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Summary. Multipoint linkage analysis of choroideremia (TCD) 
and seven X chromosomal restriction fragment length poly- 
morphisms (RFLPs) was carried out in 18 Finnish TCD fam- 
ilies. The data place TCD distal to PGK and DXS72, very 
close to DXYS1 and DXYS5 (Zmax = 24 at 0 = 0) and prox- 
imal to DXYS4 and DXYS12. This agrees with the data ob- 
tained from other linkage studies and from physical mapping. 
All the TCD males and carrier females studied have the same 
DXYS1 allele in coupling with TCD. In Northeastern Fin- 
land, 66/69 chromosomes carrying TCD had the same hap- 
lotype at loci DXS72, DXYS1, DXYS4, and DXYS12. The 
same haplotype is seen in only 15/99 chromosomes not carry- 
ing TCD. Moreover,  in 71/104 non-TCD chromosomes, the 
haplotype at six marker  loci is different from those seen in any 
of the 76 TCD chromosomes. This supports the previously de- 
scribed hypothesis that the large Northern Finnish choroid- 
eremia pedigrees, comprising a total of over 80 living patients 
representing more than a fifth of all TCD patients described 
worldwide, carry the same mutation. These linkage and hap- 
lotype data provide improved opportunities for prenatal diag- 
nosis based on RFLP studies. 

Introduction 

Choroideremia (MIM No 30310; McKusick 1988), an X-linked 
progressive tapeto-choroidal dystrophy, causes night blind- 
ness and progressive constriction of visual fields finally leading 
to total blindness in affected males. Female carriers are usu- 
ally symptomless, but their carriership can be unequivocally 
determined by ophthalmoscopy because of progressive degen- 
eration of the pigment layer in the fundus of the eye (McCul- 
loch and McCulloch 1948; Sorsby et al. 1952; K~rn~i 1986). 

Choroideremia is rare and one fourth of the reported cases 
come from Finland (K~irn~i 1986). The majority of the approx- 
imately 100 presently living Finnish patients belong to three 
large Northern Finnish pedigrees and are thought to carry the 
same mutation (Kfirnfi 1986; Sankila et al. 1987). There is no 
clinical evidence of heterogeneity (K~irn~t 1986). 

Offprint requests to: E.-M. Sankila, Department ol Medical Genetics, 
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The choroideremia gene (TCD) has been localized to 
Xq21 by linkage studies (Nussbaum et al. 1985; Schwartz et al. 
1986; Jay et al. 1986; Sankila et al. 1987; Lesko et al. 1987) 
and by physical mapping using patients with X chromosomal 
deletions associated with choroideremia and a variety of other 
clinical signs, such as mental retardation, deafness, and cleft 
lip and palate (Rosenberg et al. 1986; Hodgson et al. 1987; 
Nussbaum et al. 1987; Schwartz et al. 1988; Cremers et al. 
1988). Locus DXS165 was found to be deleted in two unrelat- 
ed choroideremia patients who had no other symptoms (Cre- 
mers et al. 1987). Physical mapping studies have shown that, 
of the presently available markers, DXS165 is closest to TCD, 
however, the closest polymorphic marker seems to be DXS95 
(Cremers et al. 1989). 

Although physical mapping may soon lead to the discovery 
of the gene itself, there is still a need for a precise genetic link- 
age map of the area. We present here results of linkage and 
haplotype analyses with seven marker loci from the proximal 
long arm of the X chromosome in 18 Finnish choroideremia 
families. 

Materials and methods 

Families 

Seventeen families concentrated in three geographical loca- 
tions in Northern Finland (Salla, Tornio river valley and 
Kainuu) and one family from Southern Finland (Kotka) with 
choroideremia were ascertained by ophthalmological exami- 
nation. Our criteria for the diagnosis have been described ear- 
lier (K~irn~i 1986; Sankila et al. 1987). A total of 43 patients, 
53 carriers, 18 healthy brothers, 21 healthy sisters, and 26 un- 
related spouses were included in the linkage and haplotype 
analysis. 

