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Abstract
Mutations in some exons of the RET proto-oncogene were 
recently observed in Hirschsprung patients. Using DNA poly
morphisms and single-strand conformation polymorphism 
analysis for the whole coding sequence of the RET proto-onco
gene, 82 unrelated Hirschsprung patients were screened sys
tematically. A total of 4 complete deletions of RET and 12 
point mutations were identified, each present in no more than 
one patient and distributed along the whole gene. De novo 
mutations could be documented in 4 patients. Southern blot 
and fluorescence in situ hybridization analysis carried out in a 
restricted number of patients did not reveal any deletion of 
RET. The low efficiency in detecting mutations of RET in 
Hirschsprung patients (20%) may originate mainly from ge
netic heterogeneity.
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ment HSCR) were included in this study. Of all 
patients, 63 apparently had sporadic HSCR, while in 
19, a familial recurrence was reported (in more than 
one generation in 11 cases and in only 1 generation in 
8). Linkage with RET had already been reported for 5 
of these families [3], while no recombination with RET 
was observed in the remaining informative families 
(see Results). Genomic DNA was prepared either from 
blood samples or from lymphoblastoid cell lines.

Introduction

Hirschsprung disease (HSCR) is a relative
ly frequent genetic disorder (1 in every 5,000 
liveboms) of neural crest development char
acterized by the absence of intramural gan
glion cells in the hindgut. Approximately 
80% of the HSCR cases are sporadic, while 
20% show familial recurrence. An autosomal 
dominant HSCR gene has been genetically 
mapped on 10qll.2 [1, 2] and further local
ized in an interval of about 250 kb by physical 
characterization of three interstitial deletions 
[3]. This region contains the RET proto-onco
gene whose mutations were recently reported 
in HSCR patients [4, 5].

Among 27 HSCR patients previously ana
lysed by our group for 12 exons using poly
merase chain reaction (PCR) amplification of 
genomic DNA and single-strand conforma
tion polymorphism (SSCP), 4 point muta
tions were detected [4], In the present work, 
55 additional patients as well as the previous 
group of patients, for a total of 82 affected 
individuals, were screened by the following 
strategies: (1) Southern blot hybridization 
with a RET cDNA probe in order to identi
fy deletions or/and rearrangements of RET; 
(2) polymorphism analysis searching for loss 
of heterozygosity (LOH) in HSCR patients 
which would indicate deletions of RET; (3) 
fluorescence in situ hybridization (FISH) us
ing cosmids covering most of the RET proto
oncogene to detect deletions, and (4) SSCP 
analysis of the 20 exons of RET using primers 
already described by our group [6, 7], in order 
to detect point mutations.

Southern Blot Analysis
In order to carry out deletion analysis in the HSCR 

patients by Southern blot, a full-length human cDNA 
clone of the short isoform [8, 9] was digested into three 
different fragments which encompass ( 1 ) the 5' untrans
lated region and the coding sequence up to exon 10; (2) 
exon 4 to exon 19, and (3) exon 12 to the untranslated 3' 
region of the short isoform. Genomic DNA from 28 
HSCR patients was digested with three different re
striction enzymes, electrophoresed on 0.8% agarose gel, 
and transferred onto Hybond N membranes (Amers- 
ham), which were then probed with the three frag
ments. The following bands (in parentheses) were ob
tained with each fragment used as probe and with the 
following restriction enzymes. Fragment 1: Hind III 
(10.5,9.2,7.1,1.6 kb), BamHl (12.5,12.0,7.9,3.6,1.75 
kb), EcoRI (23.4, 14.7, 6.3, 1.95 kb); fragment 2: //in
dili (9.2, 7.1, 4.8, 4.35, 3.4 kb), BamHl (7.9, 7.8, 4.1, 
3.65, 3.6, 1.75, 0.4 kb), EcoRI (14.7, 7.1, 6.9, 6.3, 1.95 
kb), and fragment 3: //indili (9.2, 4.8, 4.35, 3.4 kb), 
BamHl (7.8, 4.1, 3.65,0.4 kb), EcoRI (7.1, 6.9 kb).

