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The Cohen syndrome is a rare autosomal recessively inherited disorder. Con­
trary to many case reports published elsewhere, the phenotype is uniform in 
Finland including nonprogressive mental and motor retardation, typical dys­
morphic features, granulocytopenia and marked ophthalmological changes. 
By linkage analysis in five Finnish multiplex nuclear families, the COH 1 locus 
for the Cohen syndrome was recently assigned to a 10-cM region between loci 
D8S270 and D8S521 on the long arm of chromosome 8. Here we present 
results of linkage disequilibrium and haplotype analysis in an extended panel 
of 16 Finnish COH1 families using new markers localized in the COH1 
region. By inferring historical recombinations in conserved haplotypes the 
COH 1 gene was assigned in the region of marker loci D8S 1808, D8S 1762 and 
D8S546. Calculations of genetic distances based on linkage disequilibrium 
suggest that the most likely localization of CO H 1 is in the immediate vicinity 
of marker locus D8S 1762. Haplotype analysis suggests the occurrence of one 
main COH1 mutation and possibly one or two rare ones in Finland. This 
information will be useful in the positional cloning of the gene. 

The Cohen syndrome (MIM No. 216550) [1] is a rare 
autosomal recessive disorder of unknown pathogenesis. It 
is characterized by nonprogressive mental and motor 
retardation, usually of moderate to severe degree, typical 
facial features, short stature, and hypotonia [2-4]. Cranio­
facial features include microcephaly, short philtrum, 
prominent upper central incisors, prominent bridge of the 
nose, high-arched or flame-shaped outline of the lid open­
ings and thick eyebrows [2-4]. Other characteristic fea-

tures are laxity of the joints, slender extremities and a 
cheerful disposition [2-4]. In addition, marked ophthal­
mological changes and granulocytopenia are typical fea­
tures ofCOH1 in Finnish patients [4]. The ophthalmolog­
ical findings include myopia and chorioretinal dystrophy 
that lead to bull's eye-like macula, retinal pigmentary 
deposits, decreased visual acuity, night blindness, con­
striction of visual fields and extinguished electroretino­
gram [4]. Although the ophthalmological findings in pa­
tients outside Finland have often been described incom­
pletely or not at all, ocular findings exactly similar to those 
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of the Finnish patients [4] have been described in patients 
from several countries [5-8]. CORI occurs with low fre­
quency worldwide, but is enriched in the Finnish popula­
tion. So far, 28 patients have been diagnosed in Finland. 

Following a genome-wide search, the CORI gene for 
Cohen syndrome was mapped to the long arm of chromo­
some 8 in five multiplex Finnish families displaying a 
homogeneous clinical phenotype [9]. The initial gene 
localization was in an approximately 10-cM region be­
tween marker loci D8S270 and D8S521 [9]. We have now 
extended our family panel by 11 families to include 16 
Finnish families. Based on the uniformity of the diagnos­
tic criteria, the rareness of the condition, and the typical 
features of a founder population we assumed that all, or at 
least an overwhelming majority, of these patients have 
inherited the same ancestral mutation. Rere we used new­
ly described markers in the CORI region to look for puta­
tive ancestral recombinations in the disease haplotypes, 
and applied the Luria-Delbriick principle [10] to calculate 
genetic distances allowing us to greatly refine the assign­
ment of COR 1. 

Materials and Methods 

Subjects and Samples 
Twenty-two affected and 36 unaffected individuals (22 parents 

and 14 sibs) were included in the study. The patients belonged to 16 
kindreds, 5 of which were multiplex nuclear families [9) and 10 had a 
single affected individual. All patients fulfilled the diagnostic criteria 
for COH1 in Finland, and the affection status was verified by two of 
us (R.N. and S.K.-K.). From each family, only 1 affected individual 
and both parents, if available, were considered in the linkage disequi­
librium and haplotype analysis. In families 4 and 5 that were closely 
related [9) the shared disease-bearing chromosome was taken into 
consideration only once. Venous blood was collected from each con­
senting individual and genomic DNA was isolated from leukocytes 
by standard methods [11]. 

