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Abstract

A novel type ofRET rearrangement, PTCS, was detected in papillary
thyroid carcinomas of two patients exposed to radioactive fallout after
Chernobyl. Reverse transcription-PCR and rapid amplification of 5'-
cDNA ends revealed a fusion of the ret tyrosine kinase (TK) domain
with a sequence identical to that described previously as ret-I!. Ret-Il
Is a transfection artifact in NIH3T3 cells and has not yet been detected
in any human tumor. Overlapping sequences found in the expressed
sequence tag databases enabled us to sequence the COOH terminus of
the ret-fused gene S (RFGS). The combined data made it possible to
assemble a full-length rfg5 protein sequence. Computer-assisted anal
ysis of this sequence reveals four putative coiled-coil structures, pos
sibly Involved In dimerization, but no membrane-binding sequences.
Northern blots show a ubiquitous RFGS expression in various normal
tissues, including the thyroid gland. In addition to the RFGS/RET, we
also detected the reciprocal RET/RFG5 transcript in both tumor sam
pies, suggesting that the rearrangement is based on a balanced recip
rocal translocation. In agreement with other rearranged TKs, it is
concluded that the transforming action of the new fusion protein
rfgS/ret in thyroid tumors may be due to an activation of the ret TK by
constitutive expression and dimerization potential of the 5'-fused rfg5
protein. Ret immunohistochemistry Indicates that the fusion protein is
expressed In all cells of PTCS tumors, suggesting that RFGS/RET

rearrangement is an early event In thyroid carcinogenesis.

Introduction

Intrachromosomal rearrangements involving RET and H4
(PTC13) or ELEJ (PTC3) genes are very frequently observed in
PTCs of children from Belarus after the Chernobyl reactor acci
dent. In a series of 59 PTCs of children who were thyroidectomized
in Minsk during the period until 10 years after the Chernobyl
accident, more than 60% had RET rearrangements (1). Rearrange
ments with a fusion of the ret TK domain to the 5'-end of the ELEJ
gene (PTC3) predominate (1â€”4).In addition to the common type of
PTC3 (5), we observed by RT-PCR, 5'-RACE, and direct sequenc
ing hitherto unknown types of ELE/RET rearrangements. Two new
subtypes contained different truncated 5'-parts of the ELEI gene
resulting in fusion products shorter by 144 bp (PTC3r2) or 18 bp
(PTC3r3), respectively, as compared to the common type PTC3r1
(6, 7). Recently, an additional subtype of ELE/RET rearrangement
was described with the 5'-ELEJ part fused to a 93 bp-larger 3'-ret
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TK domain in a single post-Chernobyl thyroid carcinoma (8).
Here, we present a novel RET rearrangement with a gene different

from H4 (9), RIca (10), and the various types of ELEJ (2, 3, 5â€”8).
This novel type was identified in two thyroid carcinomas from
Belarus. We designate this RET rearrangement PTC5 and the
involved gene RFG5 (ret-fused gene 5). This gene fusion has not
been detected in a human tumor before but was found after
transfection of NIH3T3 cells with DNA from a human sigmoid
colon cancer and was called RET-li (1 1). However, RET-Il has not
been detected either in the colon tumor itself or in any other human
tumor, suggesting that the observed RET-Il rearrangement in
NIH3T3 cells was a transfection artifact. Here, we demonstrate that
this type of rearrangement is present in human thyroid carcinomas
after Chernobyl. Overlapping sequence homology of the 5'-RACE
product to a human EST clone enabled us to establish the stop
codon and to present the full-length sequence of the rigS protein.
Its fusion to the RET TK domain results in the PTC5 activation.
The computer-assisted analysis of the rfg5 protein sequence
showed characteristic features of coiled-coil regions that appear to
be important for dimenzation and thus for functional activation of
ret. In addition, the detection of the reciprocal transcripts RET/
RFG5 will be described.

Materials and Methods

Thyroid Tissues. Tumor material was obtained from patients who under
went thyroidectomyat the Departmentof Surgery,Medical High School of
Minsk, Belarus. The tumor specimens were from a female patient (M165) and
a male (Ml89) patientexposedto radioactivefalloutafterChernobylatthe age
of 17 years and 8 months (M165) and 7 months (M189), at the time of the

reactoraccident.Surgerytook place in April 1996 (Ml65) and in July 1996
(M189). The TNM classifications were T2@N1M@J(M165) and T4@,N1MIJ
(Ml89).

