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RET mutation Tyr791Phe: the genetic cause of different diseases

derived from neural crest
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Abstract Activating germline RET mutations are pre-
sented in patients with familial medullary thyroid carcinoma
(FMTC) and multiple endocrine neoplasia (MEN) types 2A
and 2B, whereas inactivating germline mutations in patients
with Hirschsprung’s disease (HSCR). The aim of this study
was to evaluate genotype—phenotype correlations of the
frequently discussed Tyr791Phe mutation in exon 13 of the
RET proto-oncogene. Screening of three groups of patients
was performed (276 families with medullary thyroid carci-
noma (MTC), 122 families with HSCR, and 29 patients with
pheochromocytoma). We found this mutation in 3 families
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with apparently sporadic MTC, 3 families with FMTC/
MEN?2, 1 patient with pheochromocytoma, and 3 families
with HSCR. All gene mutation carriers have a silent poly-
morphism Leu769Leu in exon 13. In three families second
germline mutations were detected: Cys620Phe (exon 10) in
MEN2A family, Met918Thr (exon 16) in MEN2B family,
and Ser649Leu (exon 11) in HSCR patient. Detection of the
Tyr791Phe mutation in MEN2/MTC and also in HSCR
families leads to the question whether this mutation has a
dual character (gain-of-function as well as loss-of-function).
A rare case of malignant pheochromocytoma in a patient
with the Tyr791Phe mutation is presented. This study shows
various clinical characteristics of the frequently discussed
Tyr791Phe mutation.

Keywords RET proto-oncogene - RET mutation -
Medullary thyroid carcinoma - Hirschsprung’s disease -
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Introduction

Neurocristopathies can be divided according to Bolande
classification into simple and complex neurocristopathies.
In the group of simple neurocristopathies there are dysge-
netic diseases including Hirschsprung’s disease (HSCR)
and neoplastic diseases including pheochromocytoma and
medullary thyroid carcinoma (MTC). Complex neuroc-
ristopathies cover multiple endocrine neoplasia type 2A
and 2B syndromes (MEN2A, MEN2B) [1]. All mentioned
neurocristopathies are linked with the RET proto-oncogene
as the major genetic cause of their development. The RET
proto-oncogene is expressed in neural crest-derived cells,
including enteric and sympathetic neurons, adrenal chro-
maffin cells, and parafollicular C-cells of the thyroid gland.
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The RET proto-oncogene is located on 10qll1.2; it is
composed of 21 exons and encodes a transmembrane tyr-
osinekinase receptor [2].

MTC and pheochromocytoma are tumors derived from
parafollicular C-cells of the thyroid and chromaffin cells of
the adrenal medulla, respectively. Twenty-five percent of
MTC represent autosomal dominant inherited disease with
variable penetration in families and variable organ mani-
festation—FMTC, MEN2A, and MEN2B. FMTC is char-
acterized by the familial occurrence of MTC without other
lesions. MEN2A is characterized by MTC, pheochromocy-
toma (50% of cases), and/or hyperparathyroidism (20% of
cases). The most aggressive variant of MTC appears in
conjunction with marfanoid habitus, ganglioneuromatosis,
bumpy lips, diarrhea, mucosal neuromas, and pheochro-
mocytoma (50% of cases) in MEN2B syndrome [3]. The
genetic causes of MTC and partly of pheochromocytoma are
germline or somatic activating mutations in the RET proto-
oncogene. The risk exons for MTC are 5, 8, 10, 11, 13, 14,
15, and 16. The activating mutations typical for MEN2A are
located in exons 10 and 11, for MEN2B and pheochromo-
cytoma in exons 15 and 16, and for FMTC they are spread
within exons 5, 8, 10, 11, 13, 14, and 15 [4].

