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The ret oncogene frequently has been found activated in papillary thyroid carcinomas. A previous
characterization of ret activation revealed recombination of its tyrosine kinase domain and sequences derived
from an uncharacterized locus (D10S170). The mechanism leading to this recombination was identified as a
paracentric inversion of the long arm of chromosome 10, inv(10)(q11.2q21), with the breakpoints occurring
where ret and D10S170 were mapped. To further characterize the activation of ret in papillary thyroid
carcinomas, we have now isolated and sequenced a second type of ret oncogenic rearrangement not involving
the D10S170 locus. The nucleotide sequence indicated that the transforming activity was created by the fusion
of the ret tyrosine kinase domain with part of the Rl regulatory subunit of protein kinase A (PKA). This is
the first example of an oncogenic activity involving a PKA gene. PKA is the main intracellular cyclic AMP
receptor, and its Rl subunit gene is located on chromosome 17q. Rla-ret transcripts encode two isoforms of
the chimeric protein (p76 and p81), which display constitutive tyrosine phosphorylation as well as a tyrosine
kinase enzymatic activity. Under nonreducing conditions, both isoforms are found in a dimeric configuration
because of both homo- and heterodimer formation. Thus, the in vivo activation of ret in human papillary
thyroid carcinomas is provided by the fusion of its tyrosine kinase domain with different genes and can be

mediated by different mechanisms of gene rearrangement.

Tumor-specific rearrangements of the proto-oncogenes ret
and trk, encoding tyrosine kinase membrane receptors, have
been detected with a high frequency in human papillary
thyroid carcinomas (3, 10, 11, 24). The oncogenic activation
of these genes is accomplished by the fusion of their tyrosine
kinase domain with unlinked amino-terminal sequences fol-
lowing intrachromosomal rearrangements involving chromo-
some 10 and chromosome 1 in the case of ret and trk,
respectively (10, 24). In particular, a paracentric inversion of
the long arm of chromosome 10, inv(10)(q11.2q21), was
shown to provide the structural basis for the fusion between
ret and D10S170 (19), a locus formerly designated H4 (11)
and coding for an as-yet-uncharacterized protein which leads
to the generation of the transforming sequence ret/PTC.
Following a transfection assay and Southern blot analysis,
we have detected oncogenic activation, due to a DNA
rearrangement, of the ret proto-oncogene in 14 of 42 cases of
papillary thyroid carcinomas. The involvement of the
D10S170 locus was found in nine cases forming the same
ret/PTC chimeric transforming sequence (hereafter desig-
nated ret/PTC1). In the remaining five cases, Southern blot
analysis of the respective NIH 3T3 transformants failed to
reveal the presence of the D10S170 sequence (2). To further
characterize the mechanisms leading to onicogenic activation
and to increase our knowledge of the properties of the
sequences fused with the tyrosine kinase domain of ret, we
cloned and sequenced a cDNA related to a first novel
transforming rearrangement of the ret proto-oncogene. Anal-
ysis of the cDNA sequence indicated that the tyrosine kinase
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domain of the ret proto-oncogene was fused with sequences
belonging to the gene encoding regulatory subunit Rla of
cyclic AMP (cAMP)-dependent protein kinase A (PKA) (22).
A preliminary biochemical analysis of the transformation
product indicated that, in NIH 3T3 transformants, two
isoforms of the hybrid Rla-ret protein were present in
dimeric forms and that they displayed constitutive tyrosine
phosphorylation.

MATERIALS AND METHODS

Nucleic acid extraction and blot hybridization. Genomic
DNA extraction, Southern blotting, and hybridization were
performed as previously described (3). Total RNA was
extracted by the method of Chomczynski and Sacchi (6). For
Northern (RNA) blotting, poly(A)* selection was performed
with Amersham Hybond m-Ap paper as suggested by the
manufacturer. Ten micrograms of total RNA was electro-
phoresed, blotted on a nitrocellulose membrane (MSI),
subjected to hybridization at 42°C in a buffer containing 50%
formamide, 6x SSPE (1x SSPE is 0.18 M NaCl, 10 mM
NaPQ,, and 1 mM EDTA [pH 7.7]), 1x Denhardt’s solution,
1% sodium dodecyl sulfate (SDS), and 100 pg of single-
stranded salmon sperm DNA per ml, and washed at 60°C in
0.1x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-1% SDS. 3?P-labeled probes were prepared by the
multiprime DNA labeling system (9).