Immunohistochemistry. Tumor tissue was fixed in 4% buffered formalin
and embedded in paraffin. Four-@xm sections were stained with H&E. Thyro
globulin immunohistochemistry was performed with a monoclonal antihuman
thyroglobulin antibody (M781; DAKO Diagnostika GmbH, Hamburg, Ocr
many) with the avidin-biotin peroxidase complex method and DAB according
to standardprotocols. As a proliferationmarker,10-67 was stained by the
APAAP method using a monoclonal anti-Ki-67 antibody (10-55; Boehringer

Mannheim, Mannheim, Germany) and Fast RedlNaphthol-AS-MX. The
APAAP method was also used for staining the ret protein in tumor sections

using a polyclonal anti-ret antibody corresponding to amino acids 784â€”801of
ret (rabbitIgO Cl9; SantaCruzBiotechnology, SantaCruz,CA).

mRNA Isolation and RT-PCR. PolyadenylatedmRNA was isolatedfrom
about20 mg of lysed thyroidtissue and reversetranscribed.One-tenthof the
cDNA (1 @xl)was used as template in the PCR without further purification.
Conditions of PCR reactions and direct sequencing of the resulting products
were as describedin detail in a previouspublication(2).

5'-RACE. Rapidamplificationof unknown5'-cDNA ends was performed
using the 5'-RACE system (BoehringerMannheim).5'-RACE, or â€œanchoredâ€•
PCR, is a technique that facilitates the isolation and characterization of
unknown 5'-ends from low-copy messages. Briefly, tumor mRNA (2 pi of a
total of 10 p1) was reversetranscribedwith an antisenseprimer(retc4;Table
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Table 1Position of the seleciedprimersPrimerGenePositionUsed

forâ€•Referenceâ€•retc3c-RET2102â€”2123SA26retc5c-RET2206â€”22255'-RACEThis

studyretc2c-RET2295â€”2314RT-PCR,
5'-RACEThisstudyretc4c-RET2346-23595'-RACEThis

studyPTC5V1RFG5855-883RT-PCRThis
studyPTCSaVRFGS1403-1422RT-PCRThis
studyFTC5R1RFG51473â€”1492RT-PCRThis
studyPTC5R2RFG51620â€”1639RT-PCR,

SAThisstudyPTC5V2RFG51620â€”1639SAThis
studyPTC5R3'RFG51745-1764RT-PCR,

SAThisstudya
SA, sequence analysis.

@ study, positions accordingto current sequences of theEuropean Molecular Biology Laboratory database.

A NEW RET REARRANGEMENTAND ThE INVOLVEDRFG5 GENE

1) to the RETTK domain.The resultingfirst-strandcDNA was prolongedat
its 3'-end using terminal deoxynucleotidyl transferase and dCTP. The resulting
dCFP tail could be used as 5'-end in a nested PCR approach (with Taq DNA
polymerase; Promega Corp., Serva, Heidelberg, Germany) using the two
oligonucleotides included in the kit as forward primers and two RET-specific
oligonucleotides (retc2 and retc5; Table 1) as reverse primers.

Northern Blot Hybridization. Northern blot analysis was carried out
using two humanmultipletissue Northernblot membranescontainingapprox
imately 2 @xgof polyadenylated mRNA per lane (Clontech, Palo Alto). As
hybridizationprobes,we used the PCRfragmentPTC5V1/FFC5R1(Table 1)
638 bp in length and a @-actincDNA fragmentpurchasedwith the human
multipletissue Northernblot membranesafter [a-32PJdCTPlabelingwith the
randomprimedlabelingkit (BoehringerMannheim).Stringentconditionswere
used for hybridization (60Â°C/50% formamide/l M Na'@).

Homology Search and Computer-assisted Sequence Analysis. Comput
er-assisted services of the German Cancer Research Center Heidelberg were
used. The BLAST program (12) was used for general protein and nucleotide
acid sequence homology searches in the EST, DNA and protein databases. The
sequences were analyzed further using the programs of the GCG package
(Genetics Computer Group, Madison, Wisconsin).

