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Abstract Autoimmune polyglandular syndrome type by the presence of two of three conditions: (1) adrenocorti-
(APS1), also known as autoimmune polyendocrinopatbgl failure (Addison disease), (2) hypoparathyroidism, and
candidiasis ectodermal dystrophy (APECED), is an auto$8} mucocutaneous candidiasis (Neufeld et al. 1980, 1981;
mal recessive disorder characterized by the failure of sevshonen et al. 1990). Several other disorders, such as go-
al endocrine glands as well as nonendocrine organs. hadal failure, alopecia, malabsorption, vitiligo, chronic ac-
autoimmune regulatorAlRE) gene responsible for APS1tive hepatitis and keratopathy, may also be present in APS1
on chromosome 21g22.3 has recently been identified. Heratients. APS2 is the coexistence of immune-mediated
we have characterized mutations in &iIREgene by direct adrenocortical insufficiency (Addison disease) with thy-
DNA sequencing in 16 unrelated APS1 families ascertainiditis and/or type 1 diabetes mellitus. APS3 is defined as
mainly from the USA. Our analyses identified four differthyroiditis without adrenocortical insufficiency, but associ-
ent mutations (a 13-bp deletion, a 2-bp insertion, one nated with diabetes mellitus, pernicious anemia, vitiligo, or
sense mutation, and one potential splice/donor site mutatialopecia (Neufeld et al. 1980).
that are likely to be pathogenic. Fifty-six percent (9/16) of APS1 is a rare disease that affects both sexes equally and
the patients contained at least one copy of a 13-bp deletlom age of onset varies from 1-60 years (Ahonen et al.
(1094-1106del) in exon 8 (seven homozygotes and two cdr@90). The syndrome is more common in lranian Jews
pound heterozygotes). A nonsense mutation (R257X) in €k:6500 to 1:9000) (Zlotogora and Shapiro 1992) and Finns
on 6 was also found in 31.3% (5/16) of the USA patien{4.25,000) (Norio 1981). APS1 is an autosomal recessive
These data are important for genetic diagnosis and coundislease caused by a single gene on chromosome 21g22.3 as
ing for families with autoimmune endocrine syndromes. determined by linkage analysis in the Finnish families
(Aaltonen et al. 1994). The gene has recently been cloned
by two independent groups of investigators (Finnish-Ger-
Introduction man APECED Consortium 1997; Nagamine et al. 1997).
The AIRE (for autoimmune regulator) gene responsible for
APS1 consists of 14 exons and a 2445-bp mRNA. The
Autoimmune disease of endocrine glands occurs most ofedRE protein (545 amino acids) has two PHD finger mo-
in only a single organ, but involvement of multiple enddis, a proline-rich region, and four LXXLL motifs, suggest-
crine glands and nonendocrine organs has been well idg-that the AIRE protein might act as a transcriptional reg-
scribed. These disorders are known as the autoimmuitegor (Finnish-German APECED Consortium 1997;
polyglandular syndromes (APS). To date, three types Ndgamine et al. 1997). Eight different germ-line mutations
APS have been documented. APS type 1 (APS1) is amsve been reported in tAéREgene in APS1 patients from
known as autoimmune polyendocrinopathy candidiasis &airopean countries (Finnish-German APECED Consor-
todermal dystrophy (APECED). The syndrome is defingdim 1997; Nagamine et al. 1997; Scott et al. 1998). A non-
sense mutation (257ArgStop) in exon 6 was found in
APS1 patients from several populations and is believed to
C.-Y. Wang - A. Davoodi-Semiromi - W. Huang - E. Connor be a major mutation in l_:innish APS1 patients (Finnish—Ggr—
J.-D. Shi - J.-X. She{) man APECED Consortium 1997; Scott et al. 1998). In this
Department of Pathology, Immunology and Laboratory Medicine, study, we have searched for mutations in the entire coding
Center for Mam_malian G_enet_ics and D_iabetes Center of Excellenq%gion and splice/donorlacceptor sites ofA&HiéEgene us-
gg'ifgsvﬁlfe'v'gf'gggl’grﬂ‘gs'ty of Florida, ing direct sequencing of polymerase chain reaction (PCR)-
e-mail: She@ufl.edu, Tel.: +1-352-392-0677, amplified products in APS1 patients from 16 families as-
Fax: +1-352-392-3053 certained from the USA.
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Table 1 APS1 patients and clin-

