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Allelic associations and homozygosity at loci
from HLA-B to D6S299 in genetic
haemochromatosis

R Raha-Chowdhury, D J Bowen, A K Burnett, M Worwood

Abstract
Haemochromatosis (GH) is an autosomal
recessive disorder in which increased iron
absorption causes iron overload. The gene
(HFE) is closely linked to HLA-A on chro-
mosome 6 (6p21.3) but has not yet been
identified. We have examined eight poly-
morphic loci, HLA-B (most centromeric),
I82, D6S265, HLA-A, D6S128, HLA-F,
D6S105, and D6S299 (most telomeric) in
37 unrelated patients and 60 control sub-
jects. There are also significant positive
associations between GH and alleles at all
loci except D6S299. Analysis of 48 GH
chromosomes in which haplotypes could
be established showed that the most com-
mon haplotype was I82-2:D6S265-1:HLA-
A3:D6S128-2:HLA-F1:D6S105-8. This was
present in 28 of48 chromosomes. In 14 the
haplotype included HLA-B7 but only in
seven did this extend beyond the telomere
to D6S299-2 (the most common allele on
GH chromosomes at this locus). In 36 out
of 48 chromosomes the two locus haplo-
type, F1:D6S105-8 was present. Since
haemochromatosis appears to originate
from a founder mutation we have ex-
amined linkage disequilibrium between
these various loci and GH using calcu-
lations OfPexcess. The maximum value (0.72,
95% CI 0'55-0.85) is given by D6S105-8 but
is not significantly different from values
for HLA-A3 and HLA-F1 (0.50, 95% CI
0*34-0*61 and 0 49, 0 25-0 66 respectively).
However, both HLA-A and D6S105 give a
value for Pexcess which is significantly higher
than that for the most centromeric marker,
HLA-B (0.17, 95% CI 0.02-0.30). We have
counted the number of patients who are
homozygous for the common allele at each
locus. At D6S105, 22 patients are homo-
zygous for allele 8, with 18 homozygous for
HLA-F1 and 10 homozygous for A3. The
pattern of cumulative homozygosity sug-
gests a gene location closer to D6S1O5 than
HLA-A. We have also analysed our data for
divergence from the apparent founder
haplotype (A3:F1:105-8) and have cal-
culated the theoretical frequencies of
crossoversbetween loci. These data suggest
alocationtelomeric to D6S105. Amorepre-
cise localisation ofthe genemaybe possible
with the identification of new markers
around D6S105.

(J Med Genet 1995;32:446-452)

Genetic haemochromatosis (GH) is an auto-
somal recessive disorder, common in Euro-
pean populations, in which increased iron
absorption causes parenchymal iron overload
in a variety of tissues.' This eventually leads
to the clinical manifestations which include
liver cirrhosis, diabetes, hypogonadism, and
arthritis. Patients who are depleted of iron
by venesection before development of cirrhosis
have a normal life expectancy, but cirrhosis
is usually irreversible and often leads to
hepatocellular carcinoma.2 Haemochromatosis
is a disorder in which careful family screening
is justified in order to identify people who
are homozygous for the disease before they
develop cirrhosis. However, effective popu-
lation screening must await the identification
of the genetic change which causes haemo-
chromatosis.' Simon et al' described an
association between haemochromatosis and
HLA antigens A3 and B14 suggesting that
the haemochromatosis gene (HFE) was linked
to HLA-A on the short arm of chromosome
6. This association with HLA class I antigens
has since been confirmed by many in-
vestigators.4 Pedigree analysis placed the
haemochromatosis gene within 1 cM of HLA-
A at 6p21.3.`7

In the last few years there has been con-
siderable refinement of the genetic map
around HLA-A. Several new class I genes
have been identified in the region beyond
HLA-A and towards the telomere, for example
HLA-H, HLA-G, and HLA-F.' Recently it
has been shown that the more telomeric
marker D6S 105 (located at least 1 cM from
HLA-A') shows a highly significant allelic
association with haemochromatoSiS6 " and Ja-
zwinska et a16 have proposed that the HFE
gene lies very close to this marker. However,
other groups7" have found no significant
association between alleles at HLA-F and
haemochromatosis although HLA-F lies be-
tween HLA-A and D6S105.
Here we describe genotyping with probes

from the region around HLA-A: I82, D6S265,
H, and F and also with two, more telomeric,
microsatellite markers (D6S 105, D6S299).
We show that alleles of HLA-F, as well as
HLA-A and D6S 105, are in linkage dis-
equilibrium with HFE. We have been able
to establish a common haplotype in haem-
ochromatosis subjects. Our results indicate
a gene location closer to D6S 105 than
HLA-A.
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Table 1 Allele frequencies from HLA-B to D6S299 in normal subjects and in unrelated patients with haemochromatosis
Locus Allele Normal Haemochromatosis 72 p

No % No %

HLA-Bt B7t 16/120 13-3 18/64 28-1 5-1 0-024
I82* 1 61/126 48-4 19/72 26-4 8-3 3 9 x 10-

2 65/126 51-6 53/72 73-6 8-3 3-9 x 10 3
D6S265t 1§ 12/120 10-0 38/74 51-4 38-8 6 x 10-'0

