Jpn. J. Cancer Res89, 634—640, June 1998

Alterations of RET Oncogene in Human Adrenal Tumors
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Previous studies have revealed specific activations of tiRET oncogene in multiple endocrine neo-
plasia type 2 (MEN 2) and thyroid tumors. To understand the role of theRET proto-oncogene
activation in sporadic adrenal tumors, we analyzed the alterations of thRET proto-oncogene in
the cysteine-rich extracellular domain (exons 6 and 10), the terminal region of the extracellular
domain and transmembrane domain (exon 11) and the tyrosine kinase domain (exons 12-17) in 35
cases of adrenal tumors (including 18 Conn’s syndrome, 3 Cushing’s syndrome, 2 non-functional
adrenocortical tumor and 12 pheochromocytomas by polymerase chain reaction-single strand con-
formational polymorphism and sequencing methods. One case with pheochromocytoma and one
with Conn’s syndrome had point mutation. We also detected the rearrangement of theET gene
by reverse transcription-polymerase chain reaction and Southern hybridization. One case with
Conn’s syndrome and one with Cushing’s syndrome were found to harbor RET/PTC1RET
tyrosine kinase domain rearranged withH4 gene). The above results indicate thaRET proto-
oncogene mutations and RET/PTC1 are involved in the pathogenesis of sporadic adrenal tumors.
Mutations at codon 634 of theRET gene were also found in adrenal tumors. This suggests that the
RET oncogene may also play a role in the tumorigenesis of adrenal tumors, and this possibility
requires further investigation.
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The RET gene was first identified as a proto-oncogenetion, point mutation of th&ET proto-oncogene has so far
a decade ago on the basis of its ability to transform NIHonly been found in multiple endocrine neoplasia type 2A
3T3 mouse cells in cultufé.The transforming sequences (MEN 2A), MEN 2B, familial medullary thyroid carci-
that were initially recovered actually represented the prodhoma (FMTC), sporadic MTC, sporadic pheochromocyto-
uct of a rearrangement betwe®ET and another gene mas and Hirschsprung’s disease. The point mutation sites
that had occurred during the transfection assay. Sequene@@e located in codons specifying cysteine residues,
analysis of theRET proto-oncogene proved that it is a tyrosine kinase domains and intracellular domé&ins.
member of the tyrosine kinase receptor gene fahiily. According to the above studies, tRET proto-oncogene
The RET proto-oncogene has a calcium-binding cysteine-is specifically activated in endocrine tumors. Adrenal
rich extracellular domain along with a cadherin-like tumors are also a kind of endocrine tumor, but no study
ligand binding site, a tyrosine kinase-containing intracel-has yet indicated th&ET oncogene activation occurs in
lular domain, and a short transmembrane dorh&ifre-  adrenal tumors, except for pheochromocytoma. In general,
vious studies have shown that rearrangement oRtB€  functional adrenal tumors are small and characterized as
gene in papillary thyroid carcinomas results in a proteinbenign, as well as being active hormone-producing
with altered or novel tyrosine kinase functfo.The por-  tumors. Malignant functional tumors are relatively
tion of theRET gene encoding the tyrosine kinase domainrare?’ 2 Presentation of typical feature of uncontrollable
is juxtaposed to sequences from one of three other gen@werproduction of hormones makes for easy clinical diag-
through chromosomal rearrangementsTwo of the gene  nosis of functional adrenal tumor with the use of modern
fusions result from rearrangement involving sequences obiochemical analysis or imaging technology. Because
