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Abstract
The pathogenetic background of human autoimmunity is only 
partially understood. By discovering the defective gene caus
ing the autosomal recessive polyglandular autoimmune dis
ease type I (PGD I, APECED) we hope to provide new 
insights into autoimmune responses in general. Here we have 
taken advantage of newly developed amplifîable multiallelic 
microsatellite markers and performed the analyses using the 
microtiter well format of the polymerase chain reaction. This 
rapid semiautomated protocol was applied to analyze 62 
assigned highly polymorphic loci. The linkage analyses cou
pled with the EXCLUDE analysis resulted in an exclusion 
map of this polyglandular autoimmune disease and in the pre
liminary assignment of the APECED locus to chromosome 22. 
The method proved to be an effective and economical tool for 
gene mapping compared with standard blotting and hybridi
zation.
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Introduction pression could help to dissect the molecular 
background of abnormal immune responses. 
One such genetic disorder is autosomal reces
sive polyglandular autoimmune disease 
type I, also known as autoimmune polyendo- 
crinopathy-candidiasis-ectodermal dystrophy 
(APECED, MIM number 240300) [1,2]. The

The autoimmune reactions associated with 
many human diseases are still only partially 
understood. Unravelling the molecular patho
genesis of inherited diseases with a strong 
autoimmune component in their clinical ex-
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APECED pedigrees included in 
this study.

disease is especially enriched in the geneti
cally isolated population of Finland [3]: to 
date 70 patients have been identified in Fin
land and less than 100 elsewhere, the inci
dence of APECED in Finland being at least 
1:25,000. The clinical phenotype of APECED 
includes variable combinations of the failure 
of parathyroid glands, the adrenal cortex, go
nads, pancreatic beta cells, gastric parietal 
cells and the thyroid gland. Additional fea
tures include hepatitis, chronic mucocuta
neous candidiasis, dystrophy of dental 
enamel and nails, alopecia, vitiligo and kera
topathy. The diagnosis is typically made in 
childhood, but symptoms may appear as late 
as the fifth decade of life [4],

The pathogenesis of APECED is unknown 
and there are no reports of abnormal bio
chemical findings or chromosomal rearrange
ments in the affected individuals. Conse
quently, a random search of the human ge
nome directly at the DNA level is a relevant 
approach for revealing the defective gene lo
cus. Here we have taken advantage of recently 
identified amplifîable polymorphisms as
signed to human chromosomes [5], The mi
crotiter well format of the PCR [6] was

adapted for screening these markers, and high 
informativeness of the markers guarantees 
relatively wide regions of exclusion in linkage 
analysis. The map constructed from multial- 
lelic markers was complemented with biallelic 
markers also detected in the microtiter well 
format using the solid-phase minisequencing 
technique [7], The screening for the APECED 
locus using 62 polymorphisms suggests that 
the most probable location for this autoim
mune-disease gene is chromosome 22.

Materials and Methods

A total of 15 APECED families were included in 
this study (fig. 1). In total, 94 blood samples were col
lected, 25 from affected siblings. Genomic DNA was 
extracted by standard procedures from 10-ml blood 
samples [8].

In this study 62 polymorphic markers were ana
lyzed, most of them highly polymorphic microsatellite 
markers. Alleles were detected by PCR amplification 
[6] followed by polyacrylamide gel electrophoresis. 
PCR was performed in a volume of 15 pi containing 
20 ng of template DNA, 2 pmol of primers, 0.2 mM 
each of dATP, dCTP, dGTP and dTTP, 20 mM Tris- 
HC1 (pH 8.8), 15 mM(NH2)S04, 1.5 m/V/MgCE, 0.1 % 
Tween 20,0.01 % gelatin and 0.8 U of Thermits aquati-
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eus DNA polymerase (Promega). One of the primers 
was labeled at the 5' end using 32P. The PCR reactions 
were performed in multiwell microtitration plates for 
28 cycles, the first cycle consisting of 95 °C for 3 min, 
5 5 ° C for 30 s and 720 C for 30 s followed by 26 cycles 
consisting of 95 °C for 30 s, 55 °C for 30 s and 72 °C 
for 30 s and the final cycle of 95 "C for 30 s and 55 °C 
for 30 s followed by a 4-min extension at 72 °C. The 
amplified fragments were separated by electrophoresis 
in 6% denaturing polyacrylamide sequencing gels. 
Twelve of the analyzed polymorphisms were single
nucleotide variations. These biallelic markers were 
analyzed by PCR and the solid-phase minisequencing 
technique was performed as described in detail else
where [7, 9],

To test if the family material available was suffi
cient for conclusive results in the linkage analyses we 
first carried out data simulation analysis assuming a 
single marker locus and double heterozygosity for the 
parents. We used the SLINK program, specifically its 
MSIM option, with 1,000 replicates (one replicate 
equals one round of generating marker genotype for 
each individual) to obtain the ELOD (expected lod 
score) values [10, 11].