Polymorphism Analysis
Microsatellites sTCL2 [ref. 10; frequency of hetero

zygosity: 0.71] and D10S141 [ref. 11, 12; frequency of 
heterozygosity: 0.85] flanking the RET gene were used 
to genotype all the HSCR patients. Conditions for 
primer labelling, PCR amplification and electrophore
sis are described elsewhere [1,3].

Six intragenic RFLPs in exons 2,3,7,11,13 and 15 
showed frequencies of heterozygosity as defined in 
Heame et al. [13] equal to 0.41, 0.04, 0.41, 0.33, 0.38 
and 0.33, respectively. They were revealed by restric
tion enzymes Eagl, Mboll, Bsml, BanI, Taql and Rsal, 
respectively [7]. Four additional polymorphisms re
vealed by SSCP, two in exon 2 (frequencies of heterozy
gosity: 0.08 and 0.21), one in exon 4 (frequency of hete
rozygosity: 0.41) and one in exon 11 (frequency of hete
rozygosity: 0.39), were also analysed in all 82 patients.

The parents of those patients who were apparently 
homozygous for all the above 12 polymorphisms were 
genotyped for the same polymorphisms in order to 
detect possible LOH in their affected offspring.

Materials and Methods

Patients
82 unrelated patients sequentially diagnosed as 

affected with HSCR according to criteria previously 
described [1] (35% with long- and 65% with short-seg-
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Table 1. Deletions identified in 82 HSCR patients

Deletions Occurrence Pheno
type

Cytogenetically 
visible deletion [3]

dellOql 1.2-21.2 complete 
deletion of RET

complete 
deletion of RET

de novo long form

del lOq 11.2-21.2 sporadic* * 3 long form

Cytogenetically 
invisible deletion [3]

microdeletion in 
10qll.2

microdeletion in 
10qll.2

complete 
deletion of RET

complete 
deletion of RET

familial long form

familial long form

The mutation not previously reported is shown in italics. The 2 cytogenetically invisible
microdeletions were detected through LOH. de novo = Parents of the patient studied but 
negative for the muation.
3 Sporadic occurrence of the disease; parents of the patient not available for study.

Restriction Analysis of the Mutations 
When a point mutation created or abolished a 

restriction site, 15-25 pi of the PCR product was 
digested with the appropriate restriction enzyme, and 
the sizes of the fragments thus generated were visual
ized in non-denaturing 8 or 12% polyacrylamide gels.

FISH
Cosmids No. 4 and 13 which cover most of the 

RET proto-oncogene [B. Pasini, in prep.] were utilized 
to detect a possible deletion in the patient who was 
homozygous for all polymorphisms described above 
and for whom the cultured cells (fibroblasts) were 
available. Cosmid DNA was labelled by nick transla
tion (Boehringer kit) with biotin-16-dUTP incorpora
tion. Metaphase chromosomes of the fibroblast cell 
line were prepared by routine methods. Hybridization 
and washing conditions were as described elsewhere 
[14,15], The signals were amplified once and the slides 
were stained with propidium iodide and 4,6-diamidi- 
no-2-phenylindole.

Results

All the RET mutations identified to date 
by our group in a total of 82 HSCR patients 
are summarized in table 1 and 2, with those 
previously unreported (1 microdeletion and 8 
point mutations) indicated in italics.

SSCP Analysis and Sequencing of the
Conformational Variants
All 20 exons of the RET proto-oncogene were 

amplified using conditions and primers designed from 
the flanking intronic sequences [7] and PCR products 
of each exon were analysed by SSCP. Conformational 
variants thus revealed were sequenced using the Se- 
quenase 2.0 kit (USB) directly from the purified PCR 
products.

Once a mutation had been detected in any of these 
patients, all the available relatives were analysed using 
SSCP and/or restriction enzyme analysis if the latter 
could be performed (see below).

Microdeletions in HSCR Patients 
No deletion or rearrangement was detected 

by means of Southern blot hybridization in 
the 28 patients for whom we had enough 
genomic DNA to carry out this analysis.