¢DNA cloning and sequencing. cDNA synthesis was per-
formed by use of an Amersham kit with oligo(dT)-primed
NIH 3T3 transformant poly(A)* mRNA. The cDNA was
ligated into the EcoRI site of A-gtl0 (Stratagene). Phage
DNA was packaged by use of packaging extracts (GIGA
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FIG. 1. Detection of human ret-related transforming sequences in NIH 3T3 transformants. (A) Northern blot analysis of total RNAs from
NIH 3T3 cells transformed by DNAs from different papillary thyroid carcinomas (lanes 1 to 6). The results obtained with mouse (untreated
NIH 3T3 cells, lane 7) and human SK-N-SH neuroblastoma cell line (lane 8) control RNAs are also shown. The blot was hybridized with a
ret tyrosine kinase domain-specific probe (11). (B) Southern blot analysis of EcoRI-digested DNAs from a primary tumor (lane 1), a lymph
node metastasis sample (lane 2), normal peripheral blood cells of patient 65 (lane 3), NIH 3T3 transformants of the primary tumor (lane 4)
and the metastasis sample (lane 5), and an NIH 3T3 control cell line (lane 6). The blot was hybridized with a genomic ret proto-oncogene probe
(probe 2 of reference 19). Human rez-related rearranged bands are indicated.

gold; Stratagene). A total of 5 x 10° PFU was plated onto
each of 10 plates (243 mm). GeneScreen Plus (Dupont,
NEN) filters from each plate were probed with an EcoRI-
BglllI fragment derived from the ret/PTC1 cDNA sequence
(11) and washed under high stringency. Positive clones were
purified, and the longest cDNA was isolated and inserted
into plasmid pBS (Stratagene) by standard protocols (17).
Nucleotide sequencing was performed by the dideoxy chain
termination method (23) with a Sequenase kit (U.S. Bio-
chemicals Corp.) primed with the T3 and T7 promoters or
with primers specific for the ret and RIa sequences, synthe-
sized by use of an Applied Biosystems (Foster City, Calif.)
synthesizer. A computer-assisted homology search of the
EMBL data bank was performed for known DNA se-
quences.

Cloning of ret/PTC2 in the pMAM-neo expression vector
and transfection. To synthesize ret/PTC2 cDNA with a
flanking Xbal restriction site suitable for cloning into the
pPMAM:-neo (Clontech) vector, we performed a polymerase
chain reaction (PCR) with an F2 phage DNA clone and
synthetic oligonucleotide primers complementary to the left
(N7) and right (N8) cohesive termini of A-gt10 and containing
the Xbal restriction site. The primers used were as follows:
5'-GCICTAGAAGCAAGTTCAGCCTGGTTAAG-3' (N7,
left) and 5'-GCTCTAGACTTATGAGTATTTCTTCCAGG
GTA-3' (N8, right); the added linkers are underlined. PCR
was performed by amplifying inserted cDNA with the N7
and N8 primers for 30 cycles (1 min of denaturation at 95°C,
1 min of annealing at 55°C, and 2 min of elongation at 72°C).
Amplified fusion cDNA was visualized by ethidium bromide
staining. After elution from the gel, the amplified product
was digested with restriction enzyme Xbal and cloned into
the Xbal site of dephosphorylated pMAM-neo. Multiple
independent recombinant clones were analyzed to isolate
plasmids with sense or antisense orientations of the insert.

NIH 3T3 cells were transfected by CaPO, coprecipitation
as previously described (3). Ten nanograms of plasmid DNA
and 20 pg of mouse DNA per 78-cm? plate were used.
Transfected cells were selected for resistance to G418, and

G418-resistant clones were treated with 1.5 mM dexameth-
asone to induce the expression of the ret/PTC2 insert. Foci
of transformed cells appearing 3 weeks later were quanti-
tated after Giemsa staining.

Antibodies. Anti-ret antibodies were raised in rabbits
immunized with the following synthetic peptides conjugated
to ovoalbumin (Neosystem, Strasbourg, France) (see Fig.
3B): KRRDYLDLAASTPSDSL, derived from amino acids
1011 to 1027 of the C-terminal sequence common to the two
isoforms, for the anti-common peptide serum (anti-RET
common); ENKYGRISHAFTREF, derived from the 9-amino-
acid C-terminal isoform, for the anti-RET 9 serum (anti-RET
9); and finally LSPSAAKIMDTFDS, derived from the
51-amino-acid C-terminal isoform, for the anti-RET 51 se-
rum (anti-RET 51) (26). The sera were purified on Affigel
columns to which the respective synthetic peptides were
covalently bound (30). Antisera operationally defined as
antiphosphotyrosine sera were raised in rabbits immunized
with azobenzylphosphonate conjugated to hemocyanin from
Megathura crenulata. Azobenzylphosphonate was synthe-
sized by the method of Landt et al. (15) and linked to the
carrier as described by Ross et al. (21). The antiphosphoty-
rosine antibodies were affinity purified on columns contain-
ing immobilized phosphotyrosine-bovine serum albumin as
reported by Cirillo et al. (7); their specificities have been
reported (16). Monoclonal antibodies directed against the
product of the RIa gene expressed in human testis were
kindly provided by B. Skilhegg (University of Oslo, Oslo,
Norway).