Markers and peR 
Twelve polymorphic markers form Genethon [12-14) were stud­

ied. The published order and genetic distances [12-14) between the 
markers are: DSS270 - 3.2 cM - D8S1699 - 1.1 cM - D8S1772-
0.1 cM - D8S1822 - 2.3 cM - DSS506 - 1.5 cM - DSS257 - 0.7 cM 
- DSS559 - O.S cM - (D8S1808, D8S1762, DSS546) - 3.0 cM -
(D8S1714, DSS521). The italicized markers are novel markers that 
were not included in the previous linkage study [9). 

PCR reaction and electrophoresis conditions were as described 
earlier [15), and the polymorphic alleles were visualized by the silver 
staining method [16). Alleles were numbered consecutively, 'I' being 
the largest allele. 

Linkage Disequilibrium Analysis 
Allele frequencies on disease-bearing chromosomes were com­

pared with allele frequencies of the normal, non-COH1 chromo-
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somes of the carrier parents. When searching for an increase in the 
frequency of a single allele on disease-bearing over normal chromo­
somes each allele was examined separately. We used a standard one­
sided test (Fisher's exact test) and corrected for multiple testing by 
using a Bonferroni correction [1 - (l - p)k, where k is the number of 
alleles) under the assumption that the tests for each allele detected 
were approximately independent. 

To estimate the distances between the COHllocus and markers 
that were in linkage disequilibrium with it, the Luria-Delbriick-based 
method [10, 17, IS) was applied. The proportion of disease-causing 
chromosomes (a) descending from the putative common ancestor, 
i.e. the degree of allelic homogeneity of COH 1 in Finland, was calcu­
lated using the formula a = 1 - J.Lgq-1, where 'J.L' denotes the muta­
tion frequency at the COH1 locus, 'g' the number of generations 
since founding and 'q' the disease allele frequency. Allelic excess 
(Pexcess) was calculated by the equation Pexcess = (Paffected - Pnormal)/ 

(1 - Pnormal), where Paffected and Pnormal denote the allele frequencies in 
COH1 and normal chromosomes, respectively [17). The genetic dis­
tance (8) of the disease mutation from a marker locus was estimated 
using the equation Pexcess = a( 1 - 8)g. In these calculations J.L was set at 
5.0 x 10-6, as the disease is rare. The parameter g was allowed to 
vary from 10 to 100. As a best estimate for the population under 
study, COH1 disease allele frequency (q) was set at 0.004 based on 
the Hardy-Weinberg principle and the actual incidence of 1:60,000 
ofCOHl in the regions of Finland, where the disease occurs [Norio, 
unpubl. data). 

The likelihood-based DISMULT program [19) version 2.1 was 
used for the computation of lod scores in a multipoint linkage dis­
equilibrium analysis. The program has been developed for analyzing 
data from multiallelic markers. It uses information from all the 
marker loci simultaneously and has a built-in location parameter. In 
this analysis all markers except the most centromeric one, DSS270, 
were considered. The intermarker genetic distances were trans­
formed to physical distances under the assumption 1 cM = 1 Mb. 
The intermarker distance of markers with a genetic distance of 0 cM 
was set at 50 kb. The decay parameter was allowed to vary from 5 to 
500. The 99% confidence interval for the maximum likelihood ratio 
(Zmax) was calculated as Zmax ± 3 lod units. 

Haplotype Analysis 
Haplotypes were constructed for six markers in the order suggest­

ed by the genetic map [14): DSS559-DSS1S0S-DSS1762-DSS546-
DSS 1714-DSS521. Most likely haplotypes were constructed manual­
ly using the minimum recombination strategy. The phase of the 
COH1 haplotypes was determined by genotyping the patients and 
their parents. When parents were not available haplotypes were 
inferred from children. 