ResUlts and Discussion

Tumors. Childhood thyroid tumors observed after the Chernobyl
reactor accident are almost exclusively PTCs, including solid and
follicular variants (13, 14). Both tumors of this study show papillary
structures and a cytology typical for PTC (Fig. 1A). Tumor M189 also
contains solid and follicular parts (Fig. 1B). Thyroglobulin is pro
duced in subpopulations of solid and follicular (Fig. lD) but less at
pure papillary sites (Fig. 1C). Proliferation varies in different areas of

the tumors, as demonstrated with Ki-67 staining. Follicular/solid
variants show a tendency for a higher rate of proliferation (Fig. lF) as
compared to pure papillary areas (Fig. 1E). There is no evidence for
a different histological structure or cytology as compared to the
common type of thyroid carcinomas found in children after the
Chernobyl reactor accident.

Detection of a Novel Type of RET Rearrangement. Previously,
we have demonstrated that new truncated subtypes of ELFIRET
rearrangement occur in PTCs of children from Belarus. For this
investigation, we had used a combination of RT-PCR, 5'-RACE, and

direct sequencing (6, 7). The same strategy was successfully applied
to analyzing the suspected novel RET rearrangement in the thyroid
tumor samples M165 and M189. In these samples, neither of the three
fusion genes 114/RET, Ria/RET, or ELEJ/REF had been detected;
however, the result of multiplex PCR (2) strongly indicated that a
rearranged RET was present in these samples. The 5'-RACE tech
nique was carried out and resulted in a PCR product of approximately
500 bp upstream of the ret TK domain. It was directly sequenced with
the retc3 primer (Table 1). Database searching disclosed identity to a
RET fusion product found and designated RET-H by Ishizaka et al.
(1 1). They had obtained RET-H by transfection of NIH3T3 cells with
DNA obtained from a human sigmoid colon cancer. The predicted

RET-H fusion protein consisted of 899 amino acids with a molecular
weight of about Mr 101,000 (11). The sequence from nucleotide 1570
to 2622 was equal to that of RET from nucleotide 1335 to 2387 (15).
It was shown that the RET-Il cDNA had transforming activity on
NIH3T3 cells, but Ishizaka et a!. (1 1) did not detect RET-Il in the
original colon tumor. However, we succeeded in amplifying a PCR
product (VFC5aV-retc2; Table 1) from the original thyroid cDNA of
the two tumors M165 and Ml89 spanning the fusion region. This
proves the results of the 5'-RACE experiments. The RFG5/RET
fragment derived from sample Ml65 was 336 bp in length and was
directly sequenced with the retc3 primer (Table 1; Fig. 2).

Thus far, we detected the VFC5 rearrangement in only two samples
of 129 PTCs that we obtained until December 1996 from patients
from Belarus. In contrast to the high prevalence of VFC3 rearrange
ment and the lower prevalence of VFC1 rearrangement, the complete
absence of P'FC2 rearrangement in our series (1, 2)@and the rarity of
VFC5 rearrangements suggest a similar rearrangement mechanism in
PTC2 and PTC5. In VTC2, a chromosomal translocation,
t(lO,l7)(ql l.2;q23) juxtaposes the TK domain of the RET proto
oncogene, which is located on chromosome 10, to a 5'-portion of the
Ricagene on chromosome 17 (16). In contrast, a paracentricinversion
of chromosome 10 is responsible for the generation of PTC1 and
PTC3 rearrangements (17, 18). Obviously, RET rearrangements in
volving genes on chromosome 10 are created more often. This would
imply that the RFG5 gene fused to RET, resulting in PTC5, might not
be located on chromosome l0.@

Gene Expression. To further characterize RFG5, we have inves
tigated its expression pattern. Northern blot analysis of mRNA from
various human tissues using the cDNA probe PTC5V1IR1 (Table 1;
see Fig. 4, nucleotides 855-1492) was performed. The probe detects a

single transcript of about 2.8 kb in all tissues tested, including the
thyroid gland. We used a j3-actin probe to show a normalization of the
levels of loaded mRNA (Fig. 3). Similar results were obtained with
heart, brain, placenta, lung, liver, skeletal muscle, kidney, and pan
creas (data not shown). These results demonstrate that the RFG5 gene
is ubiquitously expressed, a common feature shared with other RET
activating genes and genes activating other receptor TKs (19).

To evaluate the type and intratumoral distribution of the expression
of the PTC5 ret fusion protein in tumors containing this RET rear
rangement, an immunohistochemical study was performed using an
anti-ret antibody directed against amino acids 784â€”801 of ret. In
contrast to normal thyroid epithelial cells, all tumor cells showed a
strong reaction with this antibody (Fig. 1, G and H). It can be
concluded that overexpression of ret due to RFGS/RET fusion is not
confined to subpopulations, but is intrinsic to all cells of these tumors.

