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ABSTRACT 

Two novel platelet-derived growth factor (PDGF) a-receptor tran- 
scripts of 1.5 kilobases and 5.0 kilobases are expressed in the human 
teratocarcinoma cell line Tera-2 only while the cells are in an undifferen- 
tiated state. After retinoic acid-induced differentiation, expression of these 
mRNAs is completely shut off and instead, the cells express a single 
6.4-kilobase mRNA species which is also expressed in many other cell 
types. The 1.5-kilobase mRNA initiates within intron 12, contains the 
correctly spliced exons 13, 14, 15, and 16, and contains a cryptic exon, 
designated teratocarcinoma cryptic exon, at the 3' end. Teratocarcinoma 
cryptic exon contains a functional polyadenylation signal. Exons 13 to 16 
correspond to the first tyrosine kinase domain and to part of the interki- 
nase domain of the PDGF a-receptor. Recently, a splice variant lacking 
exon 14 was identified. These results show that a combination of alterna- 
tive promoter usage and alternative splicing of the human PDGF a-re- 
ceptor gene occur in a developmentally regulated fashion. In vitro trans- 
lation of the 1.5-kilobase mRNA generates protein products which can be 
specifically immunoprecipitated with a PDGF a-receptor-specific anti- 
body. The significance of the expression of this transcript for the growth 
factor-independent proliferation of undifferentiated Tera-2 cells is unclear. 
Expression of PDGF a-receptor transcripts containing the cryptic exon 
may be useful as a marker for undifferentiated stem cells in human 
teratocarcinomas. 

INTRODUCTION 

PDGF 3 is a potent mitogen for connective tissue cells and glial cells 
and is implicated in wound healing when released from platelets 
(reviewed in Ref. 1). PDGF occurs in two forms, termed A and B, 
although three isoforms of the protein exist as a result of dimerization 
of the A- and B-chains to form either homodimeric (AA or BB) or 
heterodimeric (AB) molecules. PDGF dimers interact with two dif- 
ferent but structurally related cell surface receptors (PDGF or- and 
/3-receptor; Ref. 2). PDGF receptors are members of the tyrosine 
kinase family of receptors which dimerize upon ligand binding, trans- 
phosphorylate (on specific tyrosine residues), and then phosphorylate 
a specific set of substrate proteins (reviewed in Ref. 3). Ligand- 
induced dimerization of PDGF receptors has been well documented 
(4). PDGF aa-receptor dimers bind all three PDGF isoforms, ~/3- 
receptor dimers bind PDGF-AB and PDGF-BB, and /3/3-receptor 
dimers bind PDGF-BB (4). Therefore, a cellular response to 
PDGF-AA requires the expression of the PDGF a-receptor gene. 
PDGF a- and /3-receptor cDNAs show homology with the CSF-1 
receptor and the c-kit receptor in that they contain five immunoglobu- 
lin-like domains in the extracellular parts and a split tyrosine kinase 
domain in the intracellular parts (5-9). 

There is accumulating evidence that the PDGF-AA homodimer and 
the PDGF o~-receptor are involved in regulating embryogenesis at 
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early stages. Expression of PDGF A-chain mRNA but not PDGF 
B-chain mRNA in preimplantation mouse embryos has been described 
(10). Selective expression of PDGF A-chain mRNA was also found in 
early (6.5-8.5-day) embryonic mouse tissues as well as in mouse F9 
teratocarcinorna cells (11). In addition, expression of PDGF a-recep- 
tor mRNA was detected in mouse embryos (6.5-8.5 days) and in F9 
cells (11). PDGF a-receptor mRNA is expressed earlier and more 
abundantly than PDGF 13-receptor mRNA during development. Two 
recent in situ hybridization studies showed that PDGF a-receptor 
mRNA is expressed already at the two-cell stage (12) and during later 
stages of mouse embryogenesis, particularly in mesoderm derivatives 
(13). The importance of the PDGF a-receptor in development is 
further stressed by the fact that part of the gene is deleted in the lethal 
Patch mouse mutant (14). Taken together, these findings suggest that 
PDGF-AA and the PDGF a-receptor may have important regulatory 
roles in early embryogenesis. 