Results 

Significance of Linkage Disequilibrium 
We tested for linkage disequilibrium at eight marker 

loci that did not show recombinations with COR 1. Alleles 
on 31 apparently unrelated COR I-bearing chromosomes 
compared with alleles on 24 normal chromosomes of the 
parents are shown in table 1. A highly significant (p < 
0.001) linkage disequilibrium was detected with markers 
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Fig. 1. Genetic distances separating the 
CORI gene locus from six marker loci as a 
function of the number of generations since 
founding. 
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Table 1. Distribution of alleles on 
diseaselnormal chromosomes at the eight Locus Pel(cess 

marker loci 3 4 5 6 7 
:t: 1 SD 

D8S1772 012 5/4 15/9* 012 111 0.43±0.24 
D8S1822 1/1 5/3 611* 211 4/4 9/8 011 O.l8±0.09 
D8S506 2/2 8/12 2/4 1311 ** 0.49 ±0.11 
D8S257 13/4** 9/3 212 1/6 0/3 0.38±0.15 
D8S559 011 012 011 23/5*** 7114 III 0.67±0.1O 
D8S1808 0/4 26113* 5/6 011 0.65±0.16 
D8S1762 3/0 0/3 1/5 0/3 27/9*** 014 0.79±0.1O 
D8S546 3/3 2/9 011 0/2 26110** 0.73±0.12 

Pexcess = (Paffected - Pnormal)/(l - Pnormal); SD = standard deviation based on sampling error 
for Pexcess values (calculated as in ref. 21). 

* P > 0.05 (not significant); ** 0.001 < P < 0.01 (significant); *** P < 0.001 (highly signifi­
cant). 

D8S559 and D8S1762, the most common allele occurring 
in 75 and 87% ofthe COR1-bearing chromosomes, but in 
21 and 38% of the normal chromosomes, respectively 
(marker D8S1808 with the same reported map location 
with D8S1762 and D8S546 was less informative result­
ing in nonsignificant allelic association). Marker loci 
D8S506, D8S257 and D8S546 showed a less significant 
(0.001 < p < 0.01) linkage disequilibrium. 

208 Eur J Hum Genet 1997;5:206-213 

Estimating Distances by Linkage Disequilibrium 
Previously described strategies (see Materials and 

Methods for details) were applied to estimate the genetic 
distance between COR1 and marker loci based on linkage 
disequilibrium. The results are shown in table 1 and fig­
ure 1. The highest Pexcess value (table 1) of 0.79 was 
obtained at marker locus D8S 1762, the next highest value 
being 0.73 at locus D8S546. Consequently, COR1 ap-
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pears to lie closest to locus D8S1762 (fig. 1), the next 
closest marker being D8S546 residing at a genetic dis­
tance of 0.00 cM telomeric to D8S1762. Marker loci 
D8S1808 and D8S559 residing 0.00 and 0.80 cM, respec­
tively, from D8S1762 on the centromeric side showed a 
greater distance to CORL Based on the geographical dis­
tribution of the birthplaces of known carriers (fig. 2) and 
parameters characterizing the Finnish population history 
(see Discussion for details), we assumed that the founding 
COR 1 mutation started to spread in the Finnish popula­
tion 20-50 generations ago. Assuming 20 generations 
since founding results in a value of a of 0.98 (see Materials 
and Methods) and a distance estimate of 1 cM of COR1 
from D8S1762. The assumption of 50 generations results 
in a = 0.94 and a genetic distance of O. 33 cM. 

Multipoint Analysis 
The results of the likelihood-based multipoint linkage 

disequilibrium analysis are shown in figure 3. We ana­
lyzed simultaneously six markers residing in the region of 

Fig. 2. Birthplaces of the parents of Cohen syndrome patients in 
16 Finnish families showing the geographical distribution of CO Hl­
associated haplotypes for marker loci DSS559-DSS1S0S-DSS1762-
DSS546. The dotted line in the southeast is the boundary of Finland 
before the Second World War. 

Fig. 3. Results of multipoint linkage dis­
equilibrium analysis using the DISMULT 
program [19]. The likelihood ratio estimate 
on a lod unit scale is plotted as a function of 
map distance from DSS506. A maximum 
lod score value of 9.S is indicated with the 
arrow. The bar on the x-axis indicates the 
99% confidence interval. The centromere is 
on the left. 
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Table 2. Raplotypes associated with 29 
CORI chromosomes Chromosomes 08S257 08S559 08S1808 08S1762 08S546 08S1714 N 

