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Abstract The human calcium-activated potassium chaKey words Human - KCNN3 - SKCa3 - Chromosome -
nel gene HKCNN3 hSKCa3)contains two tandemly ar-Linkage - Periodic catatonia - Schizophrenia
ranged, multiallelic CAG repeats located in exon 1 whit
result in short to moderate polyglutamine stretches of t
known functional significance. Case-control and familintroduction
based association studies suggested an associatiol
hKCNN3 repeats with susceptibility for schizophrenieThe human KCNN3 genddKCNN3 hSKCa3 is a mem-
Twelve multiplex pedigrees with periodic catatonia, a sclber of small-conductance, calcium-activated potassium
zophrenia subtype with major gene effect and patternschannel genes that play important roles in afterhyperpolar-
anticipation, were genotyped using the multiallelization of central neurons (Kdhler et al. 1996KCNN3
hKCNN3repeat polymorphism. Using a dominant modencodes a protein of 731 amino acids and contains two
of inheritance with sex- and age-dependent penetratandemly arranged CAG trinucleotide repeats separated by
classes, cumulative results showed exclusion of linkage74 basepairs in exon 1 (Chandy et al. 1998; Wittekindt et
hKCNN3to periodic catatonia under the assumption of gal. 1998). The first repeat seems to be biallelic, whereas the
netic homogeneity with lod score of —48.01 at zero recosecond is multiallelic with most CAG repeats within a
bination fraction. Our results provide evidence thrange of 12 to 28 units which results in short to moderate
hKCNNS3is not the causative gene in the familial schizipolyglutamine stretches in the protein. While the func-
phrenia subtype of periodic catatonia. By fluoresdéenttional relevance of the CAG repeat/polyglutamine array
situ hybridization we confirmed the assignment eeds to be determined, the candidate rolek@@NN3in
hKCNN3to chromosome 1921 near the heterochromaschizophrenia susceptibility has been proposed by two
region. Linkage mapping showed segregation with marlcase-control studies that noted an overrepresentation of
D1S498 = 0.05) and placedK CNN3in the genetic link- large alleles among schizophrenics (Chandy et al. 1998;
age map in a cluster of genes near the centromeric reBowen et al. 1998). In a family-based association study we
of chromosome 1. found short CAG repeats dfKCNN3 associated with
schizophrenia, particularly with familial cases (Stober et
al. 1998).

Periodic catatonia is a schizophrenic subtype with high
familial aggregation of homogenous psychoses and pro-
nounced vertical transmission indicating a major gene ef-
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fect according to Leonhard and our own findings (Stober et
al. 1995; Beckmann et al. 1996; Leonhard 1999). In a fam-
ily study we found an age-corrected morbidity risk of
33.7% for mothers, 15.4% for fathers and 24.4 % for sib-
lings. The age of onset distribution revealed patterns of an-
ticipation, e. g., a significantly earlier age of onset and more
severe course of the illness in the probands compared to
parents (Stober et al. 1995). The central syndrome in peri-
odic catatonia consists of qualitative psychomotor disturb-
ances in hyperkinesia or akinesia with a characteristic
mixture of both poles during the acute psychotic attack:
psychomotor excitement with iterations and stereotypes,
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grimacing, akinetic stupor with negativism, rigid postureliability classes each for mothers and fathers according to their life-

i i i time morbidity risk. We assumed a disease allele frequency of 0.0001
and stiff shoving movemen_ts. The psychomotor dlsu-"and a phenocopy rate of 0.001. Linkage simulation (1000 replicates)

- Cvere performed for the whole panel and for each pedigree separately,
movements, _apathy and Iack_of drive, and become Myesulting in average maximum expected lod scores based on quad-
prominent with each successive attack (Leonhard 19¢ratic interpolation (Ott 1989). The families reached a maximum ex-