ical features.HIP hypoparathy-  Patients ~ Sex HP AD MC AL HEP HG HT Other diseases
roidism,AD Addison disease,
MC mucocutaneous candidiasis, 101A M + + + + - - - + VT
AL alopeciaOV ovarian failure, 1054 M + + + _ _ + + _
e Chonc e RIS Gosg  F o w e e - - - -
Hashimoto’s thyroiditisyTviti- ~ 105C F + + + - + - -
ligo) 106A M + + - + - - - +
107A M + + + - - - - +
1090A F + + + + - - - + VT
113A F + + + - - - - -
114A M + + + + - + - -
115A F + - + + - - - - Malabsorption
116A M + + + - + + + +
117A F + + + - - - - -
118A  F + + - + + - - -
118B M + + - + - - - -
118C F + + - + - - -
119A F + + + - - - - -
130A F + + + - - - - -
131A F + + + - - - - -
133A M + + + - - - - -
2148 F + + + - - + - -
Table 2 The sequences of prim-
ers used in this study for ampli- Exon 5. 3 Sequences Locations Size mT
fication of individual exons in (bp) (°C)
the/l-\_IREtgene. 'Q'tmucr)gtflcr::urglan-
nealing tem -
merasge cha?neizaction) poly 1 F: CGT GGT CGC GGG GGT ATA A 4532-4550 363 58
R: GGA CTATCC CTG GCT CAC A 4894-4876
2 F: AGC TCC ACC CTC TAG TCATG 5171-5190 326 58
R: CTG GGC TGA GCA GGT GAC A 5496-5478
3 F: GGC CAAGGT GTCCAGTTCT 5594-5612 275 58
R: GAG ACC CTG GCT GGC TTC 5868-5851
4 F: CCG GCA CTC ACC CCC ACT 6160-6177 190 58
R: CCT GAC CCC TTC CCC CTG 6349-6332
5 F: ATA GAG TAT GTG CTT GGG AAC 6981-7001 232 58
R: CAT CTT GGAGCC TGG GTC T
6 F: TCT GCT AGA CCC CAC CCT G 8268-8286 327 58
R: GCC CCC AGC AGA GCC ACT 8594-8577
7 F: TGC CGA GAG ACG CCT GGT G 8605-8623 239 58
R: AAA GGC AGA GGC AGC AGG AC 8843-8824
8 F: GGA GTT CAG GTA CCC AGA GA 9682-9701 352 60
R: TGA CTC AGA ACC CCTTTC CA 10,033-10,014
9 F: CAT GTC TCT GAC TGG TGG ACA 10,972-10,992 182 62
R: GTG GCC ATG TGG ACA GGA G 11,153-11,135
10 F: CAG TCA CTG ACT CCT GGG TG 11,623-11,642 323 60
R: GGT GAA TTC ATC CGC CCC GT 11,945-11,926
11 F: CTC GGG TTC GGG TTC AGC TA 12,422-12,441 322 62
R: GAG TGT AGG GTG TGG GTG C 12,783-12,765
12 F: GGA GGT GGC ACT CCTGCTC 13,044-13,062 292 60
R: TGG TCA GTG CGT CTG GTG C 13,335-13,317
13 F: CCT GCG GCC TCT GTA CCC 15,013-15,030 209 61
R: AGA GTG GGG AGC CTG GGT G 15,221-15,203
14 F: AGG TTC TCA CCG TCACTC TGT 16,327-16,347 219 58
R

: ACT GAC AAG AGG TGG CGC TGT

16,545-16,525
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Table 3 Mutations and polymorphisms found in APS1 patients

Mutation 1D Exon/intron DNA Function No. of

Positiorf Change Amino acid no. Change alleles

Pathogenic mutations

5835T/C Intron 3 5835 TC - Splicing 1
R257X Exon 6 896 CT 257 Arg- Stop 7
1094-1108 Exon 8 1094-1106 13-bp deletion 323-327 Frameshift 18
1422insAC Exon 11 1422 2-bp insertion 432 Frameshift 1
Polymorphisms