the same chromosome BET (the PTC1 and PTC3 chi- functional tumors can be diagnosed very easily and
meras), and the third (PTC2) results from an interchromoresected when the tumor is small in size, they can be used
somal rearrangemefft!? The frequency ofRET rear-  for studies. In contrast, non-functional adrenal tumors are
rangements differs in different geographical aféa8, hard to obtain. We were able to collect 2 cases of non-
but whether the differences can be ascribed to environfunctional adrenal tumor as controls for our study. In
mental factors, or merely to sampling errors or differencerder to clarify the role of thRET gene in the tumorigen-
in the techniques used, remains to be elucidated. In addesis of human adrenal tumors, we performed molecular
studies in 35 adrenal tumor tissues. Our results suggest
that the RET gene may be related to the development of
3To whom requests for reprints should be addressed. these tumors.
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MATERIALS AND METHODS Table I. Alterations of theRET Oncogene in Human Adrenal
Tumors
Patients and tissues Thirty-five adrenal tumors and their RET Rearman
. . . ) ; ged
paired remnant normal adrenal tissues were obtained fronft Sex Disease ——_~ "~ —— __° = torm
patients who underwent igery for adrenal lesiongdble 1 F_ com N — N
[). These included 18 patients with primary aldosteronism,
. . . 2 M Conn N — ND
3 patients with adrenal Cushisgsyndrome, 12 patients 3 M Comn N o ND
with pheochromocytoma, and 2 patients with nonfunc- 4 M Comn N i N
tional adrenal tumo The diagnosis of primary aldoster- ¢ - <., N . ND
onism was made on the basis of the clinical features,g 1 conn  634/TGC.TGG Cys.Trp N
including hypetension, hypokalemia, suppression of the 7 £ conn N _ N
serum renin and the biochemical examination of increasedg F  conn N _ N
aldosterone in blood. Further analysis by computer g M conn N _ ND
tomography proved the existence of unilateral adenoma.1igo E  Conn N _ N
With regard to Cushirlg syndrome, the diagnosis was 11 F Conn N — N
made on the basis of the clinical features including obe-12 F  Conn N — N
sity, hypertension, hirgism, and faml plathora. Bio- 13 F Conn N — N
chemical examination showed increased cortical secretioni4 M  Conn N — N
in blood. Computer tomographic scamgp and pathi@gic 15 M Conn N — N
findings confirmed the existence of adrenocortical tumo 16 F  Conn N — RET/PTC1
The diagnosis of pheochromocytoma depended on thel7 M Conn N — ND
analysis of computer tomographic scans, pathologicall8 F  Conn N — ND
findings, and vanillyimandelic acid. All tissue samples 19 F Cushing N — RET/PTC1
were frozen £-80°C until analyzed. 20 F  Cushing N - N
DNA extraction Genomic DNA was extracted from tis- 21 F Cushing N - ND
sues by proteinase-K digestion and phenol-chloroform 22 M NFA N - ND
extraction according to Bline and Sttard ?? 23 F NFA N - N
Polymerase chain reaction-single strand conforma- 24 F pheo N - ND
. - . F  pheo N — ND
tional polymorphism (PCR-SSCP) analysis To search
: . . M pheo N — ND
for mutations of th RET gene using PCR-SSCP analysis, F  pheo N . ND
9 o_l'rffere_nt sets of primers were prepared to amplify o ¢ pheo N . N
regions mcludmg all _of the cmg exons (exons 6, 10- o9 E pheo 393/TTC_LTCC Phe_ Ser N
17), as summarized imable Il. Oligonucleotides used as 634/TGC-TGG Cys—Trp
primers for PCR were synthesized based on the publishedo F  pheo N _ ND
RET gene sequenééThe reaction mixture contained 50 31 F  pheo N — N
pmol of each prime 2.5 units 6 Taqg DNA polymerase 32 M pheo N — N
(Boehringer Mannheim GmbH, Mannheim, Germany), 33 M  pheo N — ND
100 mM of each deoxy-nucleotid®-triphosphatgNTP), 34 M  pheo N — ND
[a-**P]deoxy-cyidine 3-triphosphate (3000 Ci/mmol, 10 35 M  pheo N — N