Based on our previous findings of an association of Shpected lod score (e-Iod) of 7.48 +2.69. The power in the presence of

p i ; genetic homogeneity was > 95 % to detect lod sco2e8 (5 marker
hKCNN3CAG repeats with familial cases of SChIZOphr(aIIeIeS, uniformly distributedd = 0.05) indicating that we had suffi-

nia we hypothesized theKCNN3variants segregate Withcient power to detect linkage in the pedigrees with this genetic
periodic catatonia or, if theK CNN3variants are not func- model. Lod score analysis was performed using the LINKAGE soft-
tionally relevant, a major disease gene may be in Iinkeware_{)ﬁlcktf:\ge,t k\]/eralgf&ﬂ%é(LathrOP et al. 4984:;,) gg%?tstlssagflye't:em-
; T, : ; geneity using the program, version 3. . For
dlsequﬂlb_rlum with thehKCNN3ponmorph|sm. ... linkage mapping we carried out two-point linkage analysis against
_ To delineate further a role ¢fKCNN3in psychiatric 57 markers of chromosome 1 using the MAKE SCAN program (TF
disorders, the aim of the present study was, first, to give wienker, unpublished). The families were genotyped using the fol-
formation on genetic order and distanc&iKCNN3in the lowing genetic markers of chromosome 1: D1S243, D1S468;
context of other markers and genes on chromosome 1 £1S214, D1S244, D1S228, D1S436, D1S193, D1S200, D1S209,
d. to investiaate whetheK CNN3alleles segregate D1S207, D1S435, D1S221, D1S252, D1S514, D1S498, D1S431,
second, stig ; : D1S305, D1S2640, D1S422, D1S2655, D1S2891, D1S419,
in multiplex families of the schizophrenic subtype of peip1s251, D1S235, D1S2670, D1S423, D1S2682 (Gyapay et
odic catatonia. al. 1994; Dib et al. 1996).

Individuals and methods Oligonucleotide probes and libraries
Flanking thehKCNN3(CAG), repeats, PCR fragments of 316 bp and
Families 377 bp were generated by the use of sets of primers ranging from nt
position 45 to 64 (5-ACCCCCTCTTCTTTCTCCAA-3') and 360 to
Pedigrees were identified from our initial family study on chron343 (5’-GATGGACAGGGGCAC-TTG-3') and from 542 to 559 (5'-
DSM l1I-R catatonic schizophrenia (Stober et al. 1995; BeckmanrTCTCAGCTCGCCCAACTC-3’) and 918 to 901 (5-AAAAGCTG-
al. 1996). The nuclear family was extended, when second and tIGAGGGGTTGG-3’). PCR (45 s at 9€, 60 s at 58C, and 60 s at
degree relatives with periodic catatonia were available. Probands 72 °C for 35 cycles) was carried out in a final volume of 50 pl con-
cooperative relatives were personally interviewed using a semistitaining 80 ng genomic DNA, 20 pmol of each primer, 200 ul M of
tured clinical interview and diagnosed according to the highly ofeach dNTP, 1.5 mM MgGl2.0 mM (NH),SO,, 75 mM Tris-HCI
rationalized classification of Leonhard (1999). For diagnosis, (pH 9.0), 0.01% Tween-2.0 and 1.5 U of %’aq DNA polymerase.
available information was used. The detailed diagnostic procedurClone RPCIP 704A0214Q25 was verified by hybridization and PCR
periodic catatonia and its delimitation from other schizophrenic sityping following screening under high-stringency hybridization con-
groups is described elsewhere (Stober et al. 1995; Beckmaniditions of human PAC library 704 (Resource Center/Primary Data-
al.1996; Leonhard 1999). Twelve multiplex families of periodibase of the Human Genome Project, Berlin) with the pomi&tP-
catatonia comprising 135 individuals were included in the presdabeled PCR probes. PAC DNA was prepared by the alkaline-lysis
study. Mean age of the individuals at assessment was 51.1 + ‘method (Sambrook et al. 1989).
years (mean * standard deviation; range 18—88). Average family ¢
was 11.2 £+ 5.8 probands (range 5-22). The pedigrees containe
affected individuals with an age of onset of 29.4 + 12.3 years ¢Fluorescencé situ hybridization
45.9 +15.4 years at study. All families were of Caucasian origin. A
proval of the study was obtained by the Ethics Committee of the UMetaphase chromosomes were prepared from phytohemagglutinin
versity of Wirzburg and by the data protection officials of the Bavistimulated lymphocyte cultures of human peripheral blood cells ob-
ian State Ministery of Culture and Science. All probands activetained from normal individuals using standard protocol of hypotonic
participated in the study after giving their informed consent. treatment and methanol : acetic acid (3:1) fixation. Prior to hy-
bridization, slides were pretreated with RNAse A and pepsin fol-
lowed by a brief fixation in formaldehyde (Kéhler and Vogt 1994).
Genotyping and linkage analysistdtfkCNN3 DNA from P1-phage genomic clone containingCNN3was la-
beled by nicktranslation in the presence of biotin—-16-dUTP. Ap-
To generate fragments containing bbKCNN3(CAG), repeat sets proximately 150 ng of the labeled probe was precipitated with 10 ug
in exon 1, primers corresponded to nucleotide (nt) position 339—of sonicated salmon sperm DNA and 10 pg of human Cotl DNA,
(5'-ACCCCAAGTGCCCCTGTCC-ATCC-3’) and 700-674 (5-then resuspended in a hybridization mixture @SC, 10% dextran
GCCAAGCAAGTGGTCATTGAG-3') according to the publishedsulfate and 50% formamide). The probe mixture was denatured at
sequence (Chandy et al.1998; EMBL/GenBank accession 75°C for 10 min, allowed to reanneal for 30 min at°87 then ap-
AF031815). PCR (45 s at 96, 60 s at 60C, and 60 s at 72 for plied to the denatured slides. After overnight hybridization &C37
32 cycles) was performed as previously described in a final voluthe slides were washed>x25 min in 50% formamide, & SSC at
of 25 pl containing 80 ng genomic DNA, 20 pmol of each primer, !42°C and in 1x SSC at 60C for 10 min. Hybridization sites were
mM KCI, 10 mM Tris-HCI (pH 8.3), 0.025 % Tween 20, 0.025 mg/rdetected with fluorescein-labeled avidin and amplified by the addi-
BSA, 1.5 mM MgCl, 6% DMSO, 0.5 U Taq DNA polymerase, 20(tion of anti-avidin antibody and a second layer of fluorescein-labeled
pl M of each dNTP, and 0.04 pmol*?P-dCTP (3000 Ci/mmol) avidin (Vector Laboratories, Burlingame, USA). Chromosome
(Stober et al. 1998). PCR products were separated by electrophpreparations were counterstained with both DAPI (diamidino—2-
sis through a 6 % denaturing polyacrylamide gel. phenylindole) and propidium iodide and viewed using a Zeiss Axio-
Based on the results of our previous clinico-genetic family stuphot microscope equipped for epifluorescence. The precise location
on periodic catatonia we applied an autosomal dominant inheritaof hybridization signals was achieved by relating the dull Q-bands
model with 17 age- and sex-dependent penetrance classes. Lialobserved after DAPI staining of more than 30 metaphases to standard
classes included autosomal dominant inheritance with different pG-band ideogram of human chromosomes (Francke 1994).
etrance (0.99/0.90/0.80), six liability classes for siblings, and fo
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Table 1 Relationship between periodic catatonia BRECNN3by
Results using linkage analysis assuming autosomal dominant inheritance

