIB and VIII of the receptor serine/threonine kinases for activin (ActRIIB. lane 2). bone 
morphogenetic proteins (BMPRla, lane 3), and transforming growth factor-beta (TGFbRII, lane 4) is 
shown in Fig. IB. Again a unique ethidium bromide-stained band of approximately 160bp was 
detected in each specific PCR reaction (lanes 2-4) but not in the control reaction, which contained no 
template DNA (lane 1). The templates for these PCR reactions were cDNA fragments amplified with 
degenerate PCR primer pools corresponding to sub-domain VIB (48x17mer) and VIII (108xl9mer) 
from all annotated zebrafish receptor serine/threonine kinase cDNAs in GenBank.
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primers amplified bona fide zebrafish receptor kinase templates. The last clone exhibited a lower 
degree of similarity (81% identity) to zebrafish BMPRla, which indicated that it represented either a 
related zebrafish serine/threonine kinase or BMPRla expressed by the trout feeder cells. This question 
can be resolved by sequencing trout PCR products amplified with specific zebrafish primers. If 
zebrafish receptor kinase target sequences are identical to their counterparts in rainbow trout, then 
mRNA from a pure sorted population of zebrafish ES cells will be needed as a template for cDNA 
synthesis. Our results indicate that degenerate PCR primer pools corresponding to conserved regions of 
receptor kinases can be used successfully to clone and identify cDNA fragments for closely-related 
(eg., BMPRla and BMPRlb) and distantly-related (eg., EGFR and PDGFR alpha) receptor molecules. 
Ligands for the identified receptor kinases will be tested in vitro for the ability to enhance the 
production of zebrafish germ-line chimeras.
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