4 Unpublished observations.

5 Work in progress.
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Fig. 1. Histology and immunohistochemistry of thyroid carcinomas showing PTC5 rearrangemeni A. papillary carcinoma, M165, H&E; magnification, X250. B, solid/follicular
variant ofpapillary carcinoma, Ml89, H&E; magnification, Xl0O. C, thyroglobulin (brown), M165, DAB; magnification, X250. D, thyroglobulin (brown), M189, DAB; magnification,
X250. E, Ki-67 (Fast Red), Ml65, magnification, X250. F, Ki-67 (Fast Red), M189, magnification, X250. G, ret protein (Fast Red), M165; magnification, XlOO.H, ret protein (Fast
Red), Ml65; magnification, X250. Câ€”H,slightly counterstained with Mayer's hematoxylin.
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G A T C as shown in Fig. 4 and in Fig. 5 (top). The helices of two domains,

â€”@ Cl and C2 of the middle part, appear as typical leucine zippers as

â€˜. : found using the PROSITE search. For the wild-type rfg5 protein,

@ we therefore predict the existence of at least two separate domains.

Most of the region between residues 218 and 578 contains heptad
- ___ repeats, which are supposed to form a coiled-coil a-helix. The

@ possible function of this domain is the dimerization or oligomer
. _ ization of the protein. The NH2 terminus (residues 1â€”217) is

â€” - enriched in hydroxyl group-containing amino acids (5cr and Thr)
. 0 and is not so strongly negatively charged as compared to the region

â€” between residues 2 1 8 and 578.

â€¢paiI@ Coiled-coil domains, conferring dimerization capability, have been
@,s proposed to play a crucial role in the ligand-independent activation of

@ TK oncogenes (22). Recently, it could be demonstrated that the PTC1
I,@ oncoprotein (h4/ret) forms dimers in vivo, and the dimerization was

*m mediated by the leucine zipper in the h4 portion of the oncoprotein

â€” â€” (23).InadditiontoPTC1,thesamewasshownforthePTC2onco
@ protein rla/ret (10, 24). The presence of four coiled-coil domains

@â€” (Clâ€”C4, Fig. 4 up to residue 499) within the predicted NH2-terminal

@ sequence of the rfg5/ret fusion protein might be responsible for a
â€”@ dimerization in PTC5 (Fig. 5, bottom). Constitutive oligomerization

via coiled-coil domains appear to be a common mechanism for the
activation of rearranged ret oncoproteins.

Reciprocal Transcript. For establishing the reciprocal transcript
RET/RFG5, we used the PCR primer combination tm1IPTC5R2

RET/RFG5 (Table1)foramplificationandsequencedtheexpected263-bp
M165 fragment(Fig.2). Fromthe sequencedata (Fig.4), a reciprocal

fusion protein ret/rfg5 can be predicted that consists of 546 amino
acids, with the first 458 belonging to ret. It has to be assumed that
the rearrangement process involved in generating PTC5 places the
ret TK domain under control of the ubiquitously expressed RFGS
promoter. Assuming a balanced reciprocal translocation, the 3'-end
of the RFG5 gene will come under the control of the RET pro
moter. The latter is obviously active in the tumor cells generating
the reciprocal transcript RET/RFG5, but the role of this transcript

A NEW RET REARRANGEMENTAND ThE INVOLVEDRFG5 GENE
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Fig. 3. Demonstration of the expression of the RFG5 mRNA by Northern blot analysis

in various tissues. I, stomach; 2, thyroid; 3. spinal cord; 4, lymph node; 5, trachea; 6.
adrenal gland; 7. bone marmw. Top. the results using the RFG5-specific probe demon
strate the ubiquitous expression of RFGS; bottom, a hybridization with a @-actin-specific
probe is shown for normalization of the levels of loaded RNAs. Right Side, fragment
length, bp X lOs.

201

GATC
@ 4

:@

:@ Irf@5I

RFG5/RET
M165

Fig. 2. Direct sequence analysis of the novel PTC5 rearrangement in thyroid carci
noma. The cDNA sequences of both the RFG5/RETtranscript and the reciprocal transcript
RET/RFG5 are shown. The PCR fragment F1'C5aV/retc2 of sample Ml65 was used for
sequencing with the primer retc3 (Table 1). The fusion point of the genes and the fused
gene fragments RFG5 and RET are marked (A and Y).