1-4 
5-7 
8-10 

11 
12 
13-14 
15-16 
17-18 
19 
20-21 
22 
23 
24 
25 
26 
27 
28 
29 

1 
1 
1 
1 
1 
2 
N 
2 
N 
2 
2 
3 
4 
4 
2 
2 
2 
3 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
6 
6 
6 
6 
6 
6 
7 

I 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 

I 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
1 
1 
1 
3 

I 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
1 
2 
2 
7 
1 

5 
1 
N 
7 
6 
5 
5 
1 
2 
6 
N 
N 
N 
7 
7 
3 
7 
6 

I 4 
3 
3 
1 
1 
2 
2 
2 
1 
2 
1 
1 
1 
1 

The haplotypes representing the putative 'main ancestral' chromosome are boxed. 
N = Not identified. 

the strongest allelic association and included the distal 
flanking marker D8S1714 in the analysis. The maximum 
likelihood ratio value on a lod unit scale was 9.2 at about 
0.2 cM proximal to D8S1808. The 99% confidence inter­
val for this estimate covers 3.7 cM, from 1.2 cM telomeric 
ofD8S506 to 1.1 cM centromeric ofD8S1714. 

Haplotype Analysis 
Raplotypes for the markers D8S257, D8S559, 

D8S1808, D8S1762, D8S546 and D8S1714 were deter­
mined in 29 COR1 and 24 normal chromosomes. The 
haplotypes of COR1 chromosomes are shown in table 2 
and the geographical origin of the various haplotypes in 
figure 2. The 'ancestral' haplotype 1-4-2-5-7-5 was seen in 
four chromosomes studied. When markers D8S257 and 
D8S1714 were not considered, a 'core ancestra1' haplo­
type 4-2-5-7 for markers D8S559, D8S1808, D8S1762 
and D8S546 was seen in 22 COR 1 chromosomes. This 
haplotype occurred in only one normal chromosome (data 
for the normal chromosomes not shown). Two chromo­
somes had the haplotype 6-2-5-7 which deviated from the 
'core' haplotype by a change interpretable as a historical 
recombinational event, placing COH1 telomeric to 
D8S559. In 1 chromosome, the haplotype 6-3-5-1 could 
be the result of two historical recombinations in the ances-
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tral haplotype, placing COH1 telomeric to D8S1808 but 
centromeric to D8S546. Two chromosomes had the 
haplotype 6-3-1-2 and one the haplotype 6-3-1-7 that both 
could be derived from 6-3-5-1 as a result of a historical 
recombinational event placing COH1 proximal to 
D8S1762. An alternative explanation for haplotypes 6-3-
1-2 and 6-3-1-7 is that they represent a second COH1 
mutation in Finland (see Discussion). The 7-3-3-1 haplo­
type seen on a single chromosome may represent another 
'nonancestral' COH1 mutation in Finland. 

Discussion 

Using conventional recombinational mapping with 
novel markers, we were able to narrow the previous 
COH1 gene region [9] to an approximately 9-cM interval 
flanked by marker loci D8S1699 and D8S1714 (data not 
shown). Linkage disequilibrium mapping allowed us to 
greatly refine the COH 1 gene localization. This method is 
a powerful tool in refining disease gene localizations for 
mendelian disorders that are relatively rare in the popula­
tion [20]. It has already been proven to be a crucial tool in 
the positional cloning of several disease genes [e.g. 10, 17, 
21-25]. Linkage disequilibrium mapping exploits recom-
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binations that have occurred during the entire history of a 
population. In an ideal situation such as the one in Fin­
land [18], most of the disease chromosomes descend from 
a single ancestral mutation, and the mutation is old 
enough so that recombinations have made the region of 
strongest linkage disequilibrium small, but not too small 
[10]. A strong linkage disequilibrium was detected be­
tween COR 1 and several marker loci. These findings sup­
port the hypothesis of a major contribution from one 
founding CORI mutation in Finland. The most striking 
linkage disequilibrium was detected with markers 
D8Sl762 and D8S546 that map within 0.00 cM of each 
other [14]. 