Immunoprecipitation and Western blotting (immunoblot-
ting). Cell lysates and immunoprecipitates were prepared as
follows. The cultures were washed twice with cold phos-
phate-buffered saline and solubilized on ice in lysis buffer (10
mM sodium phosphate [pH 7], 100 mM NaCl, 1% Triton
X-100, 5 mM EDTA, 1 mM Na;VO,, 2 mM phenylmethyl-
sulfonyl fluoride, 10 pg of aprotinin per ml, 10 pg of
leupeptin per ml, 10 pg of pepstatin per ml). The cells were
scraped, and the lysates were collected into Eppendorf tubes
and clarified by centrifugation at 15,000 x g for 30 min at
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CAGAGAACC

G
ATGGAGTCTGGCAGTACCGCCGCCAGTGAGGAGGCACGCAGCCTTCGAGAATGTGAGCTCTACGTCCAGAAGCATAACATTCAAGCACTG
MetGluSerGlySerThrAlaAlaSerGluGluAlaArgSerLeuArgGluCysGluLeuTyrValGlnLysHisAsnlleGlnAlaLeu

CTCAAAGATTCTATTGTGCAGTTGTGCACTGCTCGACCTGAGAGACCCATGGCATTCCTCAGGGAATACTTTGAGAGGT TGGAGAAGGAG
LeuLysAspSerIlevalGlnLeuCysThrAlaArgProGluArgProMetAlaPheleuArgGluTyrPheGluArgleuGluLysGlu

GAGGCAAAACAGATTCAGAATCTGCAGAAAGCAGGCACTCGTACAGACTCAAGGGAGGATGAGATTTCTCCTCCTCCACCCAACCCAGTG
GluAlaLysGlnIteGlnAsnLeuGlnLysAlaGlyThrArgThrAspSerArgGluAspGlul leSerProProProProAsnProVal

GTTAAAGGTAGGAGGCGACGAGGTGCTATCAGCGCTGAGGTCTACACGGAGGAAGATGCGGCATCCTATGTTAGAAAGGTTATACCAAAA
VallLysGlyArgArgArgArgGlyAlalleSerAlaGluvalTyrThrGluGluAspAlaAlaSerTyrValArglysVallleProlys

GATTACAAGACAATGGCCGCTTTAGCCAAAGCCATTGAAAAGAATGTGCTGTTTTCACATCTTGATGATAATGAGAGAAGTGATATTTTT
AspTyrLysThrMetAlaAlaleuAlaLysAlalleGluLysAsnValleuPheSerHisLeuAspAspAsnGluArgSerAspl lePhe

GATGCCATGTTTTCGGTCTCCTTTATCGCAGGAGAGACTGTGATTCAGCAAGGTGATGAAGGGGATAACTTCTATGTGATTGATCAAGGA
AspAlaMetPheServalSerPhelleAlaGlyGluThrvallleGlnGlnGlyAspGluGlyAspAsnPheTyrvallleAspGlnGly

GAGACGGATGTCTATGTTAACAATGAATGGGCAACCAGTGTTGGGGAAGGAGGGAGCTTTGGAGAACTTGCTTTGATTTATGGAACACCG
GluThrAspValTyrvValAsnAsnGluTrpAlaThrSerValGlyGluGlyGlySerPheGlyGluLeuAlaLeul leTyrGlyThrPro

AGAGCAGCCACTGTCAAAGCMAGACAMTGTGAMTTGTGGGGCATCGACCGAGACAGCTATAGMGMTCCTCATGY:‘AGGATCCAMG
ArgAlaAlaThrvalLysAlalLysThrAsnVallLysLeuTrpGlylleAspArgAspSerTyrArgArgl leLeweleuAspProLys
—>7K RIg < > ret
TGGGAATTCCCTCGGAAGAACTTGGTTCTTGGAAAAACTCTAGGAGAAGGCGAAT TTGGAAAAGTGGTCAAGGCAACGGCCTTCCATCTG
TrpGluPheProArgLysAsnLeuvalLeuGlylysThrieuGlyGluGlyGluPheGlyLysValValLysAlaThrAlaPheHisLeu

AAAGGCAGAGCAGGGTACACCACGGTGGCCGTGAAGATGCTGAAAGAGAACGCCTCCCCGAGTGAGCTTCGAGACCTGCTGTCAGAGTTC
LysGlyArgAlaGlyTyrThrThrValAlaVallysMetleulysGluAsnAlaSerProSerGluleuArgAspleut euSerGluPhe

AACGTCCTGAAGCAGGTCAACCACCCACATGTCATCAAATTGTATGGGGCCTGCAGCCAGGATGGCCCGCTCCTCCTCATCGTGGAGTAC
AsnValleulysGtnValAsnHisProHisvValllelysLeuTyrGlyAlaCysSerGlnAspGlyProLeuLeuLeul levatGluTyr