L196P Exon 5 715 CT 196 Leu- Pro 10
7175GIT Intron 5 7175 GT - Intronic 1
808C/T Exon 6 808 CT - Silent 2
S278R Exon 7 961 CG 278 Ser Arg 2
9961C/A Intron 8 9961 GA - Intronic 1
11,107G/A Intron 9 11,107 GA — Intronic 1
1324CIT Exon 10 1324 IC - Silent 5
13,072G/C Intron 11 13,072 GC - Intronic 1
1705T/C Exon 14 1578 IC - Silent 7

@ Nucleotide positions for cDNA and genomic DNA were based on accession nhumbers AB006682 and AB006684, respectively
b 13-bp deletion: CTG TCC CCT CCG C

_ again to remove any remaining agarose. An aliquot of products (30

Materials and methods ng) was then used directly for cycle sequencing using the ABI Prism

BigDye terminator (Applied Biosystems) according to the manufac-

turer’s instructions. The sequencing reactions were then precipitated

in 3 vol. 100% ethanol and 0.1 vol. 3 M sodium acetate, pH 5.2. The
) ) o ) ellets were washed with 250 pl of 70% ethanol, dried in a vacuum

We ascertained 16 pedigrees containing 20 APS1 patients and 4£Wér and then dissolved in 20 pl of template suppression buffer

affected family members from the USA. Informed consent was qiPerkin Elmer). DNA sequencing was carried out using an ABI 310

tained from all subjects. All families are of Caucasian origin. Two gfjtomated sequencer (Applied Biosystems).

these families have three affected children and all other families have

only one affected child. All patients have at least two of the three di-

agnostic diseases (mucocutaneous candidiasis, hypoparathyroidismT;

and/or Addison disease). Most of them also have additional comResults

nent diseases (Table 1). Therefore, the patients are typical index cases

for APS1. All patients with APS2 and healthy controls were also Cau-

casians from the USA.

Patients and controls

To identify mutations in our APS1 patients, we first
screened for the major mutation in Finnish APS1 patients
DNA preparation and PCR amplification (R257X, Arg to Stop at amino acid 257) by PCR amplifica-

Peripheral blood mononuclear cells were isolated using an ammtio'n andTag| digestion (Table 3). Individuals with the mu-
i u were i usi - . . .
um chloride red-cell lysis buffer and DNA was then purified using?gItlon were then confirmed by sequencing analysis of PCR

standard phenol/chloroform extraction method. Fourteen sets of prifoducts. This mutation was found in 5 of 16 unrelated pa-
ers were designed within flanking introns to amplify individual exorigents (31.3%). Two of these patients were homozygous for
(Table 2). The PCR was carried out in a 50-ul volume containing fe mutation and the three others contained one copy of this

mM KCI, 10 mM TRIS-HCI, pH 8.3, 1.5 mM Mggl60 uM of each _ .
dNTP, 20 ng of genomic DNA., 2 pmol of each primer and 1 g mutant allele (Table 4). We then screened for a 13-bp dele

DNA polymerase. Samples were subjected to 35 cycles of 30 digp in exon 8, (1094-1106del), preViOUSI,y identifigd in a
94°C for denaturing, 30 s at optimum annealing temperature, and Saignber of patients from European countries (Finnish-Ger-

at 72°C for extension, using a Perkin-Elmer-Cetus 9600 thermocyctean APECED Consortium 1997; Nagamine et al. 1997;
Scott et al. 1998). Surprisingly, this mutation was found in
9 of the 16 unrelated patients (56.3%). Seven of these pa-
tients were homozygous for the mutation. Their homozy-
After PCR amplification, products (50 pl) were electrophoresed o@@US Status was confirmed by flanking polymorphic mark-
2.0-2.5% agarose gel. The expected bands were excised from thegl(Table 4 and unpublished data). Two other patients had
and transferred into 1.5-ml Eppendorf tubes. After adding 5 pl @he copy of the mutant allele. Since this is a common mu-

H,0, the tubes were frozen at —20°C for 5-10 min. The gels werg: - ; TR
smashed while frozen and then incubated in a 50°-60°C Waterbatr?%ﬁlon in APS1 patients, we searched for the mutation in 22

10-15 min. After a brief vortex, the PCR products were eluted out'%?;sz patients and 50 normal controls. This mutation was
the gels by a brief centrifugation. The supernatant was centrifug¥@t found in any of these subjects.