Assumptions about the actual age of the CORI muta­
tion in the Finnish population were made by implications 
based on the geographical distribution of birthplaces of 
carriers of the CORI mutation. As demonstrated in fig­
ure 2, this distribution is uneven in Finland. The pattern 
of clustering of the disease in mid Southeast Finland, the 
spreading towards the East and North [areas in which 
people settled in the 16th century or later, 'late settled 
areas', 18,26], and the occurrence of occasional cases in 
South and West Finland [early settled areas, 18, 26] sug­
gest that at least 20, probably more, generations have 
elapsed since the major CORI mutation began to spread 
in the population. Rowever, it is highly unlikely that the 
CORI mutation is very old in the Finnish population as 
the disease gene does not occur evenly in the early settled 
areas. Therefore, assuming that the mutation is 50 genera­
tions old the distance of the closest marker D8Sl762 from 
CORI would be 0.33 cM. 

Further evidence regarding the localization of the 
CORI gene was obtained by constructing haplotypes for 
the markers in the critical region. Analysis of markers 
D8S559, D8Sl808, D8Sl762, and D8S546 showed that 
most of the CORI chromosomes are derived from a single 
founder chromosome carrying the haplotype 4-2-5-7 (ta­
ble 2). Of the 29 haplotyped chromosomes, 22 carried the 
ancestral haplotype, and we propose that at least three 
haplotypes (chromosomes 23-25, table 2) most likely de­
rived from it by historical recombinations. Clearly, haplo­
types deviating from the ancestral haplotype at only one 
marker locus could represent mutation events at micro­
satellite repeat loci. Rowever, the two chromosomes 
(chromosomes 23 and 24, table 2) differing at D8S559 
from the ancestral haplotype also had a nonancestral 
allele at the nearest centromeric locus D8S257 consistent 
with a recombinational event between marker loci 
D8S559 and D8Sl808. Moreover, extending the haplo­
type proximally and distally on the one chromosome 
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(chromosome 25) sharing only allele 5 with the ancestral 
haplotype suggests the occurrence oftwo recombinational 
events flanking D8Sl762 rather than other explanations. 
Therefore, these haplotype data suggest that the localiza­
tion of CORI is between marker loci D8Sl808 and 
D8S546. 

Interestingly, four chromosomes had haplotypes very 
different from the ancestral one. For three of these (of 
haplotype 6-3-1-2 and 6-3-1-7, chromosomes 26-28, ta­
ble 2) we propose two alternative interpretations. First, 
both haplotypes could derive from haplotype 6-3-5-1 by 
single historical recombinations, in which case the local­
ization of COR I would be further narrowed to the inter­
val between marker loci D8S 1808 and D8S 1762. Row­
ever, as chromosomes 26-28 all contain allele 2 at the 
nearest proximal marker D8S257 whereas chromosome 
25 contains allele 4, it is likely that more than one recom­
bination must have occurred in case of a common origin 
of these haplotypes. Therefore, as a second interpretation 
we propose that the haplotypes on chromosomes 26-28 
represent a second 'founding' CORI mutation in the Fin­
nish population. The remaining different haplotype (chro­
mosome 29), on the other hand, probably represents yet 
another mutation. The hypothesis of more than one 
CORI mutation in Finland is further supported by the 
origin of chromosomes 26-29 in the western coastal area 
of Finland (fig. 2). Moreover, as the disease has a world­
wide occurrence one might expect that more than one 
CORI mutation exists in Finland, and it is more likely to 
detect the rare mutations in a population with a high fre­
quency of one main mutation. 

Our haplotype analysis is limited by the small number 
of chromosomes available for study. For example, the rel­
atively high mutation rate at micro satellite loci might 
explain in part the differences observed between haplo­
types. Rowever, given the clinical homogeneity of COR 1 
in Finland and the fact that patients carrying 'atypical' 
haplotypes are, with the exception of the patient carrying 
chromosomes 27 and 28, compound heterozygotes for the 
ancestral COR 1 haplotype, it is highly unlikely that genet­
ic locus heterogeneity would explain the different haplo­
types. Based on our entire set of data, we feel safe in con­
cluding that CORI lies between marker loci D8S1808 
and D8S546, at the most 0.3 cM on either side of locus 
D8Sl762. Our strategies for physical mapping and clon­
ing of COR 1 will therefore aim at constructing a physical 
map covering the region D8Sl808-D8S546 using marker 
locus D8Sl762 as a starting point. 