The MLINK option of the LINKAGE package pro
grams (version 5.10) was used to calculate the linkage 
between the disease and the individual markers [12]. 
Because the age at onset of the disease varies, the fol
lowing age-dependent categories of penetrance were 
adapted for the healthy individuals for the linkage 
analyses: for age categories of <2, 2-5, 6-10, 11-15, 
16-20,21-30 and > 30 years a penetrance of 5,20,45, 
60, 70, 80 and 95%, respectively, was assigned. The 
original MLINK data from the pairwise linkage analy
sis was subsequently analyzed with the EXCLUDE 
program to construct an exclusion map of the disease 
[13]. The data input into the program consisted of the 
chromosomal position of the locus, locus name, the 
linkage data in the form of recombination fraction (we 
used five 0 values: 0.00, 0.10,0.20, 0.30 and 0.40) and 
the corresponding lod score calculated by the MLINK 
program. In all calculations the Haldane map function 
was used to convert recombination fractions to map 
distances. The locations of the markers analyzed were 
based on HGM11 and the map (Marshfield markers 8) 
released by Dr. J.L. Weber (Marshfield Medical Re
search Foundation, Marshfield, Wise., USA) and ex
pressed as a percentage from pter to qter. When the 
precise chromosomal location was unknown or ex
panded over a region in a chromosome, the marker 
was placed in the middle of that region.

Results and Discussion

The family material analyzed is summa
rized in figure 1. Although the clinical pheno
type of APECED is highly variable, the dis
ease is enriched in the genetically isolated 
Finnish population. Consequently the as
sumption of locus homogeneity is valid 
within this population. To test if the avail
able family material was sufficient to obtain 
conclusive data in linkage analysis of this dis
ease with heterogeneity in phenotype and 
age-dependent penetrance, we carried out si
mulations in our family material with 1,000 
replicates using the SLINK program [10, 11]. 
Under the one-locus model for this family 
material the mean ELOD is 7.110 with a 
standard deviation of 1.424. Thus, the ex
pected lod score at a recombination fraction 
of 0.01 ranges from 4.262 to 9.958 (95% con
fidence interval). The lod score still remained 
significant in over 50% of the replicates at 
the recombination fraction of 0.10. This si
mulation analysis suggests that an evenly 
spread set of informative markers should re
sult in a conclusive lod score in our family 
material.

We analyzed the linkage data from a total 
of 62 polymorphic markers on all 22 auto
somes. Fifty markers detected multiallelic 
polymorphisms. The informativeness of these 
multiallelic markers is very high and we ap
plied the PCR in the microtiter well format 
and multi-channel pipetting which provides a 
rapid semiautomated method for detecting 
these multiallelic DNA polymorphisms. Two 
subsequent loadings of the samples on large 
sequencing-type polyacrylamide gels made it 
possible to obtain information from two 
markers of 60 individuals per gel. In the mul
tiwell format, 96 samples can conveniently be 
simultaneously analyzed and, although load
ing of the sequencing gels was carried out 
manually, the system significantly improved
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the efficiency in detecting allelic polymor
phisms.

The problems encountered with multial- 
lelic polymorphisms were to a large extent 
associated with the identification of individ
ual alleles in the case of each polymorphism. 
Frequently this required simultaneous analy
ses of representative samples of individual 
families on the same sequencing gel. For link
age analyses per se this would not have been 
necessary since within a family the allelic pat
tern could be identified without any problem 
but for determining allelic frequencies the 
precise typing of alleles is a necessity.

Twelve biallelic markers were analyzed to 
bridge the gaps still existing in the chromo
somal maps of highly polymorphic amplifî
able markers. The alleles of these markers 
were also identified after PCR amplification, 
and the specific solid-phase minisequencing 
technique was applied to detect the alleles [7]. 
Using this method the results are obtained in 
numeric values which unequivocally identify 
heterozygotes and homozygotes for a given 
polymorphism [9].

In our family material originating from the 
genetically isolated Finnish population the in
formativeness of the markers analyzed was 
close to the published heterozygosity values 
obtained in other populations (table 1). Pair
wise linkage data to individual markers re
sulted in some low positive lod scores but no 
definitive proof of linkage to any of the mark
ers analyzed was found. The total length of 
the chromosomal regions revealing a relative 
exclusion (lod score <-1.0) was 1,597.7 cM 
(table 1) compared to total autosomal length 
of 2,885 cM (table 2).