On the other hand, HSCR is characterized by congenital
aganglionosis of the submucosal and myenteric neural
plexuses of the colon. Three forms are distinguished—
short form or long form of HSCR and total colonic agan-
glionosis. Sporadic cases are represented by 85% and
familial cases by 15% of HSCR patients. HSCR is sug-
gested as an oligogenic disease, whereas the major causing
gene is the RET proto-oncogene and its inactivating
germline missense mutations, insertions, or deletions. The
inactivating mutations are found in almost all exons in
HSCR patients. In 5% of HSCR there is a genetic overlap
with MTC and there is a high risk of MTC or MEN2
development. In these patients dual “Janus” mutations in
exon 10 were observed [5-7].

Here we focused on the prevalence and clinical mani-
festation of the Tyr791Phe mutation in exon 13 in our
cohorts of MTC, HSCR, and apparently sporadic pheo-
chromocytoma. This mutation was firstly published as a de
novo mutation in one patient with HSCR [8] and 1 year
later as a new hot spot for MTC [9]. Recently, functional
studies about the Tyr791Phe mutation were published.
Tyr791Phe RET receptor mutant is a monomeric receptor
that is autophosphorylated and activated independently on
typical RET ligand-glial cell-line derived neurotrophic
factor (GDNF). This mutation results in a modification of
the tertiary structure of the catalytic domain and leads to a
protein with more accessible substrate and ATP-binding
conformation. A high degree of RET mutant is expressed at
the plasma membrane [10]. The Tyr791Phe mutation
increased proliferative properties, colony formation, tumor
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growth, and apoptotic resistance in in vitro studies [11].
Tyr791Phe RET mutant also plays an important role in cell
mitogenicity and transformation [12]. To the best of our
knowledge, no functional studies have been performed in
connection with HSCR pathogenesis.

Results

The direct sequencing analysis of the RET proto-oncogene
revealed a germline mutation Tyr791Phe in exon 13 in 10
index patients and 21 of their family members—gene
carriers. Families with detected germline Tyr791Phe
mutation are described in detail in Table 1. All patients and
gene Tyr791Phe mutation carriers also have a silent poly-
morphism Leu769Leu (CTT/CTG) in exon 13.

Three families (A, B, and H) were recently published by
us [13, 14]. The index patient from family G underwent
adrenalectomy at the age of 38 for a large pheochromo-
cytoma producing only norepinephrine with histologically
proven metastases to adjacent lymph nodes. Before that, he
had been followed for hypertension for 15 years. During
the subsequent follow-up, two reoperations due to local
recurrence of the tumor were performed. Prophylactic total
thyroidectomy was performed after detecting a germline
Tyr791Phe mutation. The index patient from family I has
been treated for HSCR since his birth. He has just com-
pleted treatment for acute lymphoblastic leukemia (ALL).

In three families (A, B, and J) double germline mutations
were detected. Beside the Tyr791Phe mutation, Met918Thr
(exon 16) in family A, Cys620Phe (exon 10) in family B, and
Ser649Leu (exon 11) in family J were detected. All of these
additional mutations were described previously as causing
mutations for MTC and in the first and second cases these
mutations seem to determine the phenotype.

Detection rates as well as clinical characteristics of
Tyr791Phe mutation carriers are summarized in Table 2.

Discussion

We present here 31 carriers of the Tyr791Phe mutation
from 10 families. A high clinical variability was associated
with this mutation: 8 MTC, 11 C-cell hyperplasia (CCH), 2
micro papillary thyroid carcinomas (PTC), 4 HSCR, 1
malignant pheochromocytoma, and 11 as yet unoperated
clinically asymptomatic carriers. Before molecular genetic
analysis, three families were clinically classified as spo-
radic MTC where the germline mutations were observed as
a de novo mutation/low penetrance in index patients
(Tyr791Phe present in 27.3% of sporadic MTC cases with
detected germ-line RET mutation). Our screening revealed
the Tyr791Phe mutation in one FMTC family. We also



421

Endocr (2009) 36:419-424

pamp L

umouy 10U :;,

erwoyna[ onsejqoydwA] noe 10J JusuneeIn 1Ny

erSues [eiou Jeuonounjuou judsaid A[ed1So[0)sI—yYDISH opnasd

p

B}

peOIqE POAI]
[£1] wr paystqnd Apueday |,
Uoved 1) ‘Awo3oaproIfy) [e10y F7 ‘sisouorjSueSe o1uojod (810} Yo L