GCCAAATACGGCTCCCTGCGGGGCTTECTCCGCGAGAGCCGCAAAGTGGGGCCTGGCTACCTGGGCAGTGGAGGCAGCCGCAACTCCAGC
AlaLysTyrGlySerteuArgGlyPheLeuArgGluSerirglysValGlyProGlyTyrLeuGlySerGlyGlySerArgAsnSerSer

TCCCTGGACCACCCGGATGAGCGGGCCCTCACCATGGGCGACCTCATCTCATTTGCCTGGCAGATCTCACAGGGGATGCAGTATCTGGCC
SerLeuAspHisProAspGluArgAlaleuThrMetGlyAspLeul leSerPheAlaTrpGlni leSerGinGlyMetGinTyrLeuAla

GAGATGAAGCTCGTTCATCGGGACTTGGCAGCCAGAAACATCCTGGTAGCTGAGGGGCGGAAGATGAAGATTTCGGATTTCGGCTTGTCC
GluMetLysLeuValHisArgAspLeuAlaAlaArgAsnlleLeuvalAlaGluGlyArgLysMetLysIleSerAspPheGlyLeuSer

CGAGATGTTTATGAAGAGGATCCCTACGTGAAGAGGAGCCAGGGTCGGATTCCAGTTAAATGGATGGCAATTGAATCCCTTTTTGATCAT
ArgAspValTyrGluGluAspProTyrVallysArgSerGLnGlyArglleProvallysTrpMetAlal leGluSerLeuPheAspHis

ATCTACACCACGCAAAGTGATGTATGGTCTTTTGGTGTCCTGCTGTGGGAGATCGTGACCCTAGGGGGAAACCCCTATCCTGGGATTCCT
IleTyrThrThrGlnSerAspVal TrpSerPheGlyValLeuLeuTrpGlul leValThrLeuGlyGlyAsnProTyrProGlyllePro

CCTGAGCGGCTCTTCAACCTTCTGAAGACCGGCCACCGGATGGAGAGGCCAGACAACTGCAGCGAGGAGATGTACCGCCTGATGCTGCAA
ProGluArgLeuPheAsnLeuLeuLysThrGlyHisArgMetGluArgProAspAsnCysSerGluGluMetTyrArgLeuMetLeuGln
TK<-——|
TGCTGGAAGCAGGAGCCGGACAAAAGGCCGGTGTTTGCGGACATCAGCAAAGACCTGGAGAAGATGATGGTTAAGAGGAGAGACTACTTG
CysTrpLysGLnGluProAspLysArgProValPheAlaAsplleSerLysAsplLeuGluLysMetMetVallysArgArgAspTyrieu

GACCTTGCGGCGTCCACTCCATCTGACTCCCTGATTTATGACGACGGCCTCTCAGAGGAGGAGACACCGCTGGTGGACTGTAATAATGCC
AsplLeuAlaAlaSerThrProSerAspSerLeul leTyrAspAspGlyLeuSerGluGluGluThrProLeuvalAspCysAsnAsnAla

CCCCTCCCTCGAGCCCTCCCTTCCACATGGAT TGAAAACAAACTCTATGGTAGAATTTCCCATGCATTTACTAGATTCTAGCACCGCTGT
ProLeuProArgAlaLeuProSerThrTirpl leGluAsnl.ysLeuTyrGlyAral leSerHi sAlaPheThrAraPhe***

CCCCTCTGCACTATCCTTCCTCTCTGTGATGCTTTTTAAAAATGTTTCTGGTCTGAAC 1867
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4°C. The supernatants were incubated with protein
A-Sepharose (Pharmacia), precoated with various antibod-
ies, for 2 h at 4°C. After three washes with lysis buffer, the
immunocomplexes were eluted by boiling in 50 wl of Laem-
mli buffer (14) for 5 min. For Western blotting under nonre-
ducing conditions, 2-mercaptoethanol was omitted.

Immunoprecipitates were resolved by electrophoresis on
SDS-polyacrylamide gels (6.5 to 8.5%). Proteins were trans-
ferred to nitrocellulose filters and immunoblotted with vari-
ous antisera essentially as described by Towbin et al. (28).
Immunoreactive bands were visualized by use of 1%I-labeled
protein A and then autoradiographed.

Nucleotide sequence accession number. The nucleotide
sequence data reported in this article have been entered in
the EMBL nucleotide sequence data library under accession
number L1.03357.