Direct sequencing of PCR products
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Table 4 Haplotypes for APS1 patientdNI(not identified) No muta- — _
tions were found in patients 107A and 116A Discussion

Patients D21S1912  AlREnutation PPKL  D21SI71 \ne have identified four putative pathogenic mutations and

nine normal polymorphisms in tdRE gene in APS1 pa-

101A 5 1094-1106del 5 5 ; Ml

5 1094—1106del 5 7 tients from the USA. The 1094-1106del mutation is a 13-bp
105A.B.C 6 1094-1106del 5 5 deletion encompassing codons 323-326 and the first nucle-

8 1094—1106del 7 5 otide of codon 327 in exon 8 of tAéREgene. This deletion
106A 5 1094—1106del 5 5 creates a premature termination codon at position 371, result-

5 1094-1106del 5 5 ing in a polypeptide that is 73 amino acids shorter. Exon 8 en-
114A 4 1094—1106del 5 5 compasses codons 294-332 and contains the first PHD finger

7 1094—1106del 5 5 motifs (codons 294-340) of the AIRE protein. As more than
115A 6 1094—1106del 5 5 90% of the PHD-1 finger motif is deleted in the mutant allele,

6 1094-1106del 5 5 this deletion should disrupt the function of the protein. This
117A 4 1094—1106del 5 5 13-bp deletion is the most frequent mutation in our collection

1 1094—1106del 5 5 of patients as it is present in 56.3% (9/16) of the US patients
11948 5 1094—1106del 5 5 or 50% (16/32) of the mutant alleles. The same mutation has

4 1094—1106del 7 7 also been reported in APS1 patients from several European
113A 6 R257X 7 5 countries (Finnish-German APECED Consortium 1997,

6 R257X 7 5 Nagamine et al. 1997; Scott et al. 1998).
133A 6 R257X 7 5 The second major mutation (R257X) is a T transi-

7 R257X 7 6 tion at nucleotide 896 of the mRNA (257Asgstop) in ex-
109A 6 R257X 7 5 on 6 of theAIREgene. As it is present in 82% of the APS1

6 1094-1106del 5 5 patients in the Finnish population, the mutation is believed
131A - R257X 9 9 to be a major Finnish mutation (Finnish-German APECED

5 1094-1106del 5 5 Consortium 1997). This mutation introduces a premature
130A 6 R257X 7 5 stop codon at position 257 and results in a protein that is
214B 5 1422inSAC 5 5 288 amino acids shorter. The premature protein is probably
118A.B,C 4 5835T/C 5 7 unable to function normally. The mutation was found in 5

of 16 families examined in this study. Two patients were

2 The haplotypes for patient 119A cannot be determined becauséhoonozygous for this mutation and three other patients con-

information from the parents is available tained one copy of this mutation. The R257X and the
1094-1106del mutation together account for 72% of mu-
tant alleles in the USA APS1 patients.

To identify other mutations responsible for APS1, we The high frequency of these two mutations in the USA
carried out direct sequencing of PCR products for all 14 éxPS1 patients may be explained by two nonalternative hy-
ons of theAIRE gene in all five patients who had none gootheses: a founder effect or recurrent mutation. It has been
only one copy of the 1094-1106del and/or the R257X nmauggested that these are recurring mutations as they were
tation. We also sequenced all exons for three patients vitnand on several different haplotypes defined by
were homozygous for the 1094-1106del mutation and twicrosatellite markers flanking th&IRE gene (Scott
patients who were homozygous for the R257X mutaticet. al. 1998). Similarly, the 1094-1106del mutation was
We identified nine normal polymorphisms (three silenfipund in multiple haplotypes defined by
four intronic and two nonsynonymous mutations). We alfi21S1912PFKL-D21S171in this study (Table 4). How-
identified two new potentially pathogenic mutations incluever, it is important to point out that 14 haplotypes with the
ing a 2-bp insertion in exon 11 (1422insAC) and ori®94-1106del mutation are associated with allele 5 of
splice/donor site mutation (5835T/C) (Table 3). The 2-bp iIRFKL, which is only a few kilobases downstream of the
sertion is a frameshift mutation and is a likely pathogemdRE gene (Finnish-German APECED Consortium 1997;
mutation. The 5835T/C mutation is a T to C subsititution Wagamine et al. 1997). The other two 1094-1106del
the +2 site of intron 3. The mutation changes the first two maplotypes are associated with allele P&KL (Table 4).
cleotides of intron 3 from GT to GC. The mutation was nbt contrast, the 1094-1106del mutation is associated with
found in 30 sequenced chromosomes of healthy controls.several different alleles d21S1912 which is about 150

