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Abstract

Multiple endocrine neoplasia type 1 (MEN1) is an autosomal
dominantly inherited predisposition to neoplastic lesions of the
parathyroids, pancreas, and the pituitary. Wehave previously
located the predisposing genetic defect to the long arm of chro-
mosome 11 by genetic linkage. In this study, 124 members of
six MENi families, including 59 affected individuals, were
genotyped for restriction fragment length polymorphisms with
different DNAprobes, and the genetic linkage between these
marker systems and MENi was determined. 13 marker sys-
tems (17 DNAprobes) were found to be linked to MEN1.
These markers are located within a region on chromosome 11
spanning 14%meiotic recombinations, with the MENi locus in
the middle. Four of the marker systems are on the centromeric
side of MEN1, and four on the telomeric side, based on meiotic
crossovers. The remaining five DNAprobes are closely linked
to MEN1, with no crossovers in our set of families. The 13
marker systems can be used for an accurate and reliable pre-
morbid test for MEN1. In most clinical situations it is possible
to identify a haplotype of this part of chromosome 11 with the
mutant MENi allele in the middle. The calculated predictive
accuracy is > 99.5% if three such marker systems are informa-
tive. Therefore, genetic linkage testing can be used for informed
genetic counseling in MENi families, and to avoid unnecessary
biochemical screening programs. (J. Clin. Invest. 1992.
89:1344-1349.) Key words: cancer predisposition * chromo-
some 11 * genetic linkage * restriction fragment length polymor-
phism * tumor suppressor gene

Introduction

Multiple endocrine neoplasia type 1 (MEN1)1 is a genetic dis-
order characterized by neoplastic lesions in the parathyroid
glands, the neuro endocrine pancreas, and the anterior lobe of
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1. Abbreviations used in this paper: MEN1, multiple endocrine neopla-
sia type 1; RFLP, restriction fragment length polymorphism.

the pituitary gland (1, 2). Wepreviously mapped the MEN1
locus to chromosomal region 1 lq l-q 1 3 by genetic linkage to
restriction fragment length polymorphism (RFLP) markers in
families segregating the disease (3). By identifying meiotic cross-
overs in MEN1 families, we were able to locate the disease gene
close to the PYGMlocus and flanked by the Dl 1S288 locus
located 7 cMon the centromeric side, and by INT2 7 cMon the
telomeric side ofthis marker (4) (Fig. 1). Furthermore, compari-
sons of the genotypes in normal and tumor tissue from the
same individual showed that the pathogenesis of pancreatic, as
well as parathyroid lesions, involve unmasking of a recessive
mutation at the MEN1 locus (3, 5-8), in agreement with the
two-mutational model originally postulated by Knudson (9).
Deletion mapping of two MEN1-associated lesions suggested
that the MEN1 locus is telomeric to PYGM,and within the 5
cM interval between PYGMand Dl 15146 (4, 7).

Based on the autosomal dominant mode of inheritance,
offspring of MENl patients have a risk of close to 50%of devel-
oping the disease. Affected individuals may present with any of
the MEN1-associated lesions in early teenage, or escape clinical
symptoms for several decades. Children of MEN1 patients
usually undergo repeated biochemical screenings in order to
identify lesions as early as possible (10). However, since
MEN1-associated lesions may develop slowly, unaffected rela-
tives at risk cannot be excluded as late onset gene carriers until
the age of 35 yr, despite extensive biochemical testing. Hence,
there is a call for informed genetic counseling in MEN1fami-
lies, and an avoidance of unnecessary biochemical screening
tests. Wehave attempted to develop a reliable and clinically
useful predictive testing for MEN1 based on genetic linkage to
DNAmarkers.

Such testing procedures can make use of the detailed ge-
netic mapping data recently generated for the chromosomal
region 1 Iq12-q13. This involves isolation of new genetic
markers which are then ordered by genetic linkage in reference
families, physically, on somatic cell hybrids, or by long-range
restriction mapping using pulsed-field gel electrophoresis (4,
1 1-14). Wehave tested genetic linkage to the disease using a
number of DNAprobes which we have mapped physically to
the chromosome region harboring the MEN1gene. Extensive
family material with 59 MENI cases from five Swedish fami-
lies and one large kindred from Tasmania was analyzed. In
total, 13 marker systems (17 probes) showed significant linkage
to MEN1. Of these, 11 probes had not previously been tested
for linkage to the disease.