This suggests that PTC5 rearrangement is an early event in tumori
genesis.

Further Sequence Analysis. EST database searches for the non
ret part of the ret-il fusion (RFG5/RET transcript) revealed sequence

similarity to a human EST clone with the GenBank accession number
N56674.

To establish the stop codon of RFG5, we amplified and se
quenced the 364-bp PCR fragment PTC5aVIPTC5R3' (Table 1).
The complete coding sequence of RFG5 comprises 1758 bp. The
protein predicted from this sequence consists of 585 amino acids
(Fig. 4). Computer-assisted analysis of this amino acid sequence
did not show homology with any proteins in the European Molec
ular Biology Laboratory database. A PEPSTATS search revealed a
molecular weight of about Mr 66,000. The protein contains 33%
charged amino acids as well as 3 1% acidic or amide group con
taming amino acids. It is negatively charged, and the isoelectric

point is 5.36. The hydrophilicity profile of the protein was plotted
by the method of Kyte and Doolittle (20), but there was no

hydrophobic region that could code a transmembrane domain (data
not shown). The correct localization of rfg5 in the cell has to be
determined experimentally, because it might be important for the
function of the rfg5/ret fusion protein. It could allow the TK to
interact with unusual substrates, perhaps modifying their func
tional properties and contributing to different tumor biology.

Furthermore, we investigated the presence of coiled-coil do

mains in the putative rfg5 protein. The amino acid sequence was
analyzed by an automated method based on the statistical evalua
tion of sequence similarity to a coiled-coil sequence profile (21).
By this method, the rfg5 protein was predicted to contain four
coiled-coil domains in the middle region and the COOH terminus,

[r@5I@

Ifiisionpoint I

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/2/198/2467572/cr0580020198.pdf by guest on 19 M

ay 2023



1 ATGTCTTGGTTTGTTGATCTTGCTGGAAAOGCAGAAGATCTTTTAAACCGAGTTGATCAA

1 MS W FVDLAGKAEDLLNRVD

6 1 GGGGCTGCA@CAGCTCTCAGTAGGAA@GACAATGCCAGCAP.CATATATAGCAAAAATACT
21 G A A T A L S R K D N A S N I Y S K N T

12 1 GACTATACTGAACTTCACCAGCAAAATACAGATTTGATATATCAGACTGGACCTAAATCT

41 D Y T E L H Q Q N T D L I Y Q T 0 P K S

1 8 1 ACGTATATTTCATCAGCAGCTGATAP.CATTCGAAATCAAAAAGCCACCATCTTAGCTGGC

61 T Y I S S A A D N I R N Q K A T I L A G

24 1 ACTGCAAATGTGAAAGTAGGATCTCGGACACCAGTAGAGGCCTCTCATCCTGTTGAAAAT
81 T A N V K V G S R T P V E A S H P V E N

3 0 1 GCATCTGTTCCTAGGCCTTCATCCCATTTTGTGCGAAGAAAAAAGTCAGAACCTGATGAT
101 A S V P R P S S H F V R R K K S E P D D

3 6 1 GAGCTGCTGTTTGATTTTCTTAATAGTTCACAGAAGGAGCCTACC000A000TGGAAATC

121 E L L F D F L N S S Q K H P T G K V E I

4 2 1 AGAAAGGAAAAAGGCAAGACACCTGTCTTTCASA@CTCTCAGACATCAAGTGTCAGTTCT

141 R K E K G K T P V F Q S S Q T S S V S S

4 8 1 GTGAACCCCAGTGTAACCACCATCAAAACCATTGAAGAAAATTCTTTT000AGCCAAACC

161 V N P 5 V T T I K T I E H N S F G S Q

54 1 CACGAAGCTGCCAGTAACTCAGATTCTAGCCATGAAGGTCAAGASGAATCTTCAAAGGAA
181 H E A A S N S D S S H E 0 Q E E S S K E

6 0 1

201 N V S S N A A C P D H T P T P N D D 0 K

6 6 1

221 S H E L S N L It L E N 0 L L R N B V 0 5

. . . 721 TTAAATCAAGAAATGGCCTCGTTACTCCAAAGATCCAAAGAGACTCAAGAAGAATTAAAC
Fig. 4. Complete nucleotide and amino acid sequence of RFG5. 24@ I N@ B M A@ L L 0 R S K B T 0 B B L N