LOH in one HSCR pedigree (fig. 1) was 
revealed by the microsatellite sTCL2 which is 
35-45 kb distal to the 3' end of the RET pro
to-oncogene [10; Pasini et al., in prep.], by the

Yin et al.274 RET Mutations in Hirschsprung
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Table 2. Point mutations identified in 82 HSCR patients

Amino acid change Occurrence PhenotypePoint mutations

long formeliminates 
Alu/ site

de novoExon 2 T119 -> C Leu40 -» Pro

G+9 ->A+9 possible splicing sporadic3
alteration

Ser365 -» stop codon sporadicb

short formIntron 5 creates 
Alu/ site

long formCl094 AExon 6 creates 
Mae/ site

Exon 6 [4] delGl 120 frameshift after 
the first 373 aa; 
stop codon 39 aa 
downstream

sporadic3 long form

eliminates 
MspI site

sporadic3 short formCl 196 -> T Pro399 —> LeuExon 6

Cys541 —> stop codon familial 

sporadicb

short form 

long form

Exon 8 T1623 —>A 

G2284 -» C Glu762 -> Gin 
and possible splicing 
alterations

possible splicing 
alteration

Ser765 —> Proc

eliminates 
Kpn/ site

Exon 12

Q+19 f+19 long formde novoIntron 12 creates 
Rsa/ site

long formExon 13 [4] T2293 -> C eliminates 
MnlI site

eliminates 
Aval site

de novo

Arg897 -> Glnd sporadicb long formExon 15 [4] G2690 -> A

long formExon 17 [4] A2914 G Arg972 —> Glyc familialcreates 
Sau 961 site

Pro973 -» Leud familial long formeliminates 
Hae/// site

C2918 -> TExon 17

The mutations not previously reported are italicized. All these mutations were identified 
with SSCP followed by direct sequencing, aa = Amino acid; de novo = parents of patients 
studied but negative for the mutation.
a Sporadic occurrence of the disease with one parent found to be carrier of the mutation. 
b Sporadic occurrence of the disease; parents of patients not available for study. 
c Amino acid residues not conserved in receptor tyrosine kinases [28]. 
d Amino acid residues conserved in 100% of receptor tyrosine kinases [28],

tomatic carriers of this pedigree (fig. 1), one 
allele of RET is deleted.

Four additional patients were apparently 
homozygous for all the polymorphisms ana
lysed (see Materials and Methods). The prob-

RFLP in exon 13 of the RET proto-oncogene 
[7]andbyD10S141 located upstream of RET 
and about 150 kb centromeric to sTCL2 [10- 
12]. In all the patients (with either long- or 
short-segment HSCR) as well as in the asymp
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i1 ■ 2
3

1 2'

D10S141 
Exon 13 
STCL2

14 A A 2 3 5A A 2 A 2
1 1A A 2 1 1A A 1 1A
2 A 3 A 1 2 AA 5 A 3 5Fig. 1. a Haplotype reconstruc

tion in a HSCR pedigree in which a 
microdeletion of RET was detected 
through LOH. Filled symbols re
present long-segment HSCR, the 
half-filled symbol represents short- 
segment HSCR. The alleles for 
D10S141, proximal to RET [10, 
11], for the intragenic RFLP in 
exon 13 [7] and for sTCL2, distal to 
RET [10] are shown. A = Deletion, 
b LOH revealed by microsatellite 
sTCL2 (RET). The individual 
numbers correspond to those in the 
pedigree. The deletion was ob
served in both long- and short-seg
ment patients, as well as in the two 
asymptomatic obligate carriers. 
This is in agreement with the auto
somal dominant mode of inheri
tance with incomplete penetrance 
and with the linkage studies which 
showed that the same gene causes 
long- or short-segment HSCR in 
the same pedigrees (variable ex
pressivity) [1-3].