Five of these probes are located close to the disease gene
with no meiotic crossovers detected, while four marker systems
flank MEN1 on the centromeric side, and four marker systems
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are telomeric. The accuracy and usefulness of DNA-based test-
ing for MEN1 predisposition is illustrated in a set of families
suitable for such diagnosis.

Methods

Clinical cases. Three of the five Swedish families with MEN1 (KA, EZ,
LU) have been described elsewhere (3). The AXand RA families were
referred for clinical testing, and are shown in Fig. 2. In addition to these
five families, part of one large MEN1 pedigree first reported by Shep-

herd in 1985 from Tasmania was studied (15). This family has previ-
ously not been studied by linkage. By the end of 1989, over 150 affected
individuals from 2,300 family members spanning eight generations
had been traced back to a womanwho came to Tasmania in the middle
of the last century (16). Her description recorded by the ship's surgeon
is consistent with the diagnosis of MEN1. The scoring for MEN1 was
conservative in order to avoid incorrect diagnosis. Unaffected individ-
uals at risk were scored as "normal" only if they had passed the age of
35 years and had undergone repeated and extensive biochemical
screenings (10) with no signs of the disease, while offsprings to MEN1
cases who did not fulfill these criteria were scored as "unknown."

Table I. DNAMarkers Linked to the MEN] Locus

Locus Probe Constant Allele Allele Observed
name name Enzyme bands sizes freq. heterozygosity

Dl 1S288

D11S149

p3C7

pTHH26

MspI 5.7
3.1
5.2
3.2

PvuII

Haplotype for markers Dl 1S288 and Dl 1S149
CD20 pB 1-21

Dl 1S480

PGA

PYGM

Dl lS427

Dl lS750

Dl lS449

DllS97

D1lS146

cCI 11-319§

pcAGP9

cCLPGA12§

pMCMPl§

cCL 1 5§

cCI 11-4§

cCLGW4§

cCI1 1-219§

pMS51

pHBI59

cCL59§

Haplotype for marker Dl IS 146
D 1S751 cCL-8§

clone 8

Haplotype for marker D 1I S751
INT2 SS6

MspI

PstI

2.8

several

EcoRl

PvuII

Mspl

EcoR I

EcoR I

Sad

PvuII

4.4; 3.4; 3.0; 2.8;
2.1; 1.9; 1.4; 1.3; 1.1

14; 6.6; 5.4;

21; 16

11.3; 6.4; 4.4;
1.6, 1.5; 1.3
several

HaeIII

TaqI

EcoRV

EcoRV

24; 18; 7.4

20; 5.2; 2.2

EcoR I

TaqI

BamHI

Haplotype for marker INT2

9.0
6.0
3.0
1.4
19.0
16.6+ 15+ 3.5
16.6+ 15+ 12+ 3.5
11
6+ 5
2.2-2.5
5 alleles VNTR
19.0
17.5
9.0-9.6
4 alleles VNTR
3.6
2.4
3.7
3.0
1.3-4.3
9 alleles VNTR
1.2
0.8
7.0
6.4

6.6
5.8
7.4
6.7

4.1
2.3
8.4
5.6+ 2.8
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0.72
0.28
0.14
0.84

0.47
0.53
0.50
0.50
0.06
0.37
0.54
0.37
0.63

58%

0.11
0.89

60%

0.80
0.20
0.33
0.67

89%

0.55
0.45
0.22
0.78

0.50
0.50
0.89
0.11

0.60
0.40
0.63
0.37

* Combined haplotype of two probes. * Observed in the present study. Loci in bold indicate anchor markers previously mapped on reference
families. § Indicates probes with repetitive elements for which human DNAwas included in the hybridization.