To investigate whether 1094-1106del and R257X are ki&-upstream of thAIREgene. Therefore, it is possible that
current mutations or are due to a founder effect, we cohe D21S1912 alleles on the haplotypes with the
structed haplotypes for the region surrounding ARE 1094-1106del mutation could have resulted from recombi-
gene using microsatellite markeP21S1912 PFKL and national events. Furthermore, the high mutation rate of
D21S171As shown in Table 4, the 1904-1106del mutationicrosatellite markers may also introduce new alleles on
is found on multiple haplotypes defined by these markerancestral haplotypes. Therefore, it is possible that the
1094-1106del mutation on some haplotypes may be from a
common ancestral haplotype. To address this question,
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polymorphic markers in very close proximity to tAERE tremely heterogeneous. The components of diseases and
gene need to be identified and analyzed. their sequence of appearance are different from patient to pa-
Our direct sequencing analyses also identified two n&ent, even between affected siblings in the same family. To
mutations that may be pathogenic. One of these mutatidetermine the possible phenotype/genotype correlation, we
is a 2-bp insertion in exon 11 found in one patient and mmpared the phenotypes between patients with the
sults in a premature termination codon at amino acid 4¥®4-1106del mutation and those with other mutations. As
and a protein that is 66 amino acids shorter. The second newapparent correlation was found, our results suggest that
mutation is a T C transition at position +2 of intron 3.the phenotypic heterogeneity may be related to background
This is a putative splice/donor site mutation as the positigenes, particularly genes involved in immune regulation and
is conserved in the majority of introns and plays a signiiutoimmunity.
cant role in RNA splicing (Fishel et al. 1993). All introns of This study identified two common mutations
the AIREgene follow the GT-AG rule. The 5835]C tran- (1094-1106del and the R257X nonsense mutation) that ac-
sition at the +2 site changes GT to GC and therefore ntaynted for 72% of the mutant alleles in the USA APS1 pa-
affect RNA splicing. In addition, sequencing of 30 normékents. The 13-bp deletion can be easily detected using PCR
chromosomes from the same population did not reveal thmplification from genomic DNA and 4% agarose gel elec-
mutation. However, the functional significance of the mut&rophoresis. The nonsense mutation can be quickly assayed
tion will have to be tested using RNA, which was unfortipy Tad digestion of PCR products and agarose gel electro-
nately not available from the patient. phoresis. The easy detection and high frequency of these mu-
Among the nine nucleotide substitutions that we consi@tions offer an excellent tool for the diagnosis of APS1 in
ered as normal variations in tAdRE gene, the T C tran- relatives of APS1 patients and those with one APS1 compo-
sition at position 715 in exon 5 changes a leucine to proliment disease. Additional APS1 component diseases may only
at amino acid 196. We believe that this mutation is notcur many years after the onset of the first disease and it is
pathogenic because it is also found in two APS1 patienften difficult to distinguish APS1 from other APS patients
who had two copies of pathogenic mutations and the saoegore the appearance of diagnostic component diseases.
mutation was found in two of the three sequenced norritalerefore, screening for mutations in thERE gene in au-
controls. The S278R substitution in exon 7 changes Setdismmune endocrine patients has significant implications for
Arg. This substitution was also found in 1 of 30 norm#be diagnosis, prognosis and care of these patients.
chromosomes sequenced. In addition, the same substitution
was found in the patients with two pathogenic mutations
(Scott et al. 1998). Therefore, it is not a pathogenic Mufgsferences
tion. The 11107G/A substitution is at the +6 position of in-
tro_n 9 and this pOSIt!on could IanL_Ien_Ce RNA Sp“_cmg\altonen J, Bjorses P, Sandkuijl L, Perheentupa J, Peltonen L (1994)
(Fishel et al. 1993). Since the substitution is found in pa- An autosomal locus causing autoimmune disease: autoimmune
tients with two pathogenic mutations (Scott et al. 1998), it polyglandular disease type 1 assigned to chromosome 21. Nat
is an unlikely candidate for pathogenic mutation. Thre oﬁgr?% 2la\;lsﬁarniemis Sipila I, Perheentupa J (1990) Clinical vari
yana.tlons were n mtrons. far away from the exon/intr N "ation of a)l/Jtoimmune’poIF))/endocrinopathyp-candidiasis-ectodermal
junctions. Each of these intronic mutations was found in gystrophy (APECED) in a series of 68 patients. N Engl J Med
one patient who had two pathogenic mutations, suggesting322:1829-1836
that the intronic mutations are not pathogenic. Finnish-German APECED Consortium (1997) An autoimmune dis-