RESULTS

Detection of novel ret/PTC transforming rearrangements in
human papillary thyroid carcinomas. A Northern blot analy-
sis was performed to investigate the sizes of ret mRNAs
expressed in the NIH 3T3 cell lines transformed by the
different oncogenic versions of the ret proto-oncogene. The
probe used consisted of an EcoRI-Bgl/Il cDNA fragment
from the 5’ region of the tyrosine kinase domain of the gene
(11). The results reported in Fig. 1A demonstrate that,
compared with the SK-N-SH human control cell line (lane
8), all six NIH 3T3 transformants, including that transformed
by previously characterized ret#/PTC1 (lane 1), expressed
different patterns of truncated rez-related transcripts (lanes 2
to 6).

Following this observation, we decided to further charac-
terize these putative new rer-transforming sequences. We
started with case 65 (Fig. 1A, lane 2), which represented the
first case of ret activation without involvement of the
D10S170 locus. The transforming sequence present in this
case was designated ret/PTC2 (16). Figure 1B demonstrates
the presence of a ret-related rearranged band of 2.3 kb in
EcoRlI-restricted DNA from primary tumor 65 (lane 1), a
metastasis sample from the same patient (lane 2), and the
derived NIH 3T3 transformant cell lines (lanes 4 and 5) when
a 1-kb BgllI-BamHI genomic fragment of the ret proto-
oncogene (probe 2 described in Fig. 2 of reference 19) was
used as a probe. In normal EcoRlI-restricted human DNA,
this probe detects a ret germ line band of 6.3 kb (Fig. 1B).
The tumor specificity of the 2.3-kb band was demonstrated
by its absence in the normal DNA obtained from lympho-
cytes of the same patient (Fig. 1B, lane 3) and in that derived
from NIH 3T3 cells (lane 6). These results indicate that the
rearrangement of ret occurred somatically in the original
tumor cells of case 65 and that the 2.3-kb ret-related rear-
ranged band was cosegregated with the transforming activity
of that tumor DNA.

Molecular cloning of the new ret/PTC2 transforming se-
quence, isolation of cDNA, and sequencing. To elucidate the
structure of the ret/PTC2 transforming sequence, we con-
structed an oligo(dT)-primed cDNA library from NIH 3T3
cells transformed by DNA from the primary tumor of patient
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65 by using the \-gt10 phage as a vector. Part of the library
(5 x 10° PFU) was screened with a ret-related cDNA probe
(11); eight positive clones were isolated and characterized by
restriction mapping (data not shown). The longest (clone F2)
was about 1.85 kb long. Clone F2 was cloned into the EcoRI
site of the Bluescript (Stratagene) plasmid vector, and its
sequence was determined by the dideoxy chain termination
method. The analysis of the obtained sequence of 1,867
nucleotides (Fig. 2) revealed the following features. An open
reading frame was identified starting at nucleotide 10 and
ending at nucleotide 1788; it encoded a putative polypeptide
of 596 amino acids. The sequence appeared to be colinear
with the ret proto-oncogene cDNA sequence starting from
the primer at the 3’ end of the clone for 1,149 nucleotides.
From this point, the sequence differed completely from that
of the ret proto-oncogene. The matching region comprised
the entire tyrosine kinase domain of the ret proto-oncogene.
No mutation was found in the coding sequence of ret,
suggesting that the activation of ret occurred solely by a
DNA rearrangement. When the sequence upstream of posi-
tion 718 was compared with known nucleotide sequences by
computer-assisted analysis, it was found that this portion of
the transforming sequence was nearly identical to the 5’ end
of the human Rla gene, which encodes the regulatory
subunit of the type I cAMP-dependent PKA (22). Namely,
this sequence coincided with the first 717 nucleotides of the
Rla gene, except for one conservative change (G—A) in a
nucleotide at position 96 (Fig. 2). Thus, this activated ret
gene is predicted to encode a fusion protein consisting of 236
amino-terminal amino acid residues of the RIa gene product
and 360 carboxy-terminal amino acid residues of the normal
ret protein (Fig. 2 and 3A).

As shown in Fig. 3A, the fusion point of the Rla-ret
transforming sequence (ret/PTC2) is located at the same
position in the ret portion as that found for D10S170-rez in
ret/PTC1 (11), i.e., between the transmembrane and tyrosine
kinase domains of the ret proto-oncogene. On the other
hand, Fig. 3 shows that the carboxy terminus of ret/PTC2 is
different from that of ret/PTC1 because of an alternative
splicing of the ret proto-oncogene, as discussed below.