mCi/ml, New England Nuclear Research Products, Bosw, normal; ND, not detected: Conn, Cémsyndrome; Cushing,
ton, MA), 1.5 nM MgCl,, 50 M KCI, 10 mM Tris-HCI Cushings syndrome; Pheo, pheochromocytoma; NFA, non-func-
(pH 8.3), and gelatin at 10g/ml. A programmable ther- tional adrenal tumo

mal cycler PTC-100, MJ ResearchVatertown, MA) was

used to perform 35 cycles of denaturation for 15 s each at

94°C and annealing for 15 s at 55°C for exons 6, 10, 12,

14-17, or at 60°C for exorid and 13, with an extension chemical, Cleveland, OH), usirfjg-3*S]dATP (10 uCi/ul,

for an additional 30 s at 72°C. The total final extensionNew England Nuclear Research Products). Aliquots of the
time was 5 min at 72°C. The PCR-SSCP reactions wersequencing reaction mixtures were electrophoresed on 8%
electrophoresed on 6% neutral polyacrylamide gels. denaturing polyacrylamide gels. For accyrawe col-
Cloning and sequencing Sequence analysis of PCR- lected 10 independent clones and performed bidirectional
amplified RET exons 6 andll was performed after sub- sequencing with the T3 and T7 sequencing primers.
cloning the amplified fragment in pCR-Script cloning RT (reverse transcription)-PCR The total RNA was &
vecta (Straagene, La Jolla, CA)Dideoxynucleotide lated usingthe acid-guanidine igbiocyanatephenol-cho-
sequencing was done with a Sequenase kit (U.S. Bioroform metho® and used as a template for cDNA
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Table Il. PCR-SSCP Primers f&ET Gene Analysis
Forward primer Reverse primer
Exon 6 5-TGG TCA ATG ACT CAG ACT TC-3 5-ATC TGG GCA AAT CGG CGA GC-3
Exon 10 5ATT AAA GCT GGC TAT GGC AC-3 5-CAC TCA CCC TGG ATG TCT TC-3
Exon 11 5ATC CAC TGT GCG ACG AGC TG-3 5-GAA GGT CAT CTC AGC TGA GG-3
Exon 12 5TTT CCA ACA TAG GAG GAT CC-3 5-CCT GGC AGG TAC CTT TCA GC-3
Exon 13 5TGT GCT GCA TTT CAG AGA AC-3 5-TGG CCT TAC CAT CCT GGC-3
Exon 14 5TCC TCC TCA TCG TGG AGT AC-3 5-TAT GCA CGC ACC TTC ATC TC-3
Exon 15 5TCC TCA CAG CTC GTT CAT CG-3 5-CTC CTC TTC ACG TAG GAA TC-3
Exon 16 5TCT CTT TAG GGA CGG ATT CC-3 5'-CAC ACT TAC ACATCACTT TG-3
Exon 17 5TTC ACT CTC TGC AGA TGG TC-3 5-CTC GCT GCA GTT GTC TGG CC-3
Table 1ll.  Primers for Analysis odRET Gene Rearrangement

Forward primer Reverse primer Size

RET/PTC1 5ACT GAA GTG CAA GGC ACT-3 5'-AAG TTC TTC CGA GGG AAT TC-3 96 bp
RET/PTC2 5AAG CAA ACC TGC CAG TGG-3 5-CTT TCA GCA TCT TCA CGG-3 363 bp
RET/PTC3 5CAT GCC AGA GCA GAA GTC A-3 5-CTG CTT CAG GAC GTT GAA-3 241 bp
craf-1 5-GAT TTC CTG GAT CAT GTT-3 5-GCT GGC ACG GGG GTT TTC-3 536 bp

synthesisusing 2ug of total RNA in a 10ul reaction tumor and its paired adjacent normal tissue (Fig. 1),
mixture containing 10 pmol Oligo (dT)-15mer primer implying the existence of a mutation. Such differences
(Boehringer Mannheim GmbH), 10Nhdithiothreitol, 0.5  were detected in exon 6 (1 case) and exon 11 (2 cases). A
mM deoxy-NTP mix, acetylated bovine serum albumin mobility shift of the amplified exon 11 could be clearly
(0.1 mg/ml), and reverse transcriptase from Moloneydetected in cases 6 and 29 (Fig. 1, B and C). In addition,
murine leukemia virus. Rearranged forms of Ri€ETgene  a mobility shift of the amplified exon 6 was detected in
were amplified by using PCR with specific primers for case 29 (Fig. 1A). All cases with mutation still showed a
RET/PTC1, RET/PTC2 and RET/PTC3 (Table IlI) and normal allelic band. In total, 2 of 35 (5.7%) cases of adre-
Taq DNA polymerase (Boehringer Mannheim GmbH). nal tumors had conformational alteration.