; ; ; o .~ ease, APECED, caused by mutations in a novel gene featuring
Despite our great efforts, no mutation was identified in -~ PHD-type zinc-finger domains. Nat Genet 17-399-403

two patients and Onll/_ one mutant aIIe.Ie was found in_thrﬁghel R, Lescoe MK, Rao MRS, Copeland NG, Jenkins NA, Garber
other patients. There is currently no evidence for genetic het-J, Kane M, Kolodner R (1993) The human mutator gene homolog
erogeneity for APS1. Identification of mutations by sequenc- MSH2 and its association with hereditary nonpolyposis colon

ing of PCR products in heterozygous samples was eaS”ylngaargicneer.lgegezg;égrzjglggtit H, Kudoh J, Minoshima S, Heino M

ComP“Sth pecause of the good qu_a“ty of Sequencea§Krohn KJE, Lalioti MD, Mullis PE, Antonarakis SE, Kawasaki K,

obtained in this study. Therefore, we believe that the chanceasakawa S, Ito F, Shimizu N (1997) Positional cloning of the
of our missing mutations in the sequenced regions is veryAPECED gene. Nat Genet 17:393-398 _

low although a 100% detection rate cannot be guarante¥gyifeld M, Maclaren NK, Blizzard R (1980) Autoimmune polyglan-

; ; dular syndromes. Pediatr Ann 9:154-162
However, our sequencing analyses did not cover the pro ufeld M, Maclaren NK, Blizzard RM (1981) Two types of autoim-

er r_egion _and 'Fhe intronic sequences far away from_the €X-mune Addison’s disease associated with different polyglandular
onf/intron junctions. It has been shown that mutations in autoimmune (PGA) syndromes. Medicine 60:355-362 _
intronic sequences distant from exon/intron junctions mH?I’IO R (1981) Diseases of Finland a_nd Scandinavia. In: Rothschild
affect RNA splicing (Fishel et al. 1993). Our mutation analy- HRk(ed) gggcj'i‘ga' aspects of diseases. Academic press, New
A OrK, —
ses were not able to detect deletions of complete exons HS,pFI)—|eino M, Peterson P, Mittaz L, Lalioti MD, Betterle C,
primer-binding regions of the introns or large insertions with- Cohen A, Seri M, Lerone M, Romeo G, Collin P, Salo M, Metcal-
in exons in the patients with only one copy of such mutations. fe R, Nagamine K, Kudoh J, Shimizu N, Krohn KJE, Antonarakis
APSI. appears o be a genetically hormogenous syndromese, (1950) Comman_mutsters n suiommune el
caused by the same gene in different patients from variousigant origins. Mol Endocrinol 12:1112-1119

populations. However, the phenotype of the syndrome is gxtogora J, Shapiro MS (1992) Polyglandular autoimmune syn-
drome type | among Iranian Jews. J Med Genet 29:824-826