Biological activity of the chimeric ret/PTC2 cDNA. ret/PTC2
cDNA clone F2 was inserted into the Xbal site of the
PMAM-neo plasmid expression vector. For this purpose, F2
cDNA was amplified by PCR with primers (N7 and N8
described in Materials and Methods) located on each side of
A-gtl0. The obtained product was digested with Xbal and
inserted in both sense and antisense orientations with re-
spect to the Rous sarcoma virus promoter and the dexa-
methasone-inducible mouse mammary tumor virus long ter-
minal repeat present in the vector to produce pGF1 (sense)
and pGF2 (antisense) expression plasmids. After transfec-
tion into NIH 3T3 cells, selection for resistance to G418 and
treatment with dexamethasone were performed. Plasmid
pGF1 showed significant transforming capacity (about 3,500
focus-forming units per pg of DNA), whereas the vector
alone or the plasmid expressing the antisense ret/PTC2
sequence (pGF2) yielded no transformants. These results
demonstrate that the pGF1 insert contains the entire se-
quence essential for the biological activity of transforming

FIG. 2. cDNA sequence and deduced amino acid sequence of the A-gt10 F2 insert. The position of the Rla-ret fusion point is indicated
by a solid triangle (nucleotides 717 and 718). The proposed ATG initiation codon and the 3’ sequence that belongs to a cloned shorter form
of the ret/PTC2 protein (see Fig. 3B) are underlined by thin and thick solid lines, respectively. The only nucleotide difference between the
Rla gene (22) and the Rla portion of ret/PTC2 is shown above the sequence at nucleotide 96. TK, tyrosine kinase.
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sequence ret/PTC2 generated by the tumor-specific Rla-ret
rearrangement.

Characterization of ret/PTC2 proteins in NIH 3T3 transfor-
mants. As predicted by Ishizaka et al. (12) and Tahira et al.
(25), Fig. 3A shows that because of alternative splicing, the
ret proto-oncogene could generate two isoforms of the ret
protein differing at the carboxy terminus, one 51 and the
other 9 amino acids long. By comparing the carboxy termini
of the cloned ret/PTC1 and ret/PTC2 transforming se-
quences, we found that they were derived from the longer
and shorter isoforms, respectively (Fig. 3A). Moreover, in
preliminary experiments with a PCR after reverse tran-
scriptase and isoform-specific primers, we identified both
forms of the ret/PTC2 cDNA in NIH 3T3 transformants (data
not shown). Therefore, to identify the two putative protein
isoforms derived from the activation of the ret proto-onco-
gene, we genetated three different rabbit polyclonal antisera
(Fig. 3B). They were directed against a 17-amino-acid pep-
tide belonging to a portion of the protein shared between the
two isoforms and a 14-amino-acid peptide representing a
region totally unique to the 51-amino-acid isoform. Since
immunization with a peptide of only 9 amino acids was
inefficient, antiserum against the 9-amino-acid isoform was
generated by use of a 14-amino-acid peptide containing an
additional 5 amino acids in common with the other isoform
(Fig. 3B).

To characterize the ret/PTC2 products, we immunoprecip-
itated cell extracts from normal or ret/PTC2 transformant
NIH 3T3 cell lines first with anti-common peptide antibod-
ies. The immunoprecipitates were divided into three aliquots
and blotted onto nitrocellulose filters. The filters were de-
veloped either with anti-common peptide antibodies or with
anti-isoform 51 or anti-isoform 9 peptide antibodies (Fig.
4A). The antibodies recognizing an amino acid sequence
shared between the two ret isoforms did not show any
reactivity with normal NIH 3T3 cells (lane 1) but detected in
ret/PTC2 NIH 3T3 transformants two bands with relative
mobilities of 76 and 81 Da, in agreement with the expected
different molecular masses of the two predicted isoforms
(lane 2). In particular, a mass of 76 kDa is in agreement with
that predicted for the protein encoded by the ret/PTC2
cDNA clone, whose sequence is reported in Fig. 2 and which
was expected to code for the shorter isoform (Fig. 3A).
Although in Fig. 4A, lane 2, the relative amounts of the two
isoforms appeared unbalanced, in Fig. 5, lane 2, the two
isoforms were equally expressed, so the observed variability
was merely due to the experimental conditions. The speci-
ficity of the anti-51 antibodies was further confirmed by their
ability to identify only the 81-Da protein whereas, because of
the presence of the 5 common amino acids in the immunizing
peptide used to generate the anti-9 antibodies, the latter
detected a weak 81-Da band in addition to the expected
76-Da band. In this experiment, the common band of about
50 Da was most likely due to the reactivity of ?*I-labeled
protein A with the reduced immunoglobulin G heavy chain.
When the experiment using the anti-common peptide anti-
bodies in both immunoprecipitation and Western blotting
was run under nonreducing conditions, the cell extract from
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ret/PTC2 NIH 3T3 transformants yielded two bands, of 175
and 190 Da (Fig. 4B, lane 1). No specific bands were noted
in the same region in the extract from normal NIH 3T3 cells
(Fig. 4b, lane 2), whereas the detected common band of 150
Da was compatible with the unreduced immunoglobulin G
used in the immunoprecipitation. Therefore, the two ret/
PTC2-related proteins, pl75 and pl90, could represent
dimers, stabilized by disulfide bonding, of the rer isoforms.
To verify whether heterodimers could be formed between
the different ret/PTC2 isoforms, we first immunoprecipitated
the cell extract from rez/PTC2 NIH 3T3 transformants with
the antibodies against the peptide 51-containing isoform and
developed the resulting Western blot with the anti-common
peptide antibodies. Figure 4C, lane 2, shows that the two
isoforms were present in the immunoprecipitate, demon-
strating that p81-p76 heterodimers were formed. The excess
p81 isoform could have been due both to homodimers and to
the presence of free p81 in the cell extract.