11-1 II-2 1-1 II-3 III-2

a

II-2 II-311-1 1-1

ability of true homozygosity for all 12 poly- tured cells (fibroblasts) were available, but no 
morphisms in any one patient was calculated deletion could be demonstrated, 
as 0.11 % based on the frequencies of hetero
zygosity reported in Materials and Methods, gous for at least one of the 10 intragenic poly- 
No LOH could be proven, because 1 case was morphisms or for the microsatellites sTCL2 
not informative while in 3 cases the parents of and/or D1 OS 141, indicating that no large de- 
the patients were not available. FISH was car- letion of the RET gene was present in their 
ried out as described in Materials and Meth- genomic DNA. 
ods in 1 of these 4 patients, for whom the cul-

All the remaining patients were heterozy-

276 Yin et al. RET Mutations in Hirschsprung
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2 3 4 5 6 7 8 9 10 11 12Point Mutations in the RET 
Proto-Oncogene in HSCR Patients 
In addition to the 4 point mutations alrea

dy reported [4], 21 conformational variants 
were observed during the SSCP analysis. An 
example of such a variant, which was subse
quently characterized as a mutation of the last 
nucleotide of exon 12 (see below), is illustrat
ed in figure 2. Direct sequencing, confirmed 
whenever possible by restriction enzyme 
cleavage, indicated that 8 of the variants re
present non-conservative amino acid changes 
or may affect the normal RNA splicing (ta
ble 2). The remaining 13 variants represent 
common intragenic polymorphisms (see poly
morphism analysis in the Materials and Meth
ods section) or private silent mutations [7], 

The 8 new point mutations identified in 8 
different patients (see table 2) include one 
C-A transversion at codon 365 and one T-A 
transversion at codon 541, which create a ter
mination codon in place of a serine and a cys
teine residue, respectively; one G+9-A+9 tran
sition in the donor splicing site of intron 5, 
one C+19-T+19 transition in the possible donor 
splicing region of intron 12 and one G-C 
transversion affecting the last nucleotide of 
exon 12. This latter mutation predicts 
aGlu762-Gln non-conservative amino acid 
substitution in addition to a possible splicing 
error which would be analogous to that pro
duced by a G-A substitution at the last nucleo
tide of exon 10 of the glucocerebrosidase gene 
in a Gaucher patient [16]. However, no direct 
proof for these three possible splicing errors 
has been obtained, since RET is not expressed 
in any type of cultured cells from patients. 
The remaining mutations are: one Leu40-Pro 
change and two missense mutations resulting 
in the substitution of a leucine for a proline 
residue at codons 399 and 973, respectively, 
in 2 different patients. All the available rela
tives of the probands were analysed and the 
results are shown in table 2 under ‘occurrence’

1

mm

Fig. 2. An example of a conformational variant 
detected through SSCP analysis. The PCR samples 
were loaded onto a 6% acrylamide gel with 5% glycer
ol, electrophoresed at 4°C and visualized by silver 
staining. No. 1-7 and 9-12 are normal samples, while 
No. 8 is the variant caused by a G-C transversion of the 
last nucleotide of exon 12 (see table 2) as demonstrated 
by direct sequencing (see text).

of the mutation. None of the mutations re
ported in this table was found in at least 120 
normal control samples. Although all the pa
tients were thoroughly screened by SSCP in 
all 20 exons, no second mutation was found in 
any patient with a deletion or with an already 
identified point mutation.
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fore quite high (at least 4 out of the 16 identi
fied mutations).

Mutations of the RET proto-oncogene in 
the extracellular cysteine-rich domain (exons 
10 and 11) had been previously identified in 
patients with multiple endocrine neoplasia 
(MEN) type 2A and familial medullary thy
roid carcinoma (FMTC) [19, 20], while a sin
gle Met918-Thr substitution in the tyrosine 
kinase domain (exon 16) was found to be 
responsible for the development of MEN 2B 
and sporadic medullary thyroid carcinoma 
(MTC) [21-23], Besides RET, there are at 
least 7 other proto-oncogenes and anti-onco
genes whose mutations may be associated 
with developmental disorders [24]. In addi
tion, there are well over 100 other genes 
whose mutations may cause two or more 
diverse clinical disorders (phenotypic diversi
ty due to allelic series) [24],