The eventual cloning and characterization of the gene 
underlying CORI will allow us to test how accurate these 
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predictions are. Data from several other diseases of the 
so-called Finnish disease heritage have shown that more 
than one single mutation exists in the Finnish population 
in disorders that show a distribution in both the early and 
late settled areas as seen in the Cohen syndrome. For 
these disorders, the proportion of the main ancestral 
mutation is in the range of 94-98%, e.g. 94% in dia­
strophic dysplasia, 96% in progressive myoclonus epilep­
sy [27] and 98% in aspartylglucosaminuria [28, 29]. 

comprise two sequences isolated from a retinal cDNA 
library. Candidate genes and incomplete genes in the 
form of ESTs will be mapped by physical methods and, 
provided they fall in the critical interval, searched for 
mutations in CORl patients. Ultimately, the character­
ization of the CORl gene mutations unravels the ques­
tion of possible heterogeneity and will allow a more spe­
cific classification of the Cohen syndrome. 

One candidate gene for the Cohen syndrome is the syn­
decan-2 precursor gene whose function is already identi­
fied and which resides close to the CORl gene region. It is 
homologous with the rat heparan sulfate proteoglycan. 
Five different heparan sulfate proteoglycans have been 
reported in humans, some affecting leukocyte differentia­
tion, neural migration, and retinal development [30-33]. 
Novel EST markers residing in the CORl region [34] 

Acknowledgements 

References 

McKusick VA: Mendelian Inheritance in Man. 
Catalog of Human Genes and Genetic Disor­
ders, ed II. Baltimore, Johns Hopkins Univer­
sity Press, 1994, vol 2, pp 1711-1712. 

2 Cohen MM Jr, Hall BD, Smith DW, Graham 
CB, Lampert KJ: A new syndrome with hypo­
tonia, obesity, mental deficiency, and facial, 
oral, ocular, and limb anomalies. J Pediatr 
1973;83:280-284. 

3 Carey JC, Hall BD: Confirmation of the Cohen 
syndrome. J Pediatr 1978;93:239-244. 

4 Norio R, Raitta C, Lindahl E: Further delinea­
tion of the Cohen syndrome; report on chorio­
retinal dystrophy, leukopenia and consanguini­
ty. Clin Genet 1984;25:1-14. 

5 Resnick K, Zuckerman J, Cotlier E: Cohen syn­
drome with bull's eye macular lesions. Oph­
thalmic Paediatr Genet 1986;7:1-18. 

6 Warburg M, Pedersen SA, Horlyk H: The Co­
hen syndrome: Retinal lesions and granulocy­
topenia. Ophthalmic Paediatr Genet 1990; 11: 
7-13. 

7 Kondo I, Nagataki S, Miyagi N: The Cohen 
syndrome: Does mottled retina separate a Fin­
nish and a Jewish type? Am J Med Genet 1990; 
37:109-113. 

8 Steinlein 0, Tariverdian G, Boll HU, Vogel F: 
Tapetoretinal degeneration in brothers with 
apparent Cohen syndrome: Nosology with Mir­
hosseini-Holmes-Walton syndrome. Am J Med 
Genet 1991;41:196-200. 

9 Tahvanainen E, Norio R, Karila E, Ranta S, 
Weissenbach J, Sistonen P, de la Chapelle A: 
Cohen syndrome gene assigned to the long arm 
of chromosome 8 by linkage analysis. Nat Ge­
net 1994;7:201-204. 

We thank the CORI families for cooperating in this study and 
Dr. Pertti Sistonen for help with statistical problems. This work was 
supported by the Academy of Finland, the Ulla Rjelt Fund of the 
Finnish Foundation for Pediatric Research, and the Finnish Cultural 
Foundation. 

10 Hastbacka J, de la Chapelle A, Kaitila I, Sisto­
nen P, Weaver A, Lander E: Linkage disequi­
librium mapping in isolated populations: Dia­
strophic dysplasia in Finland. Nat Genet 1992; 
2:204-211. 

11 Sambrook J, Fritsch EF, Maniatis T: Molecular 
Cloning, a Laboratory Manual. Cold Spring 
Harbor, Cold Spring Harbor Laboratory Press, 
1989. 