We have investigated expression of the PDGF a-receptor gene in 
the human teratocarcinoma cell line Tera-2. Teratocarcinoma stem 
cells resemble pluripotent cells in early stages of embryogenesis. 
Tera-2 was established from a pulmonary metastasis of a human 
testicular teratocarcinoma (15). Undifferentiated Tera-2 cells prolifer- 
ate independently of serum growth factors (16), but cells can be 
induced to differentiate towards neuroectodermal cell types upon 
treatment with RA. It has been shown previously that Tera-2 cells 
express the PDGF/3-receptor gene (17) and the PDGF A-chain gene 
but not the PDGF B-chain gene (16). In this report, we describe two 
novel PDGF a-receptor transcripts which are expressed in undiffer- 
entiated human teratocarcinoma cells. 

MATERIALS AND M E T H O D S  

Cell Culture. Tera-2 clone 13 cells (T2/13) were grown in a-modification 
of minimal essential medium lacking nucleosides and deoxynucleosides and 
supplemented with 10% (v/v) fetal calf serum and 44 mM NaHCO3 in a 7.5% 
CO2 atmosphere at 37~ Differentiation of cells was induced by the addition 
of RA (5/x~) 16 h after the cells were seeded at low density (5000 cells/cm2). 

RNA Preparation and Northern Blot Analysis. Total RNA was isolated 
from undifferentiated or differentiated (5 days RA treatment) Tera-2 cells using 
the guanidine isothiocyanate method (18). Oligodeoxythymidylate cellulose 
affinity chromatography was used for the isolation of polyadenylated RNA. 
Polyadenylated-selected RNA was subjected to 1% agarose gel electrophoresis 
in formamide and transferred to nitrocellulose (19). 

eDNA and Genomic Cloning. One /xg of polyadenylated RNA isolated 
from undifferentiated Tera-2 cells was used for cDNA synthesis and cloning in 
A Gem-2 (Capture Clone kit; Promega). A total of approximately 500,000 
independent cDNA clones was obtained. An amplified human genomic library 
in X EMBL3 prepared from DNA of chronic myeloid leukemia cells was kindly 
provided by Dr. G. Grosveld (Erasmus University, Rotterdam, the Nether- 
lands). A Clones were plated (genomic clones, 40,000 per 135-mm dish; cDNA 
clones, 30,000 per 135-mm dish) and replica filters (Hybond-N; Amersham) 
were prepared as described by the supplier. 

Hybridizations and DNA Probes. Hybridization and washing procedures 
were carried out as described previously (20). DNA fragments were labeled by 
random priming (21) using a labeling kit (Amersham). PDGF a-receptor 
gene-specific DNA fragments used as hybridization probes were: an EcoR1- 
Accl fragment corresponding to the tyrosine kinase domain (nucleotides 2150- 
2902; Ref. 8); a Bgll-EcoR1 fragment (362 base pairs) specific for the TCCE 
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(nucleotides 815 to 1178; Fig. 2); and an EcoR1 fragment (1.5 kilobases) 
corresponding to the extracellular domain (nucleotides 250--1807; Ref. 8). 

RACE. The RACE procedure was essentially as described earlier (22). 
Briefly, one /zg of polyadenylated RNA from undifferentiated or RA-differ- 
entiated Tera-2 cells was reverse transcribed with M-MLTV reverse transcrip- 
tase (200 units; BRL) using 50 ng of oligodeoxythymidylate(12-18) in 50 mM 
Tris-HC1 (pH 8.3), 75 mM KCI, 3 mM MgCI2, and 10 mM dithiothreitol in a 
20-/xl reaction. Single-stranded cDNA was G-tailed using terminal transferase 
(BRL) in 100 mM potassium cacodylate (pH 7.2), 2 mM COC12, 200 /XM 
dithiothreitol, and 660 /zM dGTP. In the first round of PCR, the oligonucleo- 
tides 5' primer 5'-CGGATGTCGACTCGAAGCTT(C)16-3' and 3' primer 
CTCCAGACGCCTCCTCAGCT-3' (nucleotides 159 to 179; Fig. 2) were 
used. One-tenth of the reverse transcription-reaction mixture was used as a 
template. The second round of PCR was performed using the same 5' primer 
and the nested 3' primer 5'-CGGACAGCTGGGCGAGTGTC-3' (nucleotides 
111 to 131; Fig. 2). A small portion of the first PCR reaction was used as a 
template. Reaction mixtures contained 50 mM KC1, 10 mM Tris-HCl (pH 9.0), 
1.5 mM MgC12, 0.01% gelatin (w/v), 0.1% Triton X-100 (v/v), 200/ZM of each 
of the dNTPs, and 1 unit Taq polymerase (Promega). 