NIT6¥91eS VOL 3 papuawioddr JLL - - 0T W Juaned xopuy dOSH [
[eaIsser) 1D [euwLIoN papuawwiodar LI - - 6 d 19)SIS
VOL LD [eutioN papuawiodar JLL - - L1 W phuened xopuy dOSH I
,0pnasq uone1adood oN pasnjar LL - - 1T d juoned xopuy MDSH H
& posnjal HLL - - 89 d PO
jueuSiew ‘(s1eak g¢) WSTY 1D [ewIoN HDD [ [BULION 9t W juoned Xopu]  BWOIAO0WOIYI0Y] Is)
1D [euLIoN papuawwiodal gL - - 81 W Joyjorg
1D [euLION papuawwiodar gL - - €T d 19)SIS
1D [euLIoN papuawwiodar gL - - €S W 1oyjeq
1D TewioN HOD + DI1doIN 61 [eWLION (44 d Juaned xapuf DL fodg d
1D [eutioN HOD 9 [eUION 9 W uospueI
LD [euwioN HOD 0€ [eWION 0€ W uog
LD [euIoN [eWLION 213 [eWLION €€ W uog
LD [euwioN posnjal HLL - - SL d PO
1D paseardu]  Drdoomu + (OIINFL) DL 9 pasealouf 99 d Juaned xapuy DL fodg q
1D [ewIoN papuswwiodar LI - - SS W uog
LD [euIoN (OWINYL) DL 69 poseaIduf 78 d Juaned xapuf DL fodg a
1D TewioN HOD 6 [ewIoN 1T W uospueI
LD [euwioN HOD 194 [eWION 124 W uog
@) peia OLIN 2 - 4 d qTISIS
(s1eak (09) paIq OLIN 6 - 4 d qOIIS
LD [euwioN pasnjal HILL - - 89 4 Juaned xapuy OLNA O
1D TewioN HOD 8 [ewIoN 1T d  IewySneppuern
1D [ewIoN HDD LT pasearouy 0T d  IewySneppueln
1D TewioN HOD 61 [ewioN (4 d  IewySneppuern
1D TewioN HOD 1€ [ewioN 143 d Toysneq
(steak g) Yo 1D TewIoN HOD or [ewIoON 34 d Toyysneq
SYJOTISLD 1D TewioN (OWINTL) DL 8¢S pasearduf €9 W Juoned xopuy VINAN o
1D TewioN (OWINTL) DL S paseardug ! W uog
pajoadsng QOURLINOTY (OININIL) DLIA L pasearouy L1 W uog
TIL8T6PIN (steak [¢) opis yrog  (s1eak ¢¢) paIq (XINXNZL) DL 14! pasealduf 4 4 Juoned xopuy HINIIN eV
uoneInuw uogy (s1eak) 1D (s1eak)
[euonippy MDSH BUI0JA00WOIYI03YJ dn-morjoq (ANL) A3o[o1s1y 41 ALL Jo 98y  .2aneradoalqg EFAVAEES EIN spueqoid dnoi3 eorur)  Aprweq

uoneInu Y Jo SIALLIED Juad Ajiwe pue sjuaned xopur ul uoneinw AYJ[6LIAL Yl JO UonelsaIuBW [BIIUID) | J[qe],