12 Weissenbach J, Gyapay G, Dib C, Vignal A, 
Morisette J, Millasseau P, Vaysseix G, Lathrop 
M: A second-generation linkage map of the 
human genome. Nature 1992;359:794-801. 

13 Gyapay G, Morissette J, Vignal A, Dib C, 
Fizames C, Millasseau P, Marc S, Bernardi G, 
Lathrop M, Weissenbach J: The 1993-94 Ge­
nethon human genetic linkage map. Nat Genet 
1994;7:246-339. 

14 Dib C, Faure S, Fizames C, Samson D, Drouot 
N, Vignal A, Millasseau P, Marc S, Hazan J, 
Seboun E, Lathrop M, Gyapay G, Morissette J, 
Weissenbach J: A comprehensive genetic map 
of the human genome based on 5,264 micro­
satellites. Nature 1996;380: 152-154. 

15 Weber JL, May PE: Abundant class of human 
DNA polymorphisms which can be typed using 
the polymerase chain reaction. Am J Hum 
Genet 1989;44:388-396. 

16 Bassam BJ, Caetano-Anolles G, GresshoITPM: 
Fast and sensitive silver staining of DNA in 
polyacrylamide gels. Anal Biochem 1991;196: 
80-83. 

17 Lehesjoki AE, Koskiniemi M, Norio R, Tirrito 
S, Sistonen P, Lander E, de la Chapelle A: 
Localization of the EPMl gene for progressive 
myoclonus epilepsy on chromosome 21: Link­
age disequilibrium allows high resolution map­
ping. Hum Mol Genet 1993;2:1229-1234. 

18 de la Chapelle A: Disease gene mapping in iso­
lated human populations: The example of Fin­
land. J Med Genet 1993;30:857-865. 

19 Terwilliger JD: A powerful likelihood method 
for the analysis of linkage disequilibrium be­
tween trait loci and one or more polymorphic 
marker loci. Am J Hum Genet 1995;56:777-
787. 

20 Jorde LB: Linkage disequilibrium as a gene­
mapping tool. Am J Hum Genet 1995;56:11-
14. 

21 Hastbacka J, de la Chapelle A, Mahtani MM, 
Clines G, Reeve-Daly MP, Daly M, Hamilton 
BA, Kusumi K, Trivedi B, Weaver A, Coloma 
A, Lovett M, Buckler A, Kaitila I, Lander ES: 
The diastrophic dysplasia gene encodes a novel 
sulfate transporter: Positional cloning by fine­
structure linkage disequilibrium mapping. Cell 
1994;78: 1073-1 087. 

22 Virtaneva K, Miao J, Traskelin AL, Stone N, 
Warrington JA, Weissenbach J, Myers KM, 
Cox DR, Sistonen P, de la Chapelle A, Lehesjo­
ki AE: Progressive myoclonus epilepsy EPM I 
locus maps to a 175-kb interval in distal 21q. 
Am J Hum Genet 1996;58:1247-1253. 

23 Pennacchio La, Lehesjoki AE, Stone NE, Wil­
lour VL, Virtaneva K, Miao J, D'Amato E, 
Ramirez L, Faham M, Koskiniemi M, War­
rington JA, Norio R, de la Chapelle A, Cox DR, 
Myers RM: Mutations in the gene encoding 
cystatin B in progressive myoclonus epilepsy 
(EPMI). Science 1996;271:1731-1734. 

212 Eur J Hum Genet 1997;5:206-213 KolehmainenIN orio/Kivitie-Kallio/ 
Tahvanainen/de la Chapelle/Lehesjoki 



24 Mitchison HM, O'Rawe AM, Taschner PE, 
Sandkuijl LA, Santavuori P, de Vos N, Breu­
ning MH, Mole SE, Gardiner RM, Jiirvelii IE: 
Batten disease gene, CLN3: Linkage disequilib­
rium mapping in the Finnish population, and 
analysis of European haplotypes. Am J Hum 
Genet 1995;56:654-662. 

25 The International Batten Disease Consortium: 
Isolation of a novel gene underlying Batten dis­
ease, CLN3. Cell 1995;82:949-957. 