In Vitro Transcription and Translation. Approximately 10/xg of cesium 
chloride-gradient purified DNA corresponding to the cDNA insert of APAR-c3 
in pBlueScript KS or vector alone was linearized using XbaI. In vitro tran- 
scription was carried out using SP6 RNA polymerase (Stratagene) under con- 
ditions allowing the generation of 5'-capped mRNA. Aliquots were translated 
in vitro using a rabbit reticulocyte translation kit (Amersham) in 25 /zl con- 
taining 100/zCi of [35S]methionine (3000 Ci/mmol; Amersham). The remain- 
der of the reactions was diluted in ice-cold buffer containing 20 mM Tris-HC1 
(pH 7.5), 150 mM NaC1, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride 
(Sigma), and 1% Trasylol (Bayer) to a final volume of 200 ~1. Two/xl of a 
rabbit antiserum raised against a synthetic peptide corresponding to amino 
acids 724 to 755 of the interkinase domain of the PDGF c~-receptor (8) were 
added to each sample followed by incubation at 4~ for 1 h. After addition of 
60/xl protein A-Sepharose 4B (Pharmacia LKB) and incubation at 4~ for 30 
min, the beads were washed three times with cold Triton-X-containing buffer 
and once with water. Samples of the immunoprecipitated and the nonimmu- 
noprecipitated reactions were mixed with sample buffer (0.2 M Tris-HC1 (pH 
8.8), 4% SDS, 0.5 M sucrose, 5 mM EDTA, 0.01% bromophenol blue, and 2% 
2-mercaptoethanol); incubated at 95~ for 5 min; and analyzed by SDS- 
polyacrylamide gel electrophoresis in a 10-15% gradient gel. The gel was 
treated with Amplify (Amersham) and exposed for 1 week to X-ray film. 

The nucleotide sequence presented in this paper has been submitted to 
Genbank/EMBL under the accession number X76079. 

RESULTS 

Expression of the PDGF a-Receptor Gene in Tera-2 Cells. Fig. 
1 shows a Northern analysis of polyadenylated RNA from undiffer- 
entiated (EC) and R_A-differentiated (RA) Tera-2 cells and from P19 
mouse EC cells hybridized with a cDNA probe corresponding to the 
tyrosine kinase domain-encoding part of the PDGF a-receptor. Two 
mRNAs of 1.5 and 5.0 kilobases were detected only in undifferenti- 
ated Tera-2 cells. In contrast, RA-differentiated Tera-2 cells and 
MES-1 cells (a mesodermal derivative of P19 mouse EC cells; Ref. 
23) express a single 6.4-kilobase mRNA. No PDGF a-receptor gene 
alterations could be detected by Southern blot analysis using DNA 
from Tera-2 cells and human foreskin fibroblast cells (not shown). 

Isolation of PDGF a-Receptor cDNAs. In order to analyze the 
Tera-2 EC-specific transcripts, a cDNA library was made using poly- 
adenylated RNA isolated from undifferentiated Tera-2 cells. Screening 
of 500,000 independent recombinants revealed 11 PDGF a-receptor 
gene-specific clones. The combined nucleotide sequence of two 
cDNA clones (APAR-c2 and APAR-c3) is presented in Fig. 2. Nucleo- 
tides 106 to 1178 plus a polyadenylated tail correspond to clone 
XPAR-c2. The region 212 to 748 is completely homologous with part 
of the published PDGF a-receptor cDNA sequence (nucleotides 1915 
to 2451; Ref. 8). However, both at the 5 '-end (nucleotides 106 to 211) 
and at the 3 '-end (nucleotides 749 to 1178), this cDNA as well as 