RFG5consistsofll58nucleotidesand585aminoacidsThevertical 8@ AAAGCAAGAGCAAGAGTTGAAAAGTGGAATGCTGACCATTCAAAGAGTGATCGAATGACT

the present study the fusion between RFG5 and REf was found. Bold 2 6 1 K A R A R V B K W N A D H S K S D R M T
letters, nucleotide sequence of RFG5 from the fusion point to the stop 84 1 CGAGGACTCCGAI3CCCAAL3TAGATGACCTGACTGAAGCTGTGGCTGCAAAGGATTCCCAG
codon as determined in this study (positions 1492-1758). The RFG5/ 281 K 0 L K A 0 V D D L T B A V A A K D S Q
RET fusion cDNA consists of the RFG5 nucleotides from position 1 90 1 CTGGCTGTACTGAAAGTGAGACTCCAGGAAGCTGACCAGCTACTGAGTACTCGCACAGAA
to 1491, where it is linked to the RfF TK domain. The reciprocal 301 L A V L K v R L p B A i@ L L S V K T B

RE7'/RFGS fusion consists of the S'-part of RET spanning the extra-@ 6 i GCATTAGAGGCCTTACAGAGTGAAAAATCACGAATAATGCAGGATCAAAGTGAAGGTAAC
cellular and transmembranal domains fused to the RFG5 nucleotides 321 A L B A@@@ B K S R I M Q D Q S E G@

from position 1492 to 1758. The four possible coiled-coil regions, 1021 AGCCTGCAGAATCAAGCTCTGCAGACTCTTCAGGAGAGACTGCATGAAf3CGGATGCCACT
C1-C4,oftherfg5proteinareunderlined. 341@ L P N Q A L P T L P B R L H B A D A T

1 0 8 1 CTGAAOAGAt3AGCAGGAG.AGCTATAAACAGATGCAGAGCGAGTTTGCTGCACGCCTTAAT
361 L K R B P B S Y K p M p S B F A A R L N

114 1 AAAGTGGAAATGGAACGTCAGAATTTAGCAGAAGCAATTACACTGGCCGAAAG.AAAATAC
381 K V B M B R P N L A B A I T L A B R K

12 0 1

401 5 D B K K R V D B L P P P V K L Y K L N

126 1 TTGGAGTCCTCTAAGCAGGAATTAATTGACTACAAGCAAAAAI@CTACTAt3AATACTGCAA
421 L B S S K P B L I D Y K P K A T K I L P

13 2 1 TCTAAGGAAAAATTGATTAACAGCTTGAAAGAAt3GCTCTGGTTTTGAAGGCCTAGATAGC
441 S K B It L I N S L K B P S 3 F B G L D S

13 8 1

461 S T A S S M B L B B L R H B K B M P R B

144 1 GAAATACAGAAGCTGATGGGCCAGATACATCAGCTCAGATCCGAATTACAt@QATATGOAG
481 B I P K L H G P I H P L R S B L P ID 14 B

15 0 1 GCACAGCAAGTTAATGAAGCAGAATCAGCAAOAOAACAOTTACAGOATCTGCATOACCAA
501 A p Q V N B A B S A R B Q L P D L H D Q

15 6 1 ATAGCT000CAGAAAGCATCCAAACAAGAACTAGAOACAGAACTOOAGCGACTOAAGCAO
521 I A a Q K A S X Q B L B T B L B R L N

1 62 1 GAGTTCCACTATATAGAAGAAOATCTTTATCGAACAAAGAACACATTGCAAAGCAGAATT

541 B F H Y I B B D L Y R T K N T L Q S R I

1 6 8 1 AAAGATCGAOACGAAGAAATTCAAAAACTCAGOAATCAGCTTACCAATAAAACTTTAAGC

561 K D R D B B I 0 K L R N 0 L T N K T L S

174 1 AATAGCAGTCCAGTCTGA
581 N S S P V

in thyroid carcinogenesis remains unknown. Geurts et a!. (25) wild-type ret is, and might be activated by the ligands of the ret
reported a rearrangement between the genes HMGIC (a member of receptor tyrosine kinase, because it contains the transmembranal