LOD score values at each
Pedigree recombination fraction (theta)
0.0 0.01 0.05 0.1 0.2 0.3 0.4

Linkage analysis diKCNN3and periodic catatonia

No
To determine whether the polymorphic CAG repeat/pol

glutamine stretches IMKCNN3are the causative factors ir 2 —4.09 -1.24 -059 -0.34 -0.15 -0.06 -0.02
periodic catatonia, we performed a linkage analysis ° 0.00 0.00 0.00 0.00 0.00 0.00 0.00
genotyping twelve pedigrees with periodic catatonia coi 9 —9.66 -3.30 -1.74 -1.07 -0.49 -0.22 -0.08
prising 135 individuals. Allele sizes of bdiIKCNN3CAG 11 -r97 -360 -162 -086 -0.25 -0.04 0.01
repeats ranged from 13 to 21 repeat units. No intergen3 051 049 043 036 022 010 0.02
tional expansions of the repeats were detected (Fig. 1). 1° -0.12 -011 -0.09 -0.07 -0.04 -0.02 -0.00
ing 17 liability classes, overall lod scores resulted in €17 -3.78 -113 -048 -0.24 -0.06 -0.01 -0.00
clusion of linkage ohkKCNN3and periodic catatonia undei8 -3.37 -1.32 -054 -0.19 0.09 016 012
the assumption of genetic homogeneity (Table 1). At zel9 014 013 012 009 0.06 003 001
recombination fractiorf), the lod score was —48.01 and 21 -10.42 -4.21 -2.18 -1.36 -0.62 -0.27 -0.08
8 =0.05—8.20. Eight families unambiguously showed ne?3 -9.48 -321 -176 -111 -050 -0.20 -0.05
ative lod scores at tHeK CNN3locus. One small family 24 0.24 024 024 023 020 015 0.08
(pedigree 5) was not informative. Three families showTota _48.01 -17.26 —-8.20 —-4.56 -1.54 -0.38 -0.02

no exclusion of linkage with lod scores of 0.51 (pedigr:

13), 0.14 (pedigree 19), and 0.24 (pedigree 24) zro.

Since there is no reason to classify the pedigrees a pr

one has to use the admixture test on genetic heterogerthe pedigrees and, thus, this test lacks the basis for a con-

(HOMOG test: Ott 1991). However, we did not find evenclusive answer. In fact, estimating two family types, one

hint of indicating a possible linkage relationship in any with linkage, one without, linkage heterogeneity or homo-
geneity at max. InL of 0.106 and theta 0.45 revealed the
following inconclusive results: heterogeneity vs homo-
geneity §? = 0.0; df = 1; L-ratio = 1.00), homogeneity vs
no linkage x? = 0.21; df = 1; L-ratio= 1.11), and hetero-
geneity vs no linkage(? = 0.21; df = 2; L-ratio = 1.11). In
summary, there is no evidence for linkage nor is there evi-
dence for genetic heterogeneity.

Physical localization and genetic linkage mapping

To obtain information on genetic order and distance of

E..C:'- SeratadeleZ,’ 2,56 7 8.9 10 111213 (CAG), hKCNN3 we performed fluorescenaesitu hybridization

and genetic linkage mapping with 27 genetic markers on
A chromosome 1 in twelve families with periodic catatonia.
Hybridization of PAC clone (RPCIP 704A0214Q25) to
metaphase spreads revealed specific signals on human
chromosome 1 (Fig. 2). Fluorescent spots were detected in
90% (38 of 40) of the metaphases analyzed. No specific
signals were observed at other chromosomal sites. The hy-
bridization signals were found to be located in the region
adjacent to the heterochromatin specific, prominent DAPI
stained region of the long arm (1g-). Since this heterochro-
matic region extends up to 1q12, the position of the locus
Fig. 1 Analysis of the PCR-amplified products generated wiih the long arm region could be determined to 1921 (Fig.

primers flanking the CAG repeat in the hSKCa3 gene in pedigreeZ}3 Only those chromosomes with signals present on both

(squares indicatte males, circles tepresent females: ull shaded Yo matids at the same band position were taken into con-
ols indicate affection with periodic catatonia and unshaded symbal - .

diagnosis unknown; a slash through a symbol indicates that the péferation. Genotyping of 24 selected markers of chromo-

son is deceased and was not genotyped): Lanes GATC: standar§@g1e 1 in our sample of twelve multiplex pedigrees with

quencing reaction of pGEMT-vector with M13 primer. Lane a: periodic catatonia allowed us to perform linkage mapping.

Genotyping of a sequenced PCR product containing 18 and 21 regegh_noi i

units as internal standard. Lane 1-3: Genotypingk€ENN3CAG lsfgém _t%ngl?éﬁsscrg?ecg?lgCSI\é& %egé Elt]:bléngrker
repeats pedigree 23: 1: 15/18, 2: 13/18, 3: 15/18, 4: 19/21; 5: 15/ wi - .05 ( )-
6:15/21,7:19/21;8:19/19;9:19/21; 10: 19/21; 11: 19/19; 12: 18/18;

13:18/19.
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Fig. 2 Localization ofhKCNN3by fluores-
cent in situ hybridization: male metaphase]
with DAPI counterstainingX) and propid-

ium iodide stainingB) showing the in situ

hybridization signal of the probe RPCIP
704A0214Q25 (arrows)C Selected exam-

ples of chromosome 1 showing consistent
specific location of the FISH signal3.Di-
agram of human chromosome 1 illustrating
the position ohKCNN3(vertical bar).