Southern analysis Purified genomic DNA was digested Sequence analysisTo examine the type of mutation, the
with the restriction enzymelindlll, EcoRI, or BanHI for exon 6 and 11 region was cloned from tumor specimens
6 h at 37°C. The digested DNA was size-fractionated orof case 6 and case 29. The sequencing data revealed a
1% agarose gel and transferred to a transfer membrargubstitution from phenylalanine (TTC) to serine (TCC) at
(Schleicher and Schuell, Dassel, Germany). The memeodon 393 (exon 6) in case 29 and a substitution from
brane was hybridized with a fluorescein-labeled 1 kbcysteine (TGC) to tryptophan (TGG) at codon 634 (exon
BanHI-Bglll DNA fragment of RET gene as a probe in 11) in cases 6 and 29 (Fig. 2). The results of bidirectional
Express Hyb solution (Clontech Laboratories Inc., CA)sequencing of 10 independent clones confirmed that these
for 1 h at 60°C. This probe, located between the transsites were mutated in the adrenal tumor specimens we
membrane and tyrosine kinase domains of RES gene,  collected.

is able to detect the region within tRETgene where the RT-PCR To investigate whetheRET gene rearrange-
rearrangement can occdrAfter high stringency washing, ment forms, including RET/PTC1, RET/PTC2 and RET/
the membrane was exposed to Kodak XAR autoradioPTC3, were also present in adrenal tumors, we performed
graphic film (Eastman Kodak, Rochester, NY) accordingRT-PCR on 20 adrenal tumor samples. These samples
to the standard methdtl. were collected from 12 patients with Conn’s syndrome, 2
patients with Cushing’s syndrome, 5 patients with pheo-
chromocytoma and 1 patient with non-functional adrenal
tumor. In all the cases studied before WRRT gene rear-
PCR-SSCP One of 12 (8.3%) pheochromocytomas and 1rangement, the breakpoint of tREET gene occurred in an

of 18 (5.6%) patients with primary aldosteronism showedintronic sequence between the tyrosine-kinase and trans-
an apparent electrophoretic mobility shift between themembrane encoding domains. This rearrangement was

RESULTS

636



RET Oncogene in Adrenal Tumors

screened by amplification of a cDNA fragment including RET/PTC3 were amplified. Among 20 cases, we found
the chimeric point. A 96 bp fragment of RET/PTC1, a RET/PTC1 present in cases 16 and 19 (1 Conn’s syn-
363 bp fragment of RET/PTC2 and a 241 bp fragment ofdrome and 1 Cushing syndrome). The cDNA afazl

(A) Exon 6

NTNTNTNTNTNTNTNT
25 26 27 28 29 30 31 32

Exon 11
(B)
TNTNTNTNTNTNTNTN
1 2 3 4 5 6 7 8

©) Exon 11

TNTNTNTNTNTNTNN
26 27 28 29 30 31 32

Fig. 1. PCR-SSCP analysis dRET oncogene mutations in
human adrenal tumors. Representative samples are shown fo
exon 6 (A) and exon 11 (B and C). An electrophoretic mobility

was also amplified to evaluate the quality of each RNA
sample (Fig. 3). RET/PTC2 and RET/PTC3 were not
found in any of the tested samples.

Southern blot analysis To confirm the presence of RET/
PTC1 in cases 16 and 19 and to rule out the possibility of
errors in PCR, we performed Southern blot hybridization
using a 1 kiBglll-BanHI RET specific DNA fragment as
the probe. This fragment was able to detect the region
within the RET gene where the rearrangement had
occurred. This probe detected a 6.3 kb fragment after
digestion withEcdRl, a 3.7 kb fragment after digestion
with BanHI, and a 9.3 kb fragment after digestion with

Exon 6
TTC—-TCC(Phe »Trp)

N iy
ATCG AlTClG

codon 393
(i
- C
il N
case 29
Exon 11
TGC->TGG(Cys—Trp)
i
. codon 634
T
-« G

case 6

shift of the bands between the tumor (T) and its paired normal

tissue (N) implies a different conformation of the fragment, sug-Fig. 2. Sequencing analysis of tR&ET oncogene (exons 11 and
gesting the presence of mutation in these exons. The PCR-SS@ in human adrenal tumor. TGCTGG (Cys-Trp) and
analysis of exons 11 and 6 showed an apparent mobility shift ifTC - TCC (Phe- Ser) changes were found at codon 634 and

cases 6 and 29.

codon 393.
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revealed that the frequency &ET gene mutation was

s T Ol R R 97% and the mutation hot spot was at codon 634 (86%) in
MENZ2A 2728 This suggests that mutation at codon 634 is
associated with the transforming ability of tRET gene.
— Furthermore, Santoret al?® have indicated that the
it e et B dimerization of theRET oncoprotein caused the activation
300 = of the RET gene in MEN2A. For the above reasons, the