the high mobility group) and FlIT (fragile histidine triad) in and extracellular domains. Unfortunately, we do not know whether
primary pleomorphic adenoma of the parotid gland. They describe, there is a functional domain in the COOH terminus of rfg5. Thus
in addition to normal HMGIC and FHIT transcripts, an HMGIC/ far, we only disclosed a putative coiled-coil region in the COOH
FHIT transcript as well as its reciprocal counterpart, FHIT/ terminus of the rfg5 protein.
HMGIC, and discuss possible effects of the fusion proteins on the We conclude that the described new type of RET rearrangement,
pathways the wild-type proteins belong to. This might be relevant PTC5, exhibits obvious similarities to the other RET rearrange
also for the reciprocal transcripts detected in the thyroid tumors, ments, P'FCl (H4/RET), PTC2 (RICIJRET),and PTC3 (ELE/RET),
but in contrast to FHIT and HMGIC, the function of the rfg5 including the various subtypes of PTC3. All these rearrangement
protein described in this study is still obscure. However, the forms involve at the 5'-part a gene that is ubiquitously expressed,
predicted fusion protein ret/rfg5 might be membrane bound, as thus apparently leading to an increased expression of the fused ret

A NEW RET REARRANGEMENTAND THE INVOLVEDRFGS GENE

202

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/2/198/2467572/cr0580020198.pdf by guest on 19 M

ay 2023



A NEW RET REARRANGEMENTAND ThE INVOLVEDRFG5 GENE

4. Nikiforov, Y. E., Rowland, J. M., Bove, K. E., Monforte-Munoz, H., and Fagin, 3. A.
Distinct pattern of ret oncogene rearrangements in morphological variants of radia
tion-induced and sporadic thyroid papillary carcinomas in children. Cancer Res., 57:
1690â€”1694,1997.

5. Jhiang, S. M., Smanik, P. A., and Mazzaferri, E. L. Development of a single-step
duplex RT-PCR detecting different forms of ret activation, and identification of the
third form of in vivo ret activation in human papillary thyroid carcinoma. Cancer
Lett., 78: 69â€”76,1994.

6. Klugbauer, S., Lengfelder, E., Demidchik, E. P., and Rabes, H. M. A new form of
RET rearrangement in thyroid carcinomas of children after the Chemobyl reactor
accident. Oncogene, 13: 1099â€”1102, 1996.

7. Klugbauer, S., Demidchik, E. P., Lengfelder, E., and Rabes, H. M. Molecular analysis
of new subtypes of ELE/RET rearrangements, their reciprocal transcripts and break
points in papillary thyroid carcinoma of children after Chernobyl. Oncogene. in press,
1998.

8. Fugazzola, L., Pierotti, M., Vigano, E., Pacini, F., Verontsova, T., and Bongarzone,
I. Molecular and biochemical analysis of RET/PTC4, a novel oncogeneic rearrange
ment between RET and ELEI genes, in a post-Chernobyl papillary thyroid cancer.
Oncogene, 13: 1093â€”1097,1996.

9. Grieco, M., Santoro, M., Berlingieri, M. T., Meillo, R. M., Donghi, R., Bongarzone,
I., Pierotti, M. A., Della Porta, G., Fusco, A., and Vecchio, G. FTC is a novel
rearranged form of the ret proto oncogene and is frequently detected in vivo in human
thyroid papillary carcinoma. Cell, 60: 557â€”663, 1990.

10. Bongarzone, I., Monzini, N., Borrello, M. G., Carcano, C., Ferraresi, G., Arighi, E.,
Mondellini, P., Della Ports, G., and Pierotti, M. A. Molecular characterization of a
thyroid tumor-specific transforming sequence formed by the fusion of ret tyrosine
kinase and the regulatory subunit RIa of cyclic AMP-dependent protein kinase A.
Mol. Cell. Biol., 13: 358â€”366,1993.

11. Ishizaka, Y., OChiai,M., Tahira, T., Sugimura, T., and Nagao, M. Activation of the
ret-Il oncogene without a sequence encoding a transmembrane domain and trans
forming activity of two ret-Il oncogene products differing in carboxy-termini due to
alternative splicing. Oncogene, 4: 789â€”794,1989.

12. Altshul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. Basic local
alignment search tool. J. Mol. Biol., 215: 403â€”410, 1990.

13. Furmanchuk, A., Averkin, J. I., Egloff, B., Ruchti, C., Abelin, T., Schappi, W., and
Korotkevich, E. A. Pathomorphological findings in thyroid cancers of children from
the Republic ofBelarus: a study of86 cases occurring between 1986 (post-Chernobyl)
and 1991. Histopathology (Oxf.), 21: 401â€”408,1992.

14. Nikiforov, Y., and Gnepp, D. R. Pediatric thyroid cancer after the Chernobyl disaster.
Cancer (Phila.), 74: 748â€”766,1994.