These results demonstrate that the ret/PTC2 oncogene
encodes two isoforms of the transforming protein able to
form both homo- and heterodimers. To demonstrate the
involvement of Rla sequences in the two ret/PTC2 protein
isoforms, we performed another immunoprecipitation with
the anti-common peptide antibodies using normal NIH 3T3
cells and ret/PTC1 and ret/PTC2 NIH 3T3 transformants. In
two cases, the immunoprecipitates were divided into three
aliquots, and in one case, they were divided into two
aliquots, and the aliquots were blotted. Figure 5 shows the
results obtained when one filter was developed with the
same antibodies as those used for the immunoprecipitation
(anti-common peptide). Again, no bands were detected in
the normal NIH 3T3 cell extract (lane 1), whereas the 76- and
81-Da ret/PTC2 protein isoforms were readily identified (lane
2). Moreover, the same analysis of a ret/cell extract from
PTC1 transformants identified the ret/PTC1 protein isoforms
of 64 and 59 Da (lane 3). When the second filter was
developed with anti-RIa antibodies, as shown in Fig. 5,
bands of 76 and 81 Da were detected in the cell extract from
ret/PTC2 transformants (lane 5). The specificity of the reac-
tion was confirmed by the negative result for the extract
derived from the NIH 3T3 cells transformed by the ret/PTC1
oncogene sequence, which did not contain the Rla-related
sequences (lane 6).

Finally, the last blot was reacted with anti-phosphoty-
rosine antibodies. Figure 5 shows that in the ret/PTC2 NIH
3T3 transformant cell extract, the antibodies decorated the
isoforms of 76 and 81 Da (lane 8), and no bands were
detected in the normal NIH 3T3 cell extract. This result
confirms a previously reported preliminary analysis of ret/
PTC2 NIH 3T3 products, which showed that the oncogenic
proteins display constitutive tyrosine phosphorylation and
an in vitro tyrosine kinase enzymatic activity (16).

DISCUSSION

For papillary carcinomas of the thyroid gland, we previ-
ously described the generation of chimeric transforming
sequences by rearrangement of the tyrosine kinase domains

FIG. 3. (A) Schematic structure of the products of the rer proto-oncogene and of its oncogenic versions ret/PTC1 and ret/PTC2. Shown
are the signal peptide (SP), transmembrane (TM) and tyrosine kinase (TK) domains, a glycine stretch in D10S170 (G), cysteine (C) and
tyrosine (Y) residues, an autoinhibitor (RRGAIS), and cAMP binding sites in Rla. p51 and p9 indicate the different COOH termini of the two
ret isoforms. (B) Amino acid sequences of the different carboxy termini of ret gene products due to alternative splicing. The peptides used

to produce the different antisera are indicated.
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FIG. 4. Western blot analysis of ret/PTC2 isoforms. (A) Reducing conditions. Control NIH 3T3 (lanes 1) and ret/PTC2 transformant (lanes
2) cell lines were immunoprecipitated (Ipc) with anti-common peptide serum (¢dRET common) and probed (probe) with the following antisera:
anti-RET common, anti-RET 51 («RET 51) and anti-RET 9 («RET 9). (B) Nonreducing conditions. Control NIH 3T3 (lane 2) and ret/PTC2
transformant (lane 1) cell lines were immunoprecipitated and probed with anti-common peptide serum. (C) Reducing conditions. Control NIH
3T3 (lane 1) and ret/PTC2 transformant {lane 2) cell lines were immunoprecipitated with anti-RET 51 serum and probed with anti-common
peptide serum. Specific bands of p81 and p76, corresponding to the two ret/PTC2 isoforms, and the migration of p190 and p175 are indicated.

of the trk and ret proto-oncogenes (3). The trk tyrosine
kinase domain has been found rearranged with portions of
two different 5'-end donor genes: the first seven exons of a
tropomyosin isoform-encoding gene (1, 18, 24) and #pr, a
gene encoding a product thought to belong to a kind of
cytoskeleton protein (10). In this study, we analyzed a novel
rearrangement of ret and partially characterized its product.
We cloned a biologically active ret-related cDNA from NIH
3T3 cells transformed by a tumor DNA that was found to
contain a somatically rearranged ret allele. The analysis of
its sequence revealed that it contained 717 nucleotides of the
Rla gene followed by 1,150 nucleotides of the ret proto-
oncogene, including its entire tk domain. The Rla gene
encodes one isoform of the regulatory subunit of cAMP-
dependent PKA. The latter is a holoenzyme complex con-
sisting of a dimeric regulatory subunit and two catalytic
subunits (27). In higher eukaryotes, most of the physiologi-
cal responses to CAMP are mediated by the activation of
cAMP-dependent PKA (8). Recently, the Rla gene was
mapped to human chromosome 17q23q24 (4, 13).