1 2 3 

2 8 S -  

1 8 S -  

Fig. 1. Northern blot analysis of polyadenylated RNA isolated from: Lane 1, MES-1 
ceils (differentiated derivatives of murine P19 EC cells); Lane 2, undifferentiated Tera-2 
cells; and Lane 3, RA-differentiated Tera-2 cells hybridized with a PDGF a-receptor- 
specific probe corresponding to the tyrosine kinase domain. 

several others which were analysed contains unique as yet unreported 
sequences (a comparison was performed with the Genbank/EMBL 
database; release 33.0), which are not related to the published PDGF 
a-receptor cDNA sequence. Fig. 3 shows schematically that the region 
of nucleotides 212 to 748 corresponds to the first tyrosine kinase 
domain and a large part of the interkinase domain. At the 3'-end, the 
cDNAs have a polyadenylation signal (AATAAA) and a polyadenyl- 
ate tail. PDGF a-receptor cDNA clone XPAR-c3 is very similar to 
APAR-c2 but extends further to the 5'-end (starting at nucleotide 1 in 
Fig. 2) and lacks nucleotides 317 to 427. Apparently, this cDNA 
corresponds to a 1.4-kilobase transcript which probably cannot be 
distinguished from the 1.5-kilobase transcript on Northern blots. 

Isolation of the Human PDGF a-Receptor Gene. To investigate 
whether the unique 5' and 3' sequences of the cDNAs are related to 
the PDGF a-receptor gene, human genomic clones were isolated 
using an extracellular domain-specific probe and a tyrosine kinase 
domain-specific probe. Nucleotide sequence analysis of genomic sub- 
clones revealed the presence of several exons in the PDGF a-receptor 
gene. The exon-intron organization of the human PDGF a- and/3-re- 
ceptor genes has not been described. However, the structures of the 
related c-f ms protooncogene and the c-ki t  protooncogene have been 
described (24, 25). The exon numbering which is used in this paper is 
based on the homology of the PDGF a-receptor gene with the c-fins 
gene. Both genes contain a noncoding exon 1 (24). 4 Comparison of 
the cDNA and genomic sequences indicated that the region of homol- 
ogy with the published PDGF a-receptor cDNA (8, 9) corresponds to 
exons 13, 14, 15, and 16 (Fig. 4). Interestingly, the 5' unique sequence 
corresponds to part of intron 12 immediately upstream of exon 13 
within the PDGF o~-receptor gene, whereas the 3' unique sequence is 
present as a distinct exon within the gene. We have designated this 
exon TCCE. TCCE is located approximately 3 kilobases downstream 

4 S. Mosselman, unpublished data. 
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tgcaagtgt t  attcgacaaa agcaattatg c t aa t t t c c t  
aaacaggaaa gacactcgcc cagctfltcc~ cccgcagaga 

cctgcccaca gGT CGG GTC TTG GGG TCT GGA GCG 
ty arg vat teu gty set gty ata 

CCT GTC ATG AAA GTT GCA GTG /tAG ATG CTA 
pro vat met tys vat a[a vat tys met teu tys 

ATA ATG ACT CAC CTG GGG CCA CAT TTG AAC ATT 
i re  met thr  h is  teu gty pro h is teu asn i re  

ACA GAG TAT TGC TTC TAT GGA GAT TTG GTC AAC 
thr  gtu t y r  cys phe t y r  gty asp teu vat ash 

CCA AAG ~ GAG CTG GAT ATC TTT GGA TTG AAC 
pro tys tys gtu teu asp i re  phe gty teu asn 

AAT GGT GAC TAC ATG GAC ATG /tAG CAG GCT GAT 
asn gty  asp t y r  met aspmet tys gtn ata asp 

TCC GAC ATC CAG AGA TCA CTC TAT GAT CGT CCA 
set asp i re  gin arg set teu t y r  asp arg pro 

gagatgtcag aggaacctga gtcatgctca 
tggctagagc tactct tcac ttgctgaaca 
tct tcctcga aaaccctggg acccttccag 
tctaagatgc tatcacatgt  gattggtggt 
cagaaact(a)~ 

ggcccaagcc 
t t t tcaaaaa 
atgggactaa 
t g a t t t t a t t  

tccctgtggc t caa t t cc t t  t t t tgacacg atgacttgga ggagtcatta tgat tactcc 
gctggctacg gtgcagaaag ctgagflaflgc f l tctf l f lagtt t t t g g g t g t t  aatgat tctg 