RET gene plays an important role in MEN2A. To under-

stand the role of thd&RET gene in adrenal tumors, we
examined 18 cases with Conn’s syndrome, 3 cases with
Cushing’s syndrome, and 12 cases with pheochromocy-
foma. The results showed that 2 patients, one with Conn'’s
syndrome and the other with pheochromocytoma, had
RET gene mutations at codon 634, resulting in a cysteine-
to-tryptophan substitution. Codon 634 is located in the
extracellular domain close to the transmembrane domain.
N 16T 19T Mutations _of codon 634 may influence the struc_t_ur_e of the
RET protein receptot® leading to loss of specificity of
ligand binding or activation of th&®ET protein in the

bp

200 —

100 = 96(RET/PTC1)

Fig. 3. Representative results of RT-PCR. For evaluating th
quality of each RNA, a part of theraf-1 gene was amplified.
RET/PTC1 was detected in tumor tissue of cases 16 and 19.

37kb > .. -

I 1
1 2 3 S 6 absence of ligand binding. Uncontroll&ET protein acti-
il vation would contribute to cell malignancy. This suggests
TR IR o™ % - that the mutations at codon 634 of tRET gene may be
63kb > : |

involved in the development of adrenal tumors. On the
- other hand, one of the 2 cases showed a phenylalanine-to-
serine substitution at codon 393, which was also found in
Hirschsprung’s disease. In addition, a loss-of-function
_ effect of missense mutation at codon 393 of REET pro-
4 tein has been demonstraféd? With regard to rearrange-
ment of theRET oncogene, this was found in thyroid
carcinomas, with most of them being RET/PTC1. RET/
PTC1 is the rearrangement between REET gene and H4
(D10S170) gene. The chimera point is located at 1843 bp
of the RET gene, flanking intron 11, which is upstream of
Fig. 4. Activation of theRET oncogene (RET/PTC1) in adrenal the tyrosine kinase domain. RET/PTC1 was found in most
tumors. Genomic DNA extract from normal adrenal_gland Of_thyroid tumors. The prevalence of RET/PTC1 varies in
case 1 and tumor tissue of cases 16 and 19 were digested Wﬂiﬂﬁerent geographical areas and in different ethnic popu-

EccRl (lanes 3, 6, 9)BanH]I (lanes 2, 4, 6), oHindlll (lanes 1, . 6-18) h .
4, 7) and hybridized to a 1.0 kBanHI-Bglll RETFspecific lationss Previous studies have suggested that RET/

DNA probe. BothRET proto-oncogene and the RET/PTC rear- PTC1 rearrangement may induce activation of RET
rangement band were seen in tumor tissue of cases 16 and M@)cogene in three situatiofisl. When the rearrangement
indicating that the tumors are both heterozygotic for the rearoccurs at the N-terminus, the ligand binding sites change,
rangement. so the foreign gene insertion might activ®ET tyrosine
kinase and cause tfRET oncoprotein activation. 2. When
the replaced region of tHRET gene contains a transmem-
brane domain, the rearrangement will change the domain
Hindlll in normal human DNA. Rearranged bands wereto a free protein in the cytoplasm, so the protein can eas-

found in cases 16 and 19 (Fig. 4). ily be activated by other proteins. 3. When deletion of the
RET protein receptor occurs, RET/PTC1 might be auto-
DISCUSSION phosphorylated without any ligand stimulation. These

hypotheses need to be studied further to determine which
A number of studies have been done on the alterationg the real mechanism &ET oncogene activation. In this
of the RET gene in MEN2A and MEN2B. They have study, we found that RET/PTC1 was also present in adre-
shown that 95% of th&®ET mutations occur in exons 10 nal tumors, indicating that rearrangement of fRET
and 11 in MEN2A, whereas more than 90% of them occuloncogene also plays a role in tumorigenesis in adrenal
in exon 16 (codon 918) in MEN2®. Recent studies have tumors. RET gene mutation and rearrangement were not
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found in many of the cases we analyzed; however, it igole in hormone overexpression is something we are still
known that the mutation site (codon 634) and rearrangeinvestigating.

ment form (RET/PTC1) are associated with the transform-

ing activity of the RET gene. This indicates that alter- AcCkNOWLEDGMENT
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