This is the first report of the involvement of a PKA-related
gene in the process of oncogenic activation. We recently

Ipc :
probe : «RET
common
P23
p 81 p
p76 > .
o < p 64
- < pb9

detected a second instance of a papillary thyroid carcinoma
with an oncogenic rearrangement between ret and the Rla
gene.

Our data indicate that the product of ret/PTC2 is a
chimeric enzyme with a portion of the regulatory subunit of
the PKA serine-threonine kinase and the entire ret tyrosine
kinase effector domain. The known properties of RIa would
match those expected for a 5'-end gene capable of activating
ret enzymatic activity. Rla is ubiquitously expressed (20)
and, as mentioned before, its product exists in native form as
a dimer of two subunits whose interaction could be stabilized
by interchain disulfide bonding (31). The Rla sequences
present in the ret/PTC2 oncogene contain the information to
code for the two cysteines, at positions 18 and 39, that are
involved in the stabilization of that interaction, providing
that the environmental redox condition is compatible with
the formation of disulfide bonds. This observation could
explain the present results, which revealed the presence of
high-molecular-weight bands, compatible with homo- and
heterodimeric forms of the ret/PTC2 gene product, when the
analysis was performed under nonreducing conditions. In
addition, in accordance with the general model of the acti-

O RET common

o RI (PKA) o Ptyr
4 5 6 7 8
= -

FIG. 5. Western blot analysis of re#/PTC1 and ret/PTC2 gene products. Control NIH 3T3 (lanes 1, 4, and 7), ret/PTC1 transformant (lanes
3 and 6), and ret/PTC2 transformant (lanes 2, 5, and 8) cell lines were immunoprecipitated (Ipc) with anti-common peptide serum (aRET
common) and probed (probe) with the following antisera: anti-RET common, anti-RIa [aRI (PKA)], and antiphosphotyrosine (aPtyr). The
migration of p59 and p64 ret/PTC1 and of p76 and p81 ret/PTC2 isoforms is indicated. PKA, protein kinase A.



VoL. 13, 1993

vation of tyrosine kinase membrane receptors (29), ret/PTC2
gene product dimerization could be related to the observed
constitutive tyrosine phosphorylation of this product.

A still unsolved question concerns the interaction of both
cAMP and PKA catalytic subunits with that portion of Rla
that is present in the ret/PTC2 gene product. In fact, an
interaction of the transforming protein with the physiological
Rla ligand (cAMP) and its interactive protein (PKA catalytic
subunits) is theoretically still possible. For this question to
be answered, further experiments are required. However, it
is worth pointing out how a single genetic event, while
generating the fusion of a portion of Rla with the tyrosine
kinase domain of ret, not only activates the enzymatic
activity of the latter but also alters one allele of Rla,
perturbating the normal balance of cAMP receptor proteins.
Several reports have indicated that malignancy is correlated
with the abnormal signal transduction of cAMP (5, 8).

The analysis of the rez-related sequences of the ret/PTC2
rearrangement revealed two major points of interest in
comparison with the homologous sequences displayed by
the previously reported ret/PTC1 rearrangement (11). First,
although two different genes provide the 5' end of the ret
transforming sequences, the breakpoints of the ret proto-
oncogenes were identical, at the cDNA level, in the two
cases, confirming the previously reported finding that tumor-
specific ret rearrangements all occur within the same intronic
region (11). Second, the 3'-end sequences of the two onco-
genic rearrangements of ret were found, on the contrary, to
differ as a consequence of alternative splicing, as originally
proposed by Ishizaka et al. (12). Here we demonstrate that
two isoforms of ret/PTC2 (as well as of ret/PTC1) can be
detected in NIH 3T3 transformants.

In conclusion, we have provided evidence that in papillary
thyroid carcinomas, the ret proto-oncogene can be found
rearranged with different genes, resulting in constitutive ty-
rosine phosphorylation of the chimeric ret gene product and,
most likely, in constitutive activation of its enzymatic activ-
ity. This activation could be mediated by the formation of
homo- and heterodimers of the two isoforms of the transform-
ing protein that are generated by alternative splicing of ret at
the 3’ end of the ret/PTC2 transforming sequence.
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