TTT GGG AAG GTG GTT GAA GGA ACA GCC TAT GGA TTA AGC CGG TCC CAA 
phe gty tys vat vat gtu gty thr  ata t y r  g ty  teu set arg ser gin 

CCC ACG GCC AGA TCC AGT GAA AAA CAA GCT CTC ATG TCT GAA CTG /tAG 
pro thr  ata arg set set gtu tys gtn ata teu met ser gtu teu tys 

GTA AAC TTG CTG GGA GCC TGC ACC /tAG TCA GGC CCC ATT TAC ATC ATC 
vat asn teu teu gty  ata cys thr  tys set gty pro i l e  t y r  i re  i re  

TAT TTG CAT /tAG AAT AGG GAT AGC TTC CTG AGC CAC CAC CCA GAG /LAG 
ty r  teu his tys asn arg asp ser phe teu set h is  h is pro gLu tys 

CCT GCT CAT GAA AGC ACA CGG AGC TAT GTT ATT TTA TCT TTT GAA AAC 
pro ata asp gtu set thr  arg set t y r  val i re  leu set phe gtu asn 

ACT ACA CAG TAT GTC CCC ATG CTA GAA AGG AAA GAG GTT TCT AAA TAT 
thr  thr  gin t y r  vat pro met teu gtu arg tys gtu vat ser tys t y r  

GCC TCA TAT /lAG /lAG AAA TCT ATG TTA Ggc 
ate ser t y r  tys tys tys ser met teu 

tgggctggtg gagttggcac 

ctgttggcag gcagaccact gct t tc tggc 
gaattgacac ttgctgaaca t t t c t t t t c a  
ctggggaaag tggacaagtt acaaacaaag 
aacaaattat aagcaaagta ctacaaaggt 

cttccgtgac tatctgaaaa aaatcgtgaa 
attcagaact tctgatggat taaattgcct  
aaactcaaag gaaagtcatt ggcactgatc 
ggctttaaaa agaaaataaa gcaattcaca 

Fig. 2. Combined nucleotide sequence of eDNA APAR-c2 and APAR-c3 which corresponds to the 1.5-kilobase PDGF a-receptor mRNAs. APAR-c2 corresponds to nucleotides 106 
to 1178; )tPAR-c3 corresponds to nucleotides 1 to 1178, but it lacks nucleotides 317 to 427. The region of homology with the wild type receptor (nucleotides 212 to 748) is represented 
by capitals and is translated to protein. Amino acids are numbered as in Ref. 8. Nucleotide sequences corresponding to oligonucleotides and the polyadenylation signal are underlined. 
The TK-1 domain corresponds to amino acids 599 to 690. Tyrosine residues 731 and 742 are phosphorylated in the wild type PDGF a-receptor. The nucleotide-binding motif 
GIy-X-GIy-X-X-GIy corresponds to amino acids 600 to 605. Exon 13, nucleotides 212 to 316; exon 14, nucleotides 317 to 427; exon 15, nucleotides 428 to 581; exon 16, nucleotides 
582 to 748. 
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Fig. 3. Schematic representation of PDGF a-receptor mRNA. A, part of the 6.4- 
kilobase mRNA encoding the wild type receptor and B, of the 1.5 kb mRNA. TM, 
transmembrane region; TK-1 and TK-2, tyrosine kinase domains; arrows, polyadenylation 
signals; TAA, translation termination codon. [] unique sequences of the 1.5-kilobase 
mRNA. 

of exon 16, and preliminary data indicate that TCCE is located down- 
stream of exons 17, 18, and 19. Immediately upstream of TCCE, a 3' 
splice site is present. At the 3'-end, TCCE contains a functional 

polyadenylation signal (AATAAA) which determines the 3'-end of the 
mRNA. Fig. 4 represents schematically the part of the PDGF a-re- 

ceptor gene which is involved in the generation of the 1.5-kilobase 
mRNA. Together, the data show that in Tera-2 EC cells, a combination 
of alternative promoter usage and alternative splicing generates a 
novel PDGF a-receptor mRNA. Nucleotides 317 to 427 correspond to 
exon 14 which is lacking in )tPAR-c3. Apparently, exon 13 can be 
differentially spliced to either exon 14 or exon 15. 