In addition to performing the traditional 
pairwise linkage analyses using the MLINK 
program we combined the MLINK data and 
analyzed them with the EXCLUDE program 
[13]. The result gave evidence of some chro
mosomal locations with a clearly higher possi

bility of representing the site of the APECED 
locus than analyzed loci on the other chromo
somes (table 2, figure 2). The result obtained 
suggested a fairly high probability for the dis
ease being located on chromosome 22, corre
sponding to a lod score of 3.1 (table 2). This 
value cannot be directly interpreted as proof 
of linkage, however. The corresponding maxi
mal lod score achieved in multipoint (LINK- 
MAP) analysis with the disease against the 
three markers of chromosome 22 is 1.4. This 
apparent numeric discrepancy is due to the 
nature of the EXCLUDE program in which 
the obtained lod scores are not comparable 
with the values achieved in the classical link
age analyses. The program takes advantage of 
the fact that a gene excluded from one region 
must have a higher probability of being in 
another region of the genome and this as
sumption increases the numeric values of the 
likelihood compared to the values achieved 
with the more classical linkage approaches 
adopted in the LINKAGE package programs
[12].

Although it is problematic to specify candi
date genes for the multicomponent APECED 
disease with multiple phenotypic features and 
clinical symptoms from several tissues, the 
genes encoding proteins that control normal 
immune responses could serve as tentative 
candidate loci. Such proteins include, besides 
histocompatibility antigens and T cell recep
tors for antigen, immunoglobulins, as well as 
genes affecting antigen processing and presen
tation, lymphocyte proliferation and differen
tiation and the effector molecules that me
diate immune destruction in normal immune
responses.

Association with the HLA region on chro
mosome 6 was excluded in an earlier study 
based on serologically determined HLA ha
plotypes in APECED families [14], So far 
we have analyzed genes coding for the T cell 
antigen receptors (TCR) on chromosomes 7
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Table 1. Polymorphic markers analyzed

Heterozygosity Region 
revealing 
lod score 
<-1.0, cM

ChromosomeMarker

published observed

0.80 0.79 32.8Ip36-p35
Ip35-p33
lpl 3.1
Iq21-q23
Iq32-q44
2p24-p23

D1S80
D1S7
HSD3Ba
APOA2
D1S103
APOB
CD 8 A
CTLA4
GCG
PROS 1a
GLUT2
D3S196
D4S174
ADH3a
FABP2
D4S175
D4S171

0.99 0.92 27.4
0.30 0.29 2.0

15.00.74 0.79
0.88 0.68 4.0

1.00 66.00.79
24.70.71 0.682pl2

0.92 0.82 47.82q33
0.79 0.81 32.82q36-q37

3pl 1.1-ql 1.2
3q26.2-q26.3
3q27-q28
4pl5-pl 1
4q21-q23
4q28-q31
4q21-qter
4q33-q35

0.48 0.29 8.0
0.84 0.89 51.0

0.71 44.60.67
0.92 0.96 58.0

0.50 12.80.50
0.64 0.38 51.0

0.84 10.00.82
0.75 0.93 15.0

0.42 <1.04q35 0.48Fl 1
12.80.55 0.64D5S117

ARSBa
D5S107
FBN2
D5S207
D5S211
D6S105
DMDL
D7S435
METa
LPLa
D8S87
D9S54
D9S43
D10S89
D10S169
HBG1
IGF2a

5pl 5.3-pl 5.1 
5ql 1-ql 3 
5ql 1.2-ql3.3 
5q23-q31 
5q31.3-q33.3 
5q33.3-qter

0.43 <1.00.47
0.82 4.00.82
1.00 27.4n.d.

38.60.69 0.65
0.72 0.79 41.6

51.00.87 0.866p
n.d. 0.68 69.46q24

0.68 27.47pl 5.1-pl 3 0.59
35.60.50 0.467q31

0.50 0.43 22.48p22
0.71 0.79 22.48p 12

0.76 32.89pter-p22 
9p21-qter 
10pter-p 11.2 
lOql 1.2-qter 
1 lpl 5.5 
1 lpl 5.5 
1 lpl l-ql2 
1 lql 3.5 
1 lq23 
12ql3 
12q23