DNA analysis and probes 

DNA was extracted from leukocytes and digested with the ap- 
propriate restriction enzymes. The DNA probes were labeled 
either by nick-translation (Rigby et al. 1977) or random oligo- 
mer extension (Feinberg and Vogelstein 1983). The Southern 



Table 1. Characteristics of the RFLPs used in this study 
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Locus Probe Enzyme Alleles 
(kb) 

Allele frequencies 

This study" HGM9 b 

References 

PGK pSPT-PGK BglI 12 0.61 (n = 31) 
9 0.39 

DXS72 pX65H7 HindIII 0.7 0.39 (n = 33) 
7 0.61 

DXYS1 pDP34 TaqI 12 0.40 (n = 30) 
11 0.60 

DXYS5 p31 TaqI 4.8 0.45 (n = 20) 
2.8 0.55 

DXYS4 pl  TaqI 7 0.03 (n = 30) 
10 0.97 

DXYS12 St25 TaqI 2.1 0.41 (n = 30) 
1.6 0.59 

DXS3 19-2 MspI 16 - 
4.6 

TaqI 2.95, 2.2 - 
5.1 

0.75 (n = 80) Singer-Sam et al. (1983) 
0.25 

0.55 (n = 44) Schmeckpeper et al. (1985) 
0.45 

0.34 (n = 100) Page et al. (1982) 
0.66 

N.A. J. Weissenbach 
and D. Page, unpublished results 

N.A. Geldwerth et al. (1985) 
and D. Page, unpublished results 

0.23 (n = 93) Koenig et al. (1985) 
0.77 

0.21 Aldridge et al. (1984) 
0.79 
0.62 (n = 98) Menlove et al. (1985) 
0.38 

a n, Number of X chromosomes studied 
b Pearson et al. (1987); N.A., not available 

blots  and  hybr id iza t ions  were  p e r f o r m e d  according to publ ish-  
ed  m e t h o d s  ( S o u t h e r n  1975; Page et al. 1982). T he  res t r ic t ion  
f r agmen t  l eng th  po lymorph i sms  ( RFL Ps )  used  are l isted in 
Table  1. 

Linkage analysis 

Two-po in t  l inkage analysis was p e r f o r m e d  using the  LINK-  
A G E  p rog ram (La th rop  et al. 1984). The  allele f requencies  in 
the  popu la t ion  u n d e r  s tudy were  calcula ted f rom spouses of 
affected males  or  car r ier  females  (Table  1). The  disease gene  
f r equency  was set to 10 -3. The  disease gene was a s sumed  to be  
fully p e n e t r a n t  b o t h  in affected males  and  he te rozygous  fe- 
ma le  carriers.  Mul t ipo in t  l inkage analysis was p e r f o r m e d  
using L I N K M A P  (La th rop  et  al. 1984). 

gans were  13.63 for  DXYS1  and  6.88 for  DXYS5 .  The  o the r  
m a r k e r  loci used,  P G K ,  DXS72,  D X Y S 4 ,  DXYS12 ,  and  
DXS3 ,  were  found  to reside wi th in  5 to 7 cen t iMorgans  f rom 
T C D  with lod scores varying f rom 3.14 to 8.90. 

Multipoint linkage 

For  the  mul t ipo in t  analysis,  a fixed m a p  of  m a r k e r  loci with  
the following order  was used: PGK-DXS72- (DXYS1 ,DXYS5) -  
( D X Y S 4 , D X Y S 1 2 ) - D X S 3  (Davies  et  al. 1987; D . P a g e ,  un-  
publ i shed) .  The  fol lowing es t imates  of  the  genet ic  d is tances  
b e t w e e n  the  marke r s  were  used:  P G K - D X Y S 1  0 = 0.05 
(Kwan  et al. 1988), D X Y S 1 - D X Y S 1 2  0 = 0.02 (Arve i l e r  et al. 
1987), D X Y S 1 - D X S 3  0 = 0.044 (Drayna  and  Whi t e  1985). 
D X Y S 1 2 - D X S 3  was es t imated  as 0 = 0.02, and  P G K - D X S 7 2  

R e s u l t s  

Two-point linkage 

The  two-poin t  max imum- l ike l ihood  es t imates  of r ecombina -  
t ion  f requencies  b e t w e e n  T C D  and each of seven  m a r k e r  loci 
are shown in Tab le  2. Two m a r k e r  loci, DXYS1  and  D X Y S 5 ,  
showed  very  close l inkage to TCD.  The  lod scores for  the  
m a x i m u m  l ike l ihood r e c o m b i n a t i o n  dis tance of  O cen t iMor-  