Humana Press

KA

nv



422

Endocr (2009) 36:419-424

Table 2 Detection rate of the Tyr791Phe mutation in different cohorts

MTC (n = 276) Pheochromocytoma HSCR
Sporadic MTC FMTC MEN2A MEN2B
Total number of families 245 10 14 7 29 122
Families with activating RET mutation 11 5 13 7 3 8
Families with the Tyr791Phe mutation 3 1 1 1 1 3
Tyr791Phe detection rate (%) 1.2 10 7.1 14.3 3.5 2.5
Tyr791Phe (%) of detected mutations 27.3 20 7.7 14.3 333 375

found the Tyr791Phe mutation in one MEN2A and one
MEN2B family where it was accompanying apparently
more aggressive RET mutations (as discussed below).
Interestingly, total Tyr791Phe detection rates are nearly
similar in our pheochromocytoma and HSCR cohorts (33.3
and 37.5%, respectively). We did not find other additional
associated endocrinopathies that had been published previ-
ously—such as coexistence of MENI1 syndrome [15],
hyperparathyroidism or hyperprolactinemia [16-18], and
acromegaly [19].

The Tyr791Phe mutation was only observed in a few
cases of pheochromocytomas [9, 18, 20-22]. In our study,
three patients (9.7%) with the Tyr791Phe mutation had
pheochromocytoma—two of them (families B with MEN
2A and Q) as the first clinical manifestation, the third one
(family A) in association with MEN2B phenotype. It is
probable that the Cys620Phe mutation was the real cause of
pheochromocytoma in this patient with MEN2A rather
than Tyr791Phe. The index patient from family G had
histologically confirmed CCH. Usually, the risk of malig-
nancy in pheochromocytoma is very low [21, 23]. The
occurrence of malignant pheochromocytoma in the patient
from family G among subjects with MEN?2 is very unusual
and to the best of our knowledge, this is the first described
patient with this mutation. Testing for other candidate
genes such as succinate dehydrogenase subunits B and D
and VHL were negative, however, we cannot exclude other
mutations in some other candidate genes. Our study sup-
ports that the Tyr791Phe mutation may contribute to the
causes of familial pheochromocytoma [22].

In two patients with the Tyr791Phe mutation we found
the co-occurrence of microPTC with MTC or CCH (family
E and F). It was only found in a small number of families
with Tyr791Phe in the entire world [24-26]. But it remains
as an open question whether the simultaneous occurrence
of inherited MTC and PTC is coincidental or the result of a
partly common pathogenic pathway. It was suggested that
there could be a possible correlation between the occur-
rences of PTC and RET mutation in exon 13 that affects the
intracellular domain of the encoded protein [25].

Surprisingly, we have detected the Tyr791Phe mutation
in three HSCR families (family H, I, and J, i.e., in 37.5% of
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HSCR families with RET mutations detected in MTC risk
exons) that do not correspond to some special form of
HSCR. Mostly, typical HSCR mutations are inactivating
and are found along the whole gene. Originally, the
Tyr791Phe mutation was observed as de novo in one
HSCR patient without MTC [8]. Detection of the
Tyr791Phe mutation in HSCR families leads to the ques-
tion whether this mutation has a dual “Janus” character
(gain-of-function as well as loss-of-function) such as
mutations described only in exon 10 (codons 609, 611, 618,
and 620) in all HSCR/MEN2A patients [5—-7]. These dual
“Janus” mutations are dependent on target tissue: in the
thyroid they lead to uncontrolled proliferation of C-cells
and in the colon to apoptosis of enteric neural ganglia. We
strongly recommend screening exon 13 along with exon 10
in all HSCR patients to avoid the risk of MTC.

A further interesting finding of our study was the
detection of double germline mutation in three families
(family A, B, and J). Overview information about the
families with multiple germline mutations in the world is
collected in our previous publication [13]. The detection of
activating mutation Ser649Leu in HSCR patient (family J)
is the first report about it. This mutation was reported
previously in apparently sporadic MTCs [17, 27, 28] with
low penetrance of MTC and relatively low aggressive
potential of the disease.

Polymorphism Leu769Leu was detected in all carriers
with Tyr791Phe and it is probably in linkage disequilibrium
with this mutation. The association of the mutation with this
polymorphism suggests that the polymorphisms could have
a potential role as a genetic modifier [29, 30]. Additional
genetic alterations either in other exons of the RET proto-
oncogene or in other genes could explain the phenotypic
variability associated with the Tyr791Phe mutation, modify
disease susceptibility, or clinical phenotype [30].