0.56
0.93 32.80.83

32.80.80 0.82
0.68 27.40.73

0.49 0.50 17.4
0.50 6.20.44
0.32 4.00.32F2a

0.88 0.86 32.8D11S527
CD3D
COL2A1
IGF1
D13S71
FLT1
TCRD
IGHJ

0.81 51.00.74
4.00.58 0.61

0.61 17.40.54
0.75 51.00.7213
0.19 12.80.5113ql2 

14ql 1.2
14q32.32-q32.33

0.79 51.00.77
22.40.73 0.61
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Table 1 (continued)

Marker Chromosome Heterozygosity Region 
revealing 
lod score 
<-1.0, cM

published observed

FBN1 15q21.1 
15q25-qter

n.d. 0.39 4.0
FES 0.75 0.82 12.8
D16S265
D1755

16q 0.77 0.89 51.0
17pl 3.3 
17q22-q24 
18q21 
18q22-qter 
19pl 3.3 
19q 12-ql 3.2 
20pter-pl2 
20pl2

0.85 0.86 35.6
GH 0.83 0.96 22.4
BCL2a
MBP
LDLRa
APOC2
PRNPa
D20S27
D20S66
D21S13Ea
PFKL
D22S264
D22S156
D22S258

0.48 0.49 32.8
0.76 0.69 17.4
0.49 0.50 8.0
0.81 0.93 38.6
0.38 0.39 27.4
0.70 0.75 27.4

20 0.77 0.93 38.6
21 q 11 
21q22.3 
22ql 1.2 
22ql 1.2

0.46 0.38 8.0
0.70 0.32 <1.0

<1.0
<1.0

0.70 0.68
0.69 0.86

22 0.81 0.82 22.4

1,597.7

Bi-allelic marker [23].

and 14 [15-18], as well as the immunoglobu
lin heavy chain (IgH) gene cluster segments on 
chromosome 14 [18], the gene encoding the 
CD3 5 chain on chromosome 11 [19], and the 
CD8 a-chain gene on chromosome 2 [20]. The 
markers D7S435 on chromosome 7, TCRD 
and IGHJ on chromosome 14, CD3D on 
chromosome 11 and CD 8A on chromosome 2 
are located in the immediate vicinity of these 
regions. The result of the linkage analyses was 
a definitive exclusion of all these areas. Inter
estingly, chromosome 22, which is the most 
likely chromosome to carry the APECED lo
cus, contains a gene cluster coding for struc
tural proteins of the immunoglobulin X chain 
[21], as well as genes for pre-B lymphocyte

gene 1 and the interleukin-2 ß receptor [22]. 
This is further justification for future analysis 
focusing on the chromosomal regions con
taining these genes.

Efficient chromosomal screening with the 
microsatellite markers represents a major im
provement in the mapping of inherited hu
man diseases [5], Here we analysed both mul- 
tiallelic and biallelic markers in the microtiter 
well format suitable for automatization. Even 
the semiautomated protocol applied here 
proved to be effective and economical. The 
highly polymorphic, multiallelic markers are 
efficient tools in the mapping of any inherited 
disease, even with limited family resources. 
Coupling of the microtiter well format ampli-
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Fig. 2. Graphical presentation 
of the exclusion map for APECED 
disease. The most probable areas 
for the gene location are colored 
black while the remaining white ar
eas represent the excluded areas.
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Table 2. Exclude analysis

Chromo- Loci 
some

Maxi
mum
likelihood

Length Percentage 
cM of autosome 

length

Chromo
some
probability

250 8.67 3.361 5 14.69
2 4 225 7.80 0.08 1.05
3 3 200 6.93 0.23 1.02

6 180 6.24 0.234 6.12
5 6 180 6.24 17.84 220.22
6 2 170 5.89 0.02 0.97

2 1607 5.55 0.14 1.39
8 2 150 5.20 0.33 1.33

2 150 5.20 0.139 0.99
10 2 150 5.20 0.12 1.30

140 4.85 0.0911 5 1.92
12 2 140 4.85 0.74 3.11
13 2 100 3.47 0.02 1.05
14 2 100 3.47 0.00 0.66

2 100 3.47 0.61 3.7115
16 1 90 3.12 0.03 0.55
17 2 80 2.77 0.04 0.85

2 80 2.77 0.05 0.80
19 2 70 2.43 0.01 1.78
20 3 70 2.43 0.03 1.04
21 2 50 1.73 0.21 2.76
22 3 50 1.73 75.69 1,393.22

Maximum chromosomal probability = 75.69%. Maximum likelihood 
1,393.22 = lod score 3.14.
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fication of these markers to the nonradioac
tive labeling of the product and utilization of 
an automated sequencer in the identification 
and storage of allelic information will provide 
in the future the technical basis for mapping 
inherited human diseases.
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