60%t



DNAprobes, genotyping, and linkage analysis. The probes used
and the RFLP's detected with these markers are described in Table I.
Dl 1S288 (17), Dl 1S149 (17), PYGM/pMCMPI(17), and Dl 5146/
pHBI59 (17) are available from American Type Culture Collection
(Rockville, MD). CD20 (18) was obtained from T.F. Tedder, PGA/
pcAGP9 from B. Zelle, Dl S97 (18) from ICI, INT2 (18) from N.
Spurr, and clone 8/Di 1S75 1 (14, 19) from T. Rabbits. The newly iso-
lated cosmid clones for DlIS480, Dl 1S427, and Dl 1S449 have been
published (12). Table I includes only those 17 probes which showed
significant linkage to the MEN1locus (see below). For 10 of the probes
listed previously published RFLPs existed (12, 17, 18). Newallele sys-
tems were identified through locus expansion in cosmids for PGA
(cCLPGA12), PYGM(cCL15), Dl IS146 (cCL59), and Dl1IS751
(cCL8), and the new cosmid Dl lS750/cCLGW4 was isolated from a
library constructed from radiation-reduced somatic cell hybrids con-
taining the 1 lq I I -q 13 region ( 14).

The gene order given for the markers in Table I from the centro-
mere (top) is according to the combined data for RFLPmapping using
reference families (4, 1 1), physical mapping data from hybrid cell pan-
els, and long-range restriction enzyme mapping with pulsed-field gel
electrophoresis (13, 14). Seven "anchor" markers indicated in bold are
those probes mapped by linkage in reference families ( 11) (Fig. 1). In
the following, the same gene order is used in tables and figures.

Only marker systems that gave significant linkage to MEN1 are
listed in Table I. As shown, three marker systems (Dl lS146, Dl 1S75 1,
and INT2) with two separate 2-allele RFLP's were combined to 4-allele
systems by haplotyping. For the markers Dl 1 S288 and D 1 S 149 pre-
vious linkage data in reference families have shown a very close linkage
with no meiotic crossover between these two loci (4, 1 1). Similarly, we
have not detected any recombinations between these markers in our
MEN1 families. Therefore, these two markers were also combined by
haplotyping, in order to increase their relative information content.
Haplotyping of the two markers for the PYGMlocus and the combined
Dl lS97 + Dl lS146 markers is also possible, although we have chosen
to analyze them separately since the information content was high for
each one of these markers.

Methods and conditions for DNApreparation, Southern blotting,
hybridization to radioactively labeled DNAprobes, and autoradiogra-
phy were as described ( 14). Several of the markers used contained repet-
itive DNAelements (marked with § in Table I), and were therefore
hybridized in the presence of denatured, sonicated human DNA.

Family and genotype data were typed into the linkage data manag-
ing computer database "LINKSYS." Two-point linkage between
MEN1 and different marker loci was calculated with the "LIPED"
computer program, assuming full penetrance for MEN1 under the
strict diagnostic criteria outlined above.

Results

Linkage to MEN]. A number of DNA markers mapped
within, or close to, chromosome bands 1 q 1 -q 13 were tested
for linkage to the disease in six MEN1 families. 13 marker
systems gave significant lod scores (Table II). Three pedigrees
from Sweden (LU, KA, and EZ) previously outlined in the
original mapping of MEN1(3) were reanalyzed, since some of
the marker systems used maybe more informative if the experi-
mental conditions are adjusted. In addition, two new Swedish
families (AX and RA) (Fig. 2) and part of one large MEN1
pedigree from Tasmania were studied (15). The total number
of individuals genotyped was 124, including 34 MENI cases
from Tasmania and 25 cases from the Swedish pedigrees.