Tyr791Phe was described as a minor mutation in
FMTC/MEN2A families with phenotypic heterogeneity
and variability of age at diagnosis. The late onset of MTC
as well as no deaths of gene carriers, gene carriers with
finding of normal histology and high cure rates have been
documented [9, 18, 19, 24, 31]. The behavior of the
Tyr791Phe mutation was rather aggressive in our families
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as demonstrated by two patients who had TANIMO tumors
with infiltrative and aggressive growth of tumor at the age
of 55 and 69 years, respectively. It is a pity that clinical
data of two family members of FMTC family who proba-
bly died due to MTC are not available. In our patients there
was a very large difference in age at diagnosis of MTC in
the index cases—from 14 to 69 with different TNM clas-
sification. CCH was revealed in very early age—in 6- and
9-year-old carriers. On the other hand, the oldest asymp-
tomatic carrier of the mutation in our cohort was 75-years-
old. Eight patients were operated on with MTC and 11 with
CCH histological results. Eleven gene carriers were not yet
operated on and they are clinically without any MTC
symptoms. Despite the fact that the mutation was catego-
rized as the least-high risk mutation [18, 31-33], we tend to
agree with recommendation to perform prophylactic total
thyroidectomy in all carriers of the mutation regardless of
calcitonin levels, ideally before 10 years of age [19, 32,
33]. Thanks to high variability of families with the
Tyr791Phe mutation, and in some patient’s early onset of
disease, it is impossible to exclude or predict the age of
MTC development [34-36]. Recently the Tyr791Phe
mutation was presented as the cause of the occurrence of
MTC in 15- and 19-year-old patients, which is the youngest
age reported in literature [35]. On the other hand, by that
time some studies preferred postponing TTE to the age of
20 years [37] or to the third decade of life [31] or preferred
only screening calcitonin levels [38] because of few cases
with local lymph node metastases, low tendency to
metastasize and no deaths described with the Tyr791Phe
mutation. But our cohorts refute these classical statements
about mild behavior of tumor with the Tyr791Phe muta-
tion. Thus, optimal timing for surgery in patients carrying
RET Tyr791Phe mutation remains controversial. We hope
that our cohort of patients contributes to the worldwide
series of patients with this mutation.

Materials and methods
Cohorts

Molecular genetic analysis was performed in 276 families
with MTC (including 14 MEN2A, 7 MEN2B, 10 FMTC
families, and 245 apparently sporadic MTC cases), 29
patients with apparently sporadic pheochromocytoma and
122 families with HSCR. Database of pedigrees was cre-
ated with the Cyrillic 3 program. The basal and pentagas-
trin or calcium stimulated calcitonin levels were measured
with RIA kit (DSL-1200, Webster, TX, USA). Basal and
stimulated calcitonin values below 40 and 200 pg/ml,
respectively, were considered normal. Tumor staging was
performed according to the International union against

cancer tumor-node-metastasis (TNM) classification from
2002. CCH was defined as 50 C-cells per low-power field.

Genetic analysis

Signed informed consent for this study was obtained from
each patient and family member who participated. Genomic
DNA was extracted from peripheral leucocytes using QIA-
amp blood kit (Qiagen, Hilden, Germany). PCR amplifica-
tion of DNA samples of exons 10, 11, 13, 14, 15, and 16 and
the subsequent double-stranded fluorescent sequencing were
performed according to our previously described procedure
[39] on ALFExpress Automated DNA Sequencer (Phar-
macia, Sweden) or on CEQ 8000 Sequencer (Beckman
Coulter, USA). For the sequenase reaction the previously
purified PCR products (Agencourt Ampure kit, Beckman
Coulter, USA), the same unlabeled primers (as previously
described) and the Quick Start kit (Beckman Coulter, USA)
were used. Then, PCR products were re-purified (Agencourt
CleanSEQ kit, Beckman Coulter, USA), sequenced and
analyzed by CEQ 8000 sequencing software.
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