Expression of the 1.5-kilobase m R N A  in G e r m a  II  Cells. Fig. 5 
shows that a TCCE-specific probe (nucleotides 815 to 1178; Fig. 2) 
hybridizes with the 1.5-kilobase PDGF a-receptor mRNA in Tera-2 

EC cells and also in undifferentiated Germa II cells. Germa II is 
another human teratocarcinoma cell line but from a primary tumor 
(26). Neither the 5.0-kilobase mRNA in Tera-2 EC cells nor the 
6.4-kilobase mRNA in Tera-2 RA cells is recognized by this TCCE- 
specific probe. 

In  Vitro Transcr ip t ion  and  Translat ion.  In order to obtain evi- 
dence that the 1.5-kilobase transcript can be translated, we performed 
an in vitro transcription/translation experiment using pBlueScript with 
or without the 1.5-kilobase cDNA insert (from APAR-c3). Fig. 6, Lane 

5 clearly contains protein products derived from the cDNA insert 
which can be immunoprecipitated with a PDGF a-receptor-specific 

antibody (Lane 6). The arrows indicate the positions of two major 
bands which correspond to translation from ATG codon 628 (nucleo- 

tides 307 to 309; Fig. 2) to TGA stopcodon (nucleotides 847 to 849; 
Fig. 2) and from ATG codon 734 (nucleotides 625 to 627) to the same 
TGA stopcodon, respectively. 

Mapping of the Transcr ip t ion  Ini t ia t ion Site. To determine the 
5 '-end of the 1.5-kilobase mRNA, the RACE procedure was used 
(21). Two oligonucleotide primers within the intron 12 part of the 
mRNA were used for this purpose (Fig. 2, underlined). A specific 

product with a strictly defined length (~165  nucleotides) was identi- 
fied when RNA from Tera-2 EC cells was used but not when RNA 

6.4 kb m 

gene 

1.5 kb ml 

Fig. 4. Schematic representation of part of the human PDGF a-receptor gene, part of 
the 6.4-kilobase mRNA, and the 1.5-kilobase mRNA. Exon numbering is based on the 
exon-intron organization of the human c-f ms protooncogene (24). Arrows, polyadenylated 
signals; black box, TCCE; asterisk, transcription initiation site. 
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2 3 

2 8 S -  
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Fig. 5. Northern blot analysis of polyadenylated RNA isolated from Tera-2 RA cells 
(Lane 1), Tera-2 EC cells (Lane 2), and Germa II cells (Lane 3) hybridized with a probe 
which is specific for the TCCE of the PDGF a-receptor. 

from Tera-2 RA cells was used (Fig. 7A). This fragment was sub- 
cloned, and the nucleotide sequence was determined. The results 
indicate that a major site of transcription initiation is the T residue 
nucleotide 13 in Fig. 7B. However, since the 5'-end of APAR-c3 is 
located 13 nucleotides further upstream, some heterogeneity of tran- 
scription initiation sites apparently exists. 

Nucleotide sequence analysis of the genomic region just upstream 
of the site of transcription initiation (Fig. 7B) revealed no TATA-box, 
CCAAT-box, or SP1 sites. Interestingly, a pyrimidine-rich region is 
present (nucleotides -33 to + 1) as well as a putative AP2 site (nucleo- 
tides -93 to -87) and a typical octamer motif ATGCTAAT (nucleo- 
tides 28 to 35; Ref. 27). 

DISCUSSION 

In the current study, we have identified two variant PDGF a-re- 
ceptor transcripts of 1.5 kilobases and 5.0 kilobases which are ex- 
pressed in human teratocarcinoma cells in a developmentally regu- 
lated manner. Expression of the 6.4-kilobase PDGF a-receptor 
mRNA, which is normally observed, and of the variant transcripts 
appear to be mutually exclusive in Tera-2 cells and depend upon the 
state of differentiation of the cells. These results indicate that PDGF 
a-receptor gene expression in Tera-2 cells is highly regulated. A 
specific combination of transcription/initiation and alternative splic- 
ing events in undifferentiated Tera-2 cells generates this 1.5-kilobase 
PDGF a-receptor transcript as well as a splice variant which lacks 
exon 14. These eDNA sequence data clearly indicate that the 1.5- 
kilobase and 5.0-kilobase transcripts are not generated by specific 
cleavage of the 6.4-kilobase mRNA. The 1.5-kilobase transcipt is also 
expressed in another human teratocarcinoma cell line, Germa II. To 
date, only one other aberrant PDGF a-receptor transcript has been 
described. It is expressed in a human glioma and lacks one exon due 
to a genomic deletion (28). 