The two-point linkage data of MEN1 to the different ge-
netic markers are summarized in Table II. 13 different marker
systems gave lod scores above the conventional cut-offlevel of
3.1. The marker systems break down into three groups based

i
U

I
U
U
U

p ter

/f

11 's

q ter

-DI1S 149
D11S 288 0%

CD20 3 %
4%

D11S480 9 %

4%- PGA

3 %

- PYGM

DllS427
DlIS750

5 % D11S449

-D1iS 97
-DI1S 146

-INT2

0 %

0 %

0 %
0 %

0 %

5 %
4%

DllS751 3 %
2 %

7%

Figure 1. Mapof the MENI region on chromosome 11 determined by
different mapping strategies. Seven anchor markers are indicated to
the left, and the genetic linkage distances in percentage meiotic re-
combinations between these markers, according to reference 11, are
given. The new markers are placed in the gene order and in relation
to the anchor markers, as determined by physical mapping (references
13 and 14). The linkage distances in percentage crossing over to
MENI are from Table II.

on meiotic crossovers. Four marker systems are centromeric to
the MEN1 locus, Dl IS288/Dl S149, CD20, DlIS480, and
PGA. In our previous linkage studies, we did not find any cross-
overs between MEN1and PGA, but this was now found in the
Tasmanian family using the new cosmid probe for PGA
(cCLPGA 12).

Four marker systems are telomeric to MENl-Dl IS97,
Dl 1S146, DlIS75 1, and INT2. Between these groups of flank-
ing marker systems there are five probes closely linked to
MEN1, for which we found no crossing over. The probe
pMCMPl for the PYGMlocus shows the highest lod score
(I10.80) at a peak recombination distance of 0 = 0, in agreement
with our previous studies (3, 4). Four newly isolated cosmid
probes, cCLl5 for PYGM,Dl 1S427, Dl 1S449, and DlIS750,
gave lod scores in the range of 3-5. The lower lodscores for
these markers are in part due to the fact that they are less infor-
mative than the multiallele VNTRdetected by the PYGM
probe pMCMPl.

DNAtestingfor MEN]. To illustrate how DNAtesting can
be used in clinical situations, we selected six Swedish nuclear
families that had undergone extensive biochemical testing for
MEN1. These families are outlined in Fig. 2. In each of these
families, one of the parents and at least one child are affected
with MEN1. Based on the genotypes determined for different
marker systems linked to MEN1in two affected members in
each kindred, we can outline the most likely haplotype carrying
the MEN1allele in each affected parent. For the KA-2 and
KA-3 kindred, the first child is unaffected according to our
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Table II. Lod Scores for Linkage of MENJ to Different Loci within Chromosome Region l l qIl -q1 3

Recombination fraction (0)

Marker system 0 0.001 0.01 0.05 0.10 0.15 0.20 0.30 0.40 0 Z

(Dl IS288/Dl S149)* -0o 4.04 5.88 6.56 6.21 5.57 4.78 2.99 1.17 0.05 6.56
CD20 -0o 2.39 3.27 3.43 3.06 2.57 2.04 1.00 0.23 0.03 3.48
DI IS480 -00 0.58 2.59 3.82 3.96 3.71 3.27 2.04 0.66 0.09 3.98
PGA(cCLPGA12) -00 2.03 2.93 3.22 3.01 2.66 2.26 1.37 0.50 0.04 3.23
PYGM(pMCMPI) 10.80 10.78 10.63 9.87 8.82 7.69 6.50 3.99 1.52 0 10.80
PYGM(cCL15) 4.26 4.25 4.17 3.85 3.45 3.04 2.62 1.70 0.72 0 4.26
D 1S427 4.78 4.77 4.68 4.28 3.78 3.26 2.75 1.72 0.70 0 4.78
Dl 1S750 3.57 3.56 3.52 3.27 2.91 2.49 2.03 1.08 0.25 0 3.57
D 1S449 3.39 3.38 3.28 2.84 2.33 1.86 1.43 0.71 0.19 0 3.39
Dl 1S97 -00 4.99 7.77 8.86 8.46 7.64 6.64 4.34 1.90 0.05 8.86
Dl 1S146 -00 7.63 9.43 9.92 9.32 8.40 7.33 4.90 2.25 0.04 9.96
Dl S751 (cCL8/clone8) -00 4.94 5.79 5.79 5.21 4.49 3.72 2.15 0.75 0.03 5.92
INT2 -00 1.19 4.99 6.84 6.82 6.26 5.45 3.48 1.40 0.07 6.94

* Combined haplotype of the two markers.

criteria. Hence, in these kindred the DNA-based testing uses
the first affected child as reference case.