Table 2. Two-point linkage results between TCD and marker loci 

0max Lod 95% confidence 
interval 

TCD vs PGK (pSPT-PGK) 0.07 4.04 0 - 0.21 
TCD vs DSX72 (pX65H7) 0.05 6.09 0 - 0.16 
TCD vs DXYS1 (pDP34) 0.00 13.63 0 - 0.05 
TCD vs DXYS5 (p31) 0.00 6.88 0 - 0.08 
TCD vs DXYS4 (pl) 0.07 3.62 0 - 0.24 
TCD vs DXYS12 (St25) 0.06 3.14 0 -0.25 
TCD vs DXS3 (p19-2) 0.05 8.90 0.01-0.15 
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Fig.1. Results of LINKMAP analysis when TCD is moved along the 
fixed map PGK-DXS72-(DXYS1,DXYS5)-(DXYS4,DXYS12)-DXS3. 
The confidence interval for the location of TCD is between DXS72 
and (DXYS4,DXYS12). Zmax is 24.00 at (DXYS1,DXYS5). The 
map distances from PGK in Morgans are indicated on the abscissa and 
the lod score values on the ordinate 
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TaMe 3. Distribution of 29 different haplotypes observed in the phase-known X chromosomes of 43 patients, 33 carriers, 18 healthy brothers and 
17 healthy sisters, and 26 unrelated spouses belonging to four different pedigrees. The complete haplotype of both X chromosomes could not be 
determined in all females. The alleles are marked as follows: PGK, Aa; DXS72, Bb; DXYS1, Dd; DXYS5, Ee; DXYS4, Ff; DXYS12, Gg. The 
capital letter refers to the larger fragment size, and the small letter to the smaller fragment size. The haplotype shared by the majority of the Salla 
patients and all Kainuu patients is underlined. *, The X chromosomal allele of DXYS5 could not be distinguished from the Y chromosomal allele 

Pedigree Haplotype Haplotype in coupling with TCD 
(no. of X chromosomes) 

Haplotype in repulsion with TCD 
(no. of X chromosomes) 

Patients Carriers Healthy Healthy Carriers Spouses 
brothers sisters 

Salla A - B - d - E - f - g  27 31 2 1 1 - 
A - B - d - * - f - g  4 - - - 1 - 
a - b - d - E - f - g  1 . . . . .  
A - b - d - E - f - g  1 - 1 2 6 - 
A - B - d - E - F - g  1 - - - 1 - 
a - B - d - E - f - g  - - - 1 1 1 
Other (25) - - 10 21 20 26 

Kainuu a - B - d - E - f - g  1 - - - 
a - B - d - * - f - g  3 - - - 
A - B - d - E - f - g  - - 1 1 
A - B - d - E - F - g  - - - 1 
A - B - d - * - F - g  - - 1 - 

m 

m 

Tornio river valley A - b - d - e - f - g  2 2 . . . .  
A - B - D - E - f - g  - - 2 - - - 
A - B - d - e - f - g  . . . .  2 

Kotka A - B - d - e - f - g  2 . . . . .  
A - B - d - e - f - G  1 . . . . .  
A - B - D - E - f - g  - - 1 - - - 

Total 43 33 18 27 32 27 

as well as D X S 7 2 - D X Y S 1  were  es t imated  to be  0 = 0.025 
judging f rom the  above  m a p  dis tances  and  order .  For  the  pur-  
poses of  these  calculat ions,  D X Y S 1 - D X Y S 5 ,  and  D X Y S 4 -  
DXYS12  were  e s t ima ted  as 0 = 0 based  on  physical proximity  
(D. Page,  unpub l i shed  results) .  

In  the  L I N K M A P  analysis,  the  pos i t ion  of the  T C D  gene 
was m o v e d  a long the  fixed genet ic  m a p  descr ibed above.  Fig- 
ure  1 shows tha t  T C D  lies very close to (DXYS1,  D X Y S 5 )  
(Zmax = 24 at 0 = 0) bu t  its exact  locat ion in re la t ion  to the  
m a r k e r  loci canno t  be  de t e r m i ned ;  the  conf idence  interval  is 
b e t w e e n  DXS72  and  ( D X Y S 4 ,  DXYS12) .  