Since Tera-2 EC cells proliferate independently of serum growth 
factors (16), the possibility that the 1.5-kilobase mRNA would encode 
a truncated PDGF a-receptor protein which might be ligand indepen- 
dent and which might have constitutive tyrosine phosphokinase ac- 
tivity is very intruiging. Several tyrosine kinase growth factor recep- 
tors have been described which are activated by mutations and which 
lead to constitutive tyrosine kinase signaling (3). Potentially, the 1.5- 
kilobase mRNA encodes a cytosolic protein with part of the first 
tyrosine kinase domain. In vitro translation of the 1.5-kilobase mRNA 
indicates that ATG codons 628 and 734 (Fig. 2) are preferentially used 
to generate proteins that can be specifically immunoprecipitated with 
a PDGF a-receptor antibody. These two ATG codons are in a better 
Kozak consensus sequence than ATG codons 622 and 732 (29). The 
reading frames would not include the nucleotide binding site (amino 
acids 600--605), but they would include tyrosine residues (Tyr 731 and 
Tyr 742) which are phosphorylated in the wild type PDGF a-receptor 
and are involved in binding phosphatidylinositol-3 kinase-associated 
p85 (30). The putative proteins might associate with receptor sub- 
strates, perhaps as a result of a transient association with activated 
PDGF j3-receptors. Translation of the splice variant transcript which 
contains exon 14 would contain an additional 37 amino acids of the 
tyrosine kinase domain (amino acids 631-667; Fig. 2), which would 
include an additional two ATG initiation codons. An alternative open 
reading frame (nucleotides 71 to 268; Fig. 2) potentially encodes a 
peptide of 66 amino acids. The amino acid sequence of this peptide 
does not share homology with any known protein. The in vitro trans- 
lation experiment provides no evidence for the production of this 
peptide. 

A number of alternative transcripts derived from tyrosine ldnase 
receptor genes have been described including the epidermal growth 

Mr x 10 "3 

4 6 ~  
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Fig. 6. In vitro transcription and translation of the 1.5-kilobase eDNA. Samples were 
generated using water alone (Lanes I and 2), pBlueScript vector (Lanes 3 and 4), or the 
1.5-kilobase eDNA (derived from )tPAR-c3; this eDNA lacks exon 14) in pBlueScript 
(Lanes 5 and 6). Aliquots of the reactions were analyzed directly (Lanes 1, 3, and 5), or 
immunoprecipitations were performed using an antibody raised against the PDGF a-re- 
ceptor interkinase domain (Lanes 2, 4, and 6). SDS-polyacrylamide gel electrophoresis 
was performed in a 10-15% gradient gel. The migration pattern of molecular weight 
markers are indicated. 
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A 
Tera 2 mRNA 

RA EC 

1 2 1 2 M 

Table 1 Comparison of the exon-intron organization of the c-fms and c-kit 
protooncogenes and the PDGF a-receptor gene 

Gene c-fins c-kit PDGF a-receptor 

Intron 12 127 280 2500 
Exon 13 105 105 (12) 105 
Intron 13 517 82 470 
Exon 14 111 111 (13) 111 
Intron 14 999 1200 370 
Exon 15 163 151 (14) 154 
Intron 15 2107 2000 ND 
Exon 16 89 92 (15) 167 

a Numbers in parentheses correspond to the exon numbering in the c-kit protoonco'- 
gene. 