Unlike the situations in MEN 2A, MEN 
2B, FMTC and MTC, the point mutations 
causing HSCR are distributed throughout dif
ferent domains of RET and their detection 
rate is quite low, namely 20%. One explana
tion for this low detection efficiency may 
reside in the peculiar GC-rich nucleotide 
composition of the RET gene, which can ren
der the mutated sequences indistinguishable 
from the normal ones during SSCP analysis. 
This difficulty might be overcome by utilizing 
in parallel other approaches such as denatur
ing gradient gel electrophoresis and chemical 
cleavage mismatch procedures. An additional 
technical problem may result from the posi
tions of some intronic primers. Due to the 
peculiar nucleotide composition of RET, and 
in particular of some intronic regions, some 
primers had to be designed close to the exon- 
intron boundaries [7], In these cases splicing 
errors might be missed. Furthermore, we have 
not yet analysed the 3' and 5' non-coding 
sequences, which might play important roles 
in controlling the expression of the RET pro

Discussion

By combining four different approaches 
(SSCP and LOH analyses in all cases, plus 
Southern and FISH analyses whenever possi
ble), we have been able to detect mutations in 
20% of the patients studied (16 out of 82). 
Two cytogenetically visible deletions [17, 18] 
and two cytogenetically invisible microdele
tions (one previously reported and one identi
fied in the present study, both detected 
through LOH) have been observed (table 1). 
The 12 point mutations identified by SSCP 
analysis in the patients are equally distributed 
between the extracellular (exons 2, 5,6, 8) and 
intracellular (exons 12, 13, 15, 17) domains. 
No single mutation is observed in more than 
one patient. As shown in tables 1 and 2, 2 
deletions and 3 point mutations are observed 
in patients with familial recurrence of HSCR, 
while 2 deletions and 9 point mutations were 
identified in the patients with sporadic occur
rence of the disease. Mutations were detected 
in 4 out of 13 families informative for two 
microsatellites (sTCL2 and DIOS 141) closely 
linked to RET, in which no recombination 
with RET was observed. Among the remain
ing 9 families, the highest lod score of 0.7 (at 
0 = 0) was observed in pedigree No. 1 already 
described in a previous report [3], One point 
mutation in exon 8 (see table 2) was identified 
in a family among the 6 non-informative for 
the above markers.

Among the sporadic cases, de novo muta
tions could be documented in 4 out of 11 
cases through the analysis of both parents who 
did not show either the deletion or the point 
mutation observed in their affected child. 
While in 3 cases, the mutation (without any 
phenotype) was observed in one of the par
ents, in the remaining 4 patients the analysis 
could not be carried out in both parents (ta
ble 2). The proportion of new mutations for 
HSCR in the RET proto-oncogene is there

Yin et al.278 RET Mutations in Hirschsprung
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to-oncogene. However, the most likely expla
nation for the low detection rate of RET mu
tations is genetic heterogeneity of HSCR.

The hypothesis of genetic heterogeneity 
among the patients analysed in the present 
study is supported by the following finding. 
While long-segment HSCR is usually ob
served in not more than 20% of patients, it is 
present in 35% of our 82 patients (probably 
because of a bias in clinical ascertainment). 
However, among those patients showing mu
tations in RET (tables 1, 2), 81% of the cases 
(13/16) have long-segment HSCR. Thus genes 
other than RET are likely to be mutated in 
short-segment HSCR. However, one should 
keep in mind that within the same family the 
same mutation can be associated with short- 
and long-segment HSCR, as observed in the 
pedigree of figure 1. This suggests the pres
ence of modifier gene(s) [24], The high rate of 
association of HSCR with other genetic dis
eases such as Down syndrome and Waarden- 
burg syndrome, the chromosomal abnormali
ties in chromosomes 2, 13, 21 and 22 re
peatedly observed in HSCR patients [25], the 
recent localization of a recessive gene for 
HSCR on human chromosome 13q22 in a 
large inbred Mennonite kindred [26] and, 
finally, the existence of three distinct murine 
mutations located on chromosomes 2, 14 and

15 [27] all causing aganglionosis in the mouse 
support the concept that HSCR is a heteroge
neous and complex genetic disorder. The ex
clusion of the RET proto-oncogene as a candi
date for total colonic aganglionosis in the 
spotting lethal (si) rat strain [I. Ceccherini et 
al., submitted], which shows histopatholog- 
ical features strikingly similar to the human 
disease, further confirms the genetic heteroge
neity of HSCR.
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