Haplotype analysis 

The  hap lo type  analysis was pe r fo rmed  at six loci f lanking the  
T C D  gene:  P G K ,  DXS72,  DXYS1 ,  D X Y S 5 ,  D X Y S 4 ,  and  
DXYS12 .  T h e r e  were  a to ta l  of  180 comple te ly  or  near ly  com- 
pletely typed c h r o m o s o m e s  ( the  allele at D X Y S 5  could not  be  
typed)  of  which 76 car r ied  the  T C D  muta t i on  and  104 did not .  
A m o n g  these  ch romo s om es ,  29 different  hap lo types  were ob- 
served  (Table  3). All  43 pa t ien ts  and  33 phas e - know n  carriers  
s tudied had  the  same hap lo type  for  T C D  and DXYS1 ( T C D /  
pDP34 ,  11kb) .  The  major i ty  of  Salla pa t ien ts  (31/34), all 
p h a s e - k n o w n  Salla carriers  (31131) and  all Ka inuu  pa t ien ts  
(4/4) had  the  same hap lo type  at  DXS72,  DXYS1,  D X Y S 5 ,  
D X Y S 4 ,  and  D X Y S 1 2  in coupl ing with TCD.  Fou r  Salla pa- 
t ients  and  th ree  Ka inuu  pa t ien t s  could not  be  scored for 
DXYS5 .  A s s u m i n g  tha t  these  pa t ien ts  have  the  same haplo-  
type for  the  en t i re  region,  t hen  66/69 Salla and  Kainuu  haplo-  
types in coupl ing with T C D  are identical .  Salla and  Ka inuu  

are in Nor thea s t e rn  Finland.  The  haplo types  of the  pa t ien ts  
and  phase -known  carriers  f rom the  Torn io  r iver valley and  of  
two pat ien ts  f rom Kotka  differed f rom the  Sal la-Kainuu hap-  
lotype regarding DXS72 and  DXYS5  in the  Torn io  r iver  val- 
ley, and  DXYS5  in Kotka .  A different  hap lo type  in the  th i rd  
Kotka  pa t ien t  was the  resul t  of a crossover  be tween  T C D  and 
DXYS12.  The  Torn io  r iver  is in Nor thwes t e rn  F in land  where-  
as Ko tka  is in the  South  of the  country.  

The  haplo types  in repuls ion with T C D  differed marked ly  
f rom the  hap lo types  in coupling with TCD;  71/104 chromo-  
somes not  carrying T C D  had  hap lo types  different  f rom any of 
the  76 ch romosomes  carrying TCD.  

Discussion 

The  f inding of several  pa t ien ts  with  large over lapp ing  X-chro-  
mosomal  delet ions of different  sizes associated with choroid-  
e remia  has  facil i tated the  physical  mapp ing  of choro ide remia  
in re la t ion  to various D N A  marker s  (Rosenbe rg  et  ah 1986; 
Hodgson  et al. 1987; Nussbaum et al. 1987; Schwartz  et  al. 
1988; Cremers  et al. 1988, 1989). These  pa t ien ts  had  various 
clinical abnormal i t i es  in addi t ion  to choro ideremia ;  hence  the  
dele t ion of o the r  funct ional ly  impor t an t  genes is likely. In 
contras t ,  two unre la ted  choro ide remia  pa t ien ts  carrying an  in- 
terst i t ial  dele t ion compris ing DXS165 repor ted  by  Cremers  et  
al. (1987) had  no  o the r  abno rma l  pheno typ ic  features .  This 
suggests tha t  the  dele t ions  in the  la t ter  pa t ien ts  are small.  The  
closest physically m a p p e d  po lymorphic  m a r k e r  nea r  T C D  
known  at p resen t  is DXS95  (Cremers  et al. 1989), bu t  it has  a 
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relatively poor polymorphism information content (0.18) 
(Davatelis et al. 1985). 