26 Norio R: Diseases of Finland and Scandinavia; 
in Rotschild H (ed): Biocuitural Aspects of Dis­
ease. New York, Academic Press, 1981, pp 
359-415. 

27 Virtaneva K, D'Amato E, Miao J, Koskiniemi 
M, Norio R, Avanzini G, Franceschetti S, Mi­
chelucci R, Tassinari CA, Orner S, Pennacchio 
LA, Myers RM, Dieguez-Lucena JL, Krahe R, 
de la Chapelle A, Lehesjoki AE: Unstable mini­
satellite expansion causing recessively inher­
ited myoclonus epilepsy, EPMI. Nat Genet 
1997;15:393-396. 

28 Ikonen E, Baumann M, Gron K, Syviinen AC, 
Enomaa N, Halila R, Aula P, Peltonen L: 
Aspartygigiucosaminuria: cDNA encoding hu­
man aspartylgiucosaminidase and the missense 
mutation causing the disease. EMBO J 1991; 
10:51-58. 

Refined Mapping of the COH1 Gene 

29 Isoniemi A, Hietala M, Aula P, Jalanko A, Pel­
tonen L: Identification of a novel mutation 
causing aspartylgiucosaminuria reveals a muta­
tion hotspot region in the aspartylgiucosamini­
dase gene. Hum Mutat 1985;5:318-326. 

30 Pierse A, Lyon M, Hampson IN, Cowling GJ, 
Gallagher IT: Molecular cloning of the major 
cell surface heparan sulfate proteogiycan from 
rat liver. J Bioi Chern 1992;267:3894-3900. 

31 Cole GJ, Burg M: Characterization of a hepa­
ran sulfate proteogiycan that copurifies with 
the neural cell adhesion molecule. Exp Cell Res 
1989; 182:44-60. 

32 Gallagher IT, Lyon M, Steward WP: Structure 
and function of heparan sulphate proteogiy­
cans. BiochemJ 1986;236:313-325. 

33 Stipp CS, Litwack ED, Lander AD: Cerebrogiy­
can: An integral membrane heparan sulphate 
proteogiycan that is unique to the developing 
nervous system and expressed specifically dur­
ing neuronal differentiation. J Cell Bioi 1994; 
124:149-160. 

34 Schuler GD, Boguski MS, Stewart EA, Stein 
LD, Gyapay G, Rice K, White RE, Rodriguez­
Tome P, Aggarwal A, Bajorek E, Bentolila S, 
Birren BB, Butler A, Castle AB, Chiannilkul­
chai N, Chu A, Clee C, Cowles S, Day PJR, 
Dibling T, East C, Drouot N, Dunham I, Du­
prat S, Edwards C, Fan JB, Fang N, Fizames C, 
Garrett C, Green L, Hadley D, Harris M, Har­
rison P, Brady S, Hicks A, Holoway E, Hui L, 
Hussain S, Louis-Dit-Sully C, Ma J, MacGil­
very A, Mader C, Maratukulam A, Matise TC, 
McKusick KB, Morissette J, Mungall A, Mu­
selet D, Nusbaum HC, Page DC, Peck A, Per­
kins S, Piercy M, Qin F, Quackenbush J, Ran­
by S, ReifT, Rozen S, Sanders C, She X, Silva 
J, Sionim DK, Soderlund C, Sun WL, Tabar P, 
Thangarajah T, Vega-Czarny N, Vollrath D, 
Voyticky S, Wilmer T, Wu X, Adams MD, 
Auffray C, Walter NAR, Brandon R, Dehejia 
A, Goodfellow PN, Houlgatte R, Hudson JR 
Jr, Ide SE, Iorio KR, Lee WY, Seki N, Nagase 
T, Ishikawa K, Nomura N, Phillips C, Polyme­
ropoulos MH, Sandusky M, Schmitt K, Berry 
R, Swanson K, Torres R, Venter JC, Sikela JM, 
Beckmann JS, Weissenbach J, Myers RM, Cox 
DR, James MR, Bentley D, Deloukas P, Lan­
der ES, Hudson TJ: A gene map of the human 
genome. Science 1996;274:540-546. 

Eur J Hum Genet 1997;5:206-213 213 