al. 1998; Bowen et al. 1998). In contrast to these initial stud-
ies, our family-based study found shat19) CAG repeats
within the hKCNN3 gene associated with DSM 1V schizo-
In the present study we provide physical and linkage miphrenia, in particular in familial cases (Stéber et al. 1998);
ping ofhKCNN3(aliashSKCa3 to chromosome 1921 neainegative results of the multiallelic transmission-disequilib-
the marker D1S498 and excluded linkageKWENN3to the riumtest and no evidence of parent-of-origin effects chal-
schizophrenic subtype of periodic catatonia. We invedenged the hypothesis of an etiological importance of
gated twelve multiply affected families with periodic catthKCNN3in schizophrenia. At the time, other case-con-
tonia, a schizophrenia subtype with high aggregation of ltrolled and family-based association studies failed to con-
mogenous psychoses (Beckmann et al.1996; Leonhfirm an etiological role diKCNN3in schizophrenia (Bon-
1999). Periodic catatonia exhibits an excess of homogennet-Brilhault et al. 1999; Wittekindt et al. 1999). In the
psychoses with an age-corrected morbidity risk of 26.9 %present study, cumulative results exclude the involvement
first-degree relatives (Stober et al.1995; Beckmann of hKCNN3or a nearby locus in the etiology of periodic
al. 1996). The pronounced vertical inheritance pattern wcatatonia. Two-point lod score analysis gave —48.01 at zero
homogenous psychoses indicates a major gene effectrecombination fraction under an autosomal dominant in-
renders periodic catatonia a suitable candidate for evalheritance model with sex- and age-dependent penetrance
tion of linkage tohKCNN3 Preliminary reports of case-classes. We used this genetic model according to the life-
control studies pointed to an association of moderattime morbidity risk of first degree relatives, i.e., mothers,
largehKCNN3CAG repeats with schizophrenia (Chandy fathers, and siblings, obtained in a previous family study

Discussion
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Table 2 Two-point lod scores betwediK CNN3and selected chro- genome scans on schizophrenia pedigrees that found no
mosome 1 markers in twelve pedigrees with periodic catatonia (i§upport of linkage to markers related to chromosome 1g21
total analysis of 24 genetic markers on chromosome 1) or other centromeric regions (Moises et al. 1995; Faraone
Marker locus Lod score  Recombination  Position et al. 1998; Levinson et al. 1998). Heterochromatic region
fraction (theta)  (centiMorgan) variants (1gH) and Duffy blood group alleles may occur in
weak association in some cases of schizophrenia (Kosower

gi:igg :gg; 8'88 32'2 et al. 1995); candidate regions for psychotic disorders,
D1S200 _61.24 0.00 643 however, seem to be located at telomeric regions of chro-
D1S209 _64.66 0.00 95.9 mosome 1: at 1q32.3 and 1943 as suggested by balanced
D1S207 6456 0.00 1176 chromosomal translocations (Bassett 1992), or at
D1S435 _33'24 0'00 128'9 1932.2-41as proposed by a genome scan in Elnnlsh schlz-
D1S221 4'08 0'05 146'7 _ophrenla pedigrees (Hc_)vatta. et_al.1999)._Wh|Ie etiologic
D1S252 10'03 0'05 1550 involvement othhKCNNSin periodic catatonia is excluded
D1S498 18'56 0'05 160'7 and multiallelic tests in family based studies assume no as-
D1S431 3029 0.00 1872 sociation of individuahKCNN3CAG repeats with schizo-
D1S2640 _47'44 0'00 199'7 p_hrenla (Stobe( et al._1998)l_<_CNN35eem_s to _be a con-
D1S429 5732 0.00 200.4 siderable candidate in families of hemiplegic migraine
D1S2655 _88'79 0'00 9911 which links to chromosome 1921 (Ducros et al. 1997) and
D1S2891 _79'04 0'00 228'7 to other yet unmgpped he_,‘redlt_ary ataxias. A_s'preV|o_ust
D1S419 7717 0.00 937.9 demonstrated, point mutations in a brain specific calcium-
D1S251 _63.74 0.00 249.0 activated potassium channel genBCACNAL1A are

causative factors in familial hemiplegic migraine type 1
and episodic ataxia type 2, whereas small expansions of a
C-terminal CAG repeat are associated with progressive
spinocerebellar ataxia type 6 (SCA-6) (Ophoff et al. 1996;
(Beckmann et al. 1996). Simulation studies of the twelJodice et al. 1997).