In this paper, we present linkage data that place TCD very 
close to DXYS1 and DXYS5. Indeed, the absence of recom- 
bination between TCD and these two markers prevented us 
from determining the order and orientation of these three loci 
with respect to each other by LINKMAP analysis. However, 
by physical mapping methods, TCD has been placed between 
DXS72 and DXYS1 (Cremers et al. 1989). Our results are 
compatible with this finding. 

Genealogical studies reported previously have provided 
tentative evidence that all known choroideremia families in 
Northern Finland (Salla, Kainuu, and Tornio river valley ped- 
igrees) descend from one founder couple born around 1640 
(Forsius et al. 1980; K~irn~i 1986; Sankila et al. 1987). Consid- 
ering the close linkage of TCD to DXYS1 and the apparent 
worldwide rarity of new mutations leading to choroideremia, 
it is unlikely to be a coincidence that TCD is in coupling with 
the same allele of DXYS1 in all Finnish TCD patients so far 
studied (Table 3). Instead, it reinforces the idea that TCD and 
DXYS1 are very closely linked, and suggests that all Northern 
Finnish choroideremia patients carry the same mutation. 
Once it becomes possible directly to characterize TCD and its 
mutations, it should be possible to determine the number of 
mutations accounting for the disease worldwide. If the 
strength of linkage disequilibrium is inversely proportional to 
the distance between loci, then the absence of clear-cut allelic 
association between TCD and DXYS5 predicts that DXYS5 is 
further away from TCD than DXYS1 (Table 3). We note that, 
unlike the results of our previous study (Sankila et al. 1987), 
we now have found one recombination between TCD and 
DXYS12. Based on physical mapping results, the order is in- 
deed cen-TCD-DXYS1-DXYS5-DXYS12 (Cremers et al. 1989). 
Given this order of loci, the absence of total linkage disequi- 
librium between TCD and DXYS5, or TCD and DXYS12, is 
not surprising. 

We now present extensive haplotype data that support the 
hypothesis that a single TCD mutation was recently intro- 
duced into Northeastern Finland. Considering the chromo- 
somal region within which TCD is located, and which com- 
prises the loci DXS72, DXYS1, DXYS5, DXYS4, and 
DXYS12, 66 out of 69 haplotypes in coupling with TCD from 
Salla and Kainuu are identical (Table 3). (In 7 of the 35 pa- 
tients, the allele at DXYS5 could not be determined with cer- 
tainty because of the presence of a similarly sized fragment 
emanating from the Y chromosome). Haplotype differences 
in the remaining 3 patients from Salla resulted from a cross- 
over proximal of DXYS1 in two patients, and distal of 
DXYS5 in one patient. Interestingly, in the Tornio river val- 
ley, which is in Northwestern Finland but only some 300 km 
from Salla and Kainuu, the haplotype differed from that dom- 
inant in Salla and Kainuu with respect to two loci, namely 
DXS72 and DXYS5. It should therefore be considered wheth- 
er the Tornio river valley TCD patients might be genealogi- 
cally distant from, in spite of being geographically relatively 
close to, Salla and Kainuu. The three patients from Kotka (in 
distant Southern Finland) also have haplotypes that differ from 
that prevalent in Salla and Kainuu. As expected, this suggests 
genealogical distance. However, as mentioned above, all pa- 
tients and phase-known carriers share the TCD-DXYS1 haplo- 
type; this is compatible with a single choroideremia mutation. 

The significance of these haplotype data in showing TCD 
to be recently introduced by one or only very few founders is 

reinforced by the findings in non-TCD chromosomes. The 
common TCD haplotype for four marker loci was found in 
only 17 out of 104 non-TCD chromosomes. Moreover, 71 out 
of 104 such chromosomes had haplotypes not seen in any of 
the 76 chromosomes carrying the TCD mutation. 

Many Finnish families with choroideremia have indicated 
an interest in prenatal diagnosis of male fetuses provided the 
accuracy of the determination is high. As long as the mutation 
itself cannot be identified in all families, the importance of 
segregation analysis is evident. Using flanking markers, the 
accuracy of diagnosis is now close to 100% and most women 
are heterozygous for at least one closely linked marker on 
each side of TCD. Moreover, in Northeastern Finland, hap- 
lotype analysis can be used as an adjunct to segregation analy- 
sis. 
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