15. Takahashi, M., Bwna, Y., Iwamoto, T., Inaguma, Y., Ikeda, H., and Hiai, H. Cloning
and expression of the ret proto oncogene coding a tyrosine kinase with two potential
transmembrane domains. Oncogene, 3: 571â€”578,1988.

16. Sozzi, G., Bongarzone, I., Miozzo, M., Cariani, C. T., Mondellini, P., Calderone, C.,
Pilotti S., Pierotti, M. A., and Della Ports, G. Cytogenetic and molecular genetic
characterization of papillary thyroid carcinomas. Genes Chromosomes Cancer, 5:
212â€”218,1994.

17. Pierotti, M. A., Santoro, M., Jenkins, R. B., Sozzi, G., Bongarzone, I., Grieco, M.,
Monzini, N., Miozzo, M., Hemnann, M. A., Fusco, A., Hay, I. D., Della Ports, G.,
and Vecchio, G. Characterization of an inversion on the long arm of chromosome 10
juxtaposes D1OS17O and ret and creating the oncogenic sequence retlptc. Proc. Nail.
Acad. Sci. USA, 89: 1616â€”1620,1992.

18. Minoletti, F., Butti, M. G., Coronelli, S., Miozzo, M., Sozzi, G., Pilotti, S.,
Tunnacliffe, A., Pierotti, M. A., and Bongarzone, I. The two genes generating
RET/PTC3 are localized in chromosomal band lOqll.2. Genes Chromosomes
Cancer, 11: 51â€”57,1994.

19. Rodrigues, G. A., and Park, M. Oncogenic activation of tyrosine kinases. Curr. Opin.
Genet. Dev., 13: 671 1â€”6722,1993.

20. Kyle, J., and Doolittle, R. F. A simple method for displaying the hydropathic
character of a protein. J. Mol. Biol., 157: 105â€”132,1982.

21. Lupas, A., Van Dyke, M., and Stock, J. Predicting coiled coils from protein se
quences. Science (Washington DC), 252: 1162â€”1164,1991.

22. Rodrigues, G. A., and Park, M. Dimerization mediated through a leucine zipper
activates the oncogenic potential of the met receptor tyrosine kinase. Mol. Cell. Biol.,
13: 6711â€”6722, 1993.

23. Tong, Q., Xing, S., and Jhiang, S. J. Leucine zipper-mediated dimerization is essential
for the PTCI oncogenic activity. J. Biol. Chem., 272(4): 9043â€”9047,1997.

24. Durick, K., Yao, V. J., Borrello, M. G., Bongarzone, I., Pierotti, M. A., and Taylor,
S. S. Tyrosines outside the kinase core and dimenzation are required for the mitogenic
activity of RET/ptc2. J. Biol. Chem., 270: 24642â€”24645,1995.

25. Geurts, J. M. W., Schoenmakers, E. F. P. M., Roijer, E., Stenman, G., and Van de
Ven, W. J. M. Expression of reciprocal hybrid transcripts of HMGIC and FHIT in a
pleomorphic adenoma of the parotid gland. Cancer Res., 57: 13â€”17,1997.

26. Ito, T., Seyama, T., Iwamoto, K. S., Hayashi, T., Mizuno, T., Tsuyama, N., Dohi, K.,
Nakamura, N., and Akiyama, M. In vitro irradiation is able to cause RET oncogene
rearrangement. Cancer Res., 53: 2940â€”2943,1993.

100 200 300 500 600 700 800 900

rfg4 fusiontpoint ret

400

Fig. 5. Plot presentingthe coiled-coilpotentialofRFG5 using the programofLupas et a!.
(21). By this method, a high content of roiled-coil cz-heices in the middle region and at the
COOH terminusofRFG5 is suggested(top).The putativefusionprotein rfg5/retcontainsthe
same roiled-coil domains, but the last one is tnmcated at its 3'-end downstream ofamino acid
437 (bottom). The ret TK domain contains no coiled-coil strocture (bottom).

TK domain. Ligand-independent activation of this fusion protein
will become possible by dimerization domains present in PTC1,
PTC2, and PTC3, as well as PTC5 oncoproteins. It is predicted that
the radiation-induced high frequency of double-stranded DNA
strand breaks after Chernobyl will give rise to even more types of
oncogenic RET rearrangements in the thyroid glands of children
and young adults from Belarus.
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