For each additional child, the carrier status for MEN1 can
now be inferred from its haplotype of these marker systems.
This is illustrated in the RA kindred, where the first daughter
who inherited MEN1 from her mother also inherited the 2-al-
lele for the PYGMmarker cCL1 5, and the 3-allele for
D 1I S427. In addition, the 1-allele for PGAand the 3-allele for
Dl 1S97 were linked to the disease. The younger brother had
inherited the same haplotype as his affected sister. The most
likely interpretation of these data is that he has inherited a
nonrecombinant stretch of this chromosome region, including
all loci from PGAto Dl 1S97. Hence, this would also include
the MEN1 mutation. The predicted MEN1diagnosis is con-
firmed for this boy, who underwent surgery for primary hyper-
parathyroidism, and treated for prolactinoma. Since four
markers were used, two very close to MEN1 and two flanking
the disease locus, this family illustrates not only the use of the

very closely linked markers cCL1 5 and Dl 1S427 for genetic
testing, but also that meiotic crossovers close to MEN1 could
be excluded.

If a crossover had occurred in the second child, this would
only escape detection if the first child also had inherited a re-
combinant chromosome with the crossover point between the
same two markers. In this case then, an incorrect prediction of
the disease predisposition in the second child could only occur
if both children had inherited recombinant chromosomes. The
probability for this is < 0.003, based on the linkage mapshown
in Fig. 1. Furthermore, this would only result in incorrect pre-
diction in the instance that the one of these crossover events
had occurred between the disease locus and the two marker loci
PYGMand D 1I S427, for which no recombinant has yet been
found. In the RAfamily, the third and still unaffected 24-yr-old
child (marked with ?) is predicted to carry the disease gene
based on the genotype data (Fig. 2).

In each of the following kindred outlined in Fig. 1, we show

RA

PGA pcAGP9 1 2 3 3
PYG -CCL15 2 1 2 2D11 S427 3 1 1 2 2
D11S97 3 4 5

2112 2g2 22
32 32 32
31|1 3 j5 31

LU
l

I O
PGA-pcAGP9 1 3 2 3
PYGM-pMCMfP 3 2 ] 1
INT 2 A B C[ A

31 3 2 11 3 13
2 I 311 2 Ii
A C B lEA A IA

AX

PGA-pA4GP 2 1 2 2
PYGM-pAMCMP1 1 3 3 3
D11S 97 4 1 2 3

242 111 112 242
1 3 3113 313 113
4 2 11121 3I 412

KA-1

D11S28/2D11S149 B A B B
PYGM.CCL15 1 12
D11S427 1 2 1II 1
D11297 12 2ID11S751 B C A BB B A B B B A B

a_PYGMl5 12 1 2 21 2
D1B427 3i1 2 1 1 2 2

D211;SS7195B6 D A 2 *1 1 2. 1 2 14 1
21|G12 12 12 2 12 2

DI1427 II 11 l21111I 2

DlIS9273 1132 11 133
A2 2222 A 2 2 D

PGA-CCLPGA 12
PYGM-PMCMP1
D1 1S427
D1S750
D11S 97Di 1S146

Figure 2. Pedigrees illustrating DNA
based predictive testing for MEN1.
Filled symbols indicate affected
family members. Numbers below
each individual indicate the geno-
types for the informative marker
systems, listed next to the symbol of
the carrier parent. The haplotypes
for each individual are depicted
along an illustrated chromosome
segment, with the inferred mutant
chromosome indicated by a thin
line, and the wild type chromosome
of the carrier parent hatched. The
arrows at kindred KA-2 indicate the
point of meiotic crossover in the
fifth daughter. KA-1, KA-2, and
KA-3 are subsets of the KA pedigree
(3). Blood samples from the mother
in the LU family was obtained be-
fore her death in 1989.
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that the DNAtesting for MENI is based on at least one marker
which shows no crossover with the disease locus, and at least
one marker flanking the disease on each side of the disease
locus. Thus, we excluded crossovers close to MEN1 in each of
these kindreds. As illustrated in the KA-2 kindred, a meiotic
crossover had occurred in the fifth daughter between DI S288
and PGA. Since the point of crossover could be located in this
girl, we could then use six alternative markers beyond this
point, PGA, PYGM, D11S427, D1I S750, D1I S97, and
Dl1 S146, and found no evidence for crossing over for any of
these markers.