--482 
--342 

-211  

- -138 

B 
-97 

"47 

ggatcccagg ggctggccca gcacggagct ggtagacagc gcgctcacac 
+1 

cagggagggc tgcaccctcc t t t c t c c c g t  c t g t g t t t t c  t t tccctTGC 

AAGTGTTATT CGACAAAAGC AATTATGCTA ATTTCCTTCC CTGTGGCTCA 
t 

Fig. 7. A. Ethidium bromide-stained agarose gel showing the result of the RACE 
experiment. Polyadenylated RNA was used from Tera-2 undifferentiated or RA-induced 
cells (EC and RA). Reaction products were analyzed on a 2% agarose gel after the first 
(1) or second (2) round of PCR. A molecular weight marker is present in Lane M. B. 
Nucleotide sequence of part of intron 12 immediately upstream of the site of transcription 
initiation (asterisk). Nucleotide +1 corresponds to the first nucleotide in Fig. 2. The 
pyrimidine-rich region corresponds to nucleotides -33 to + 1. The octamer motif corre- 
sponds to nucleotides 28 to 35. 

factor receptor gene (31), fibroblast growth factor receptor genes (32), 
the c-kit gene (33), and the PDGF/3-receptor gene (34). Some of these 
transcripts initiate within introns but show no alternative splicing (33, 
34). Others initiate transcription at the normal site but contain alter- 
natively spliced exons (31, 35). In some cases, truncated proteins 
could be detected (31, 32). Interestingly, the truncated transcript de- 
rived from the PDGF/3-receptor gene initiates within an intron and is 
expressed in murine teratocarcinoma and embryonic stem cells (34). 
Expression of this transcript is developmentally regulated. However, it 
is not regulated as strikingly as expression of the PDGF a-receptor 
mRNAs in Tera-2 cells. 

In addition to the 1.5-kilobase mRNA, a 5.0-kilobase PDGF a-re- 
ceptor mRNA is expressed in Tera-2 EC cells. At this time, very little 
is known about this transcript. It may represent a precursor mRNA 
since we have isolated one cDNA which contained part of intron 12 
followed by exon 13, intron 13, exon 14, and part of intron 14 (not 
shown). Obviously, this cDNA is derived from an incompletely pro- 
cessed precursor transcript, although this does not explain why the 
5.0-kilobase transcript does not hybridize with the TCCE-specific 
probe. 

Part of the genomic structure of the PDGF a-receptor gene is 
presented in this paper (Fig. 4; Table 1). There is a high degree of 
structural homology with the protooncogenes c-kit (25) and c-fins 
(24). The sizes of exons 13 and 14 (exons 12 and 13 in the c-kit gene) 
are very well conserved. The size difference of exon 16 with the 

corresponding exons in the c-f-ms gene and in the c-kit gene probably 
relates to the difference in size of the interkinase domains of the 
receptors (8). Interestingly, intron 12 in the PDGF a-receptor gene is 
much larger than the corresponding introns in the c-kit and c-fins 
genes as determined in a PCR experiment using oligonucleotides 
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corresponding to exon 12 and to the 3'-end of intron 12 (not shown). 
We believe that this size difference may be related to a role for intron 
12 sequences in the regulation of transcription initiation for the 1.5- 
kilobase mRNA. The presence of a typical octamer motif (ATGC- 
TAAT) is of interest since an octamer-binding transcription factor is 
described which is differentially expressed in mouse embryonic cells 
(36). Like the 1.5-kilobase PDGF a-receptor mRNA, this factor is 
rapidly and specifically repressed in response to RA-induced differ- 
entiation (36). 

Expression of the 1.5-kb mRNA containing TCCE has so far been 
shown to be specific for undifferentiated stem cells since its expres- 
sion is lost upon cell differentiation. Like expression of the crypto 
gene in NTera-2 cells (37), its expression is shut off after differentia- 
tion of the cells. It will be interesting to see whether TCCE-containing 
PDGF a-receptor mRNA is expressed in teratocarcinoma tumor tis- 
sues and whether expression is related to the state of differentiation of 
the tumors. A correlation between differentiation of human germ cell 
tumors and altered expression of the retinoblastoma gene, the c-kit 
gene, and the FGF-4 (hst-1) gene has been described (38, 39). The 
contribution of changes in gene expression, including that of the 
PDGF a-receptor gene, on the pathogenesis of germ cell tumors 
remains to be investigated. The putative expression and role of the 
1.5-kilobase PDGF a-receptor mRNA in embryonic development also 
requires further research. 
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