pedigrees segregating for periodic catatonia gave a stat  Our linkage results, exclud@KCNN3from being the

cal power of > 959% to detect a lod scag0 with this ge- causative gene in periodic catatonia, a familial subtype of
netic model. Misspecification of the mode of transmissiischizophrenia, and we confirmed the physical mapping of
may have deflated the lod score. However, negative linkthKCNN3to chromosome 1g21.

results were recently reported in other familial schizophi

nias using parametric and nonparametric analysis (ANto acknowledgments This study was supported by the Deutsche
rakis et al. 1999). In addition, studies on trinucleotide repiForschungsgemeinschaft (H. Beckmann and G. Stéber) and by the
expansions in brain-expressed loci failed to find eviderBundesministerium fir Bildung, Wissenschatft, Forschung und Tech-
for involvement in schizophrenia (Lesch et al. 1994; Card"°logie (EI\C%F)S(KH'-I? Leét‘?fr[‘)- K.-P. Lesch is supported by the Her-
et al. 1996; Bengel et al. 1998). mann and Ly Sehtfing StTUng.

Using fluorescencim situ hybridization (FISH) we as-
signechKCNN3to chromosome 121 near the centromel
region, confirming recent cytogenetic assignment
1g21.3 (Wittekindt et al. 1998). This locatdSCNN3close  zmerican Psychiatric Association (1987) Diagnostic and Statistical
to the D5 dopamine receptor pseudogene 2, spectrin g Manual of Mental Disorders, 3rd edn. revised, American Psychi-
gene for C-reactive protein, Duffy blood group antige atric Association, Washington DC

Eva-b+ n n li rotein A-ll or rsor rAntonarakis S, Blouin JL, Lasseter VK, Gehrig C, Radhakrishna U,
(Lir¥lfabe) 2}% € ir? d ?ggeg]OIEC?\ﬁeN3 nearpt?]((:au fr(])arlgfr Nestadt G, Housman DE, Kazazian HH, Kalman K, Gutman G,
g pping p Fantino E, Chandy KG, Gargus JJ, Pulver AE (1999) Lack of

D1S498 in the gengtic linkage map and confirmed the lir  jinkage or association between schizophrenia and the polymor-
age mapping of Meissner et al. (1999) to between D1S2¢ phic trinucleotide repeat within the KCNN3 gene on chromo-
and D1S1600 with zero. Assuming a major gene effect i 22?63511q21- Am J Med Genet (Neuropsychiatr Genet) 88:
F’.ef"?d'c catatonia our linkage study eXCIquS genes IN g, qcett AS (1992) Chromosomal aberrations and schizophrenia. Au-
vicinity of the hKCNN3 locus to be of etiological rele-” tosomes. Br J'Psychiatry 161: 323-334

vance, e.g., $-hydroxy-5-ene-dehydrogenase type I/IBeckmann H, Franzek E, Stober G (1996) Genetic heterogeneity in
arylhydrocarbon receptor nuclear translocator, dimeth ~ catatonic schizophrenia: a family study. Am J Med Genet 67:

; indi 289-300
alanine monooxygenase, blndlng regl'”atory factor, C‘Bengel D, Balling U, Stdber G, Heils A, Li SH, Ross CA, Jungkunz

pa_ctin I_,_cathepsin_ K precursor,_cornifi_n B or other y G, Franzek E, Beckmann H, Riederer P, Lesch KP (1998) Distri-
unidentified transcripts (www.ncbi.nlm.nih.gov/genemag  pution of the B33 CTG repeat polymorphism in a subtype of
Furthermore, based on homology mapping we found  schizophrenia. Eur Arch Psychiatry Clin Neurosci 248: 78-81

i Bonnet-Brilhault F, Laurent C, Campion D, Thibaut F, Lafargue C,
g:]hder %egisalwrl]gg St(?lctl%lgalnhdorr:]é)lggm(égl E]?Ogelqdzg" e Charbonnier F, Deleuze JF, Menard JF, Jay M, Petit M, Frebourg
physl pping fou Vi pseudog T, mallet J (1999) No evidence for involvement of KCNN3

or homologoqs |0_Ci on other chromosom_es. ) (HSKCa3) potassium channel gene in familial and isolated cases
Our negative linkage results are consistent with rect  of schizophrenia. Eur J Hum Genet 7: 247-250
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