The set of six families outlined in Fig. 2 illustrate how DNA
testing for MEN1 would be possible to use for predictive test-
ing. In 16 offsprings (all children except one in each family) we
know the outcome of 13 based on clinical and biochemical
data. In all these cases the DNAtest was totally conclusive
based on a set of at least one closely linked probe, (0 = 0%) and
two flanking probes in all instances (Fig. 2). Hence, the set of
markers described here (Table I and II) provide a useful and
accurate means for predictive testing of MEN1. Since the DNA
test can be applied at any age, providing the family structure
permits linkage analysis, it can predate the biochemical and
clinical presentation of the disease by two to three decades with
very high accuracy (> 99.5%). Such predictions can be made
for the third child (age 24) in the RAkindred who is deduced to
carry the MEN1 predisposition. Similarly the youngest daugh-
ter (age 26) in the AXkindred is predicted unaffected, while her
younger brother (age 25), still unaffected, is a gene carrier.

Discussion

In this report, we have presented an extensive family study
using five RFLP markers closely linked to MEN1, with no
meiotic recombinations with the disease locus. These five
closely linked probes are then flanked by four marker systems
on each side, all located within 7 cM from the disease gene,
based on combining genetic linkage in reference families and
our own linkage data in MENI families (Table II). The 17
probes studied in this report include 7 anchor markers which
have been ordered by multipoint linkage analysis (11). All
probes used here have also been mapped physically within the
1 lq 12-q 13 region (12-14). The gene orders, as determined by
physical mapping (13, 14) and genetic linkage data (4, 1 1) are
in full agreement with the data presented here.

As illustrated in Fig. 2, the DNAprobes linked to MEN1
provide a set of linkage markers that will enable accurate and
reliable premorbid diagnosis of the disease predisposition al-
ready at birth, providing the family structure permits linkage
analysis. There are three main causes of incorrect results from
DNA-based testing of inherited diseases: (a) meiotic crossing
over between the marker and the disease loci, (b) incorrect
diagnosis of an individual; and (c) mixing of samples. The latter
two can only be managed by correct clinical and laboratory
procedures, while meiotic crossovers are a serious problem
when the markers are not closely linked to the disease, or the
number of useful markers is restricted. The set of 17 DNA
probes linked to MEN1 provides a useful and reliable tool to
eliminate crossing over as cause of incorrect prediction of
MEN1. This includes five closely linked probes that are flanked
by a similar set of markers on each side of the disease locus.
Hence, we are not only able to determine the linkage phase,

using at least one very close marker system (with no crossover
with MEN1), but also to detect if a meiotic crossover event has
occurred within the chromosomal region flanking the MEN1
locus. Until the disease gene has been cloned, predictive DNA
testing for MEN1 should be supported by at least one closely
linked marker and one flanking marker on each side of the
disease locus, in order to avoid incorrect diagnosis due to mei-
otic crossing over. In this instance, the reliability of the predic-
tion will exceed 99.5%, which is a common level for inaccura-
cies due to sample mixing or incorrect diagnosis of patients.

In conclusion, the marker systems in Table II that show
recombination fractions of- oo are located outside the MEN1
region based on meiotic crossovers. Therefore, we would like to
stress that predictive testing for MEN1 should not be based on
linkage to these markers alone. Instead, these markers are to be
used as indicators of crossing over close to MEN1, in order to
identify matings where predictive testing can not be considered
reliable.

Finally, one should not exclude the possibility that meiotic
crossing over may occur between MEN1 and any of the five
markers closest to the disease locus. In a clinical test situation,
this will not pass undetected if the setup illustrated in Fig. 2 is
used. On the other hand, any such crossover will be a key find-
ing for further locating the MEN1gene within this region, and
will facilitate the final cloning of the MENI gene.
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