3 43/120 35-8 13/74 17-6 6-6 0-01
4 6/120 5-0 9/74 12-2 - -
5 38/120 31-7 12/74 16 2 4 9 0 03
6 19/120 15-8 2/74 2-7 6 8 0 009
7 2/120 1-7 0/74 0 0 - -

HLA-At A3t 14/120 11-7 41/74 55-4 35-1 3 x 10-9
D6S128* 1 +211 27/68 39-7 48/72 66-7 9-2 2-5 x 10-3

3 39/68 57-4 23/72 31-9 8-2 4-3 x 10-3
4 2/68 2-9 1/72 1-4 - -

HLA-Ft 1 47/110 42-7 51/72 70 8 12-7 3-6 x 10-4
2 16/110 14-5 9/72 12 5
3 47/110 42.7 12/72 16-7 12-3 4-5 x 10-4

D6S105t 3¶ 4/116 3-4 1/74 1-4 - -
4 5/116 4-3 5/74 68 - -
5 17/116 4-3 5/74 68 - -
6 41/116 35-3 7/74 9-5 14-7 1-3 x 10-4
7 10/116 8-6 1/74 1-4 3-1 0-076
8 33/116 28-4 59/74 78-4 43-2 1 3x10x10

D6S299t 1 15/114 13 2 15/68 22-1 - -
2 36/114 31-6 18/68 26-5 - -
3 14/114 12-3 14/68 20 6 - -
4 14/114 12-3 5/58 7-3 - -
5 23/114 20-2 7/68 10-3 - -
6 8/114 7-0 7/68 10-3 - -
7 4/114 3-5 2/68 2-9 - -

* Control group 1.
t Control group 2, HLA-B, HLA-A, and HLA-F were also analysed in group 1.
: Only the most common antigen found in patients has been included.
§ Alleles'8 increase by 2 bp from allele 1 = 124 bp. Allele 2 has not been observed.
Alleles 1 + 2 referred to as "2" in text.
Alleles decrease by 2 bp from allele 1 = 138 bp. Alleles 1, 2, 9-12 not included (not represented in the patient group).

Materials and methods digested with various restriction endonucleases
PATIENTS AND CONTROL SUBJECTS as recommended by the suppliers (NBL Gene
In order to study the association of haemo- Sciences, Cramlington, Northumberland,
chromatosis with alleles at various loci we have UK). Electrophoresis was carried out in 0-8%
studied 37 unrelated patients with haemo- agarose gels. Southern blotting was performed
chromatosis and the controls described below. with nylon membranes (PALL Biotype B trans-
Chromosomes carrying haemochromatosis fer membrane, Pall Europe, Portsmouth, Eng-
were identified in 20 families from south Wales land) by capillary transfer. Probes were labelled
and south west Scotland. with the random oligonucleotide primer
The diagnosis ofHFE was made by standard method in the presence of [a-32P] dCTP using

methods"2 including a consistently raised trans- the Boehringer kit. Radioactivity was detected
ferrin saturation (>60%) and a serum ferritin by autoradiography with ortho-G film (Kodak)
concentration exceeding 300 gg/l in males and using intensifying screens. The filters were then
200 ig/l in females. The diagnosis was con- stripped by heating in 0 5% SDS at 85°C
firmed by venesection with removal of at least before rehybridisation. Approximate fragment
5 g of iron before iron depletion. In most cases sizes were estimated by comparison with mark-
a liver biopsy was performed and iron overload ers of lambda DNA digested with HindIII and
shown. HLA-A and HLA-B typing were per- EcoRI. Probe I82 is a 4-4 kb PstI fragment
formed with the standard NIH technique'3 at located 100 kb centromeric to HLA-A. This
the Welsh Regional Blood Transfusion Service. gives a biallelic pattern (15 and 7-4 kb) when
There were two groups of control subjects. The DNA is digested with BglII.'6 Probe pMC 6.7
first group ofcontrols (max no = 62) were blood is a 700 bp EcoRI fragment located 20 kb 5' of
donors from the Welsh Regional Blood Trans- HLA-H.'7 This gives a four allele RFLP with
fusion Service and were used to examine as- TaqI (11-0, 10-5, 8-0, 20kb) but we have
sociations between alleles at various class I combined alleles 1 and 2 which are sometimes
genes. The second group (n = 60) were from difficult to separate on agarose gels (table 1).
the Welsh Regional Blood Transfusion Service Probe HIA-F (5UT) was derived from the full
Unrelated Bone Marrow Donor Register and length genomic clone Dew3l9 by digestion with
were between 18 and 45 years old. They were SstI and HindIII to give a 700 bp fragment.
consecutive subjects screened for haemo- This is the probe F5UT referred to by Gruen
chromatosis.14 None showed abnormalities in et al.20 This probe identifies a three allele RFLP
serum iron or ferritin concentration. These (2 0, 1 -85, 1-4 kb) with XbaI.
samples were analysed for D6S265, D6S105,
D6S299, and HLA-F as well as being HLA
typed. MICROSATELLITE ANALYSIS

The microsatellites amplified were the di-
nucleotide repeats D6S105,22 D6S265,23

SOUTHERN BLOTTING D6S299,23 and D6S202 (pHZ-30/2-6).24 The
DNA was prepared from peripheral blood by latter is located25 at 6p23 and results are only
the method of Miller et al.'5 DNA (8 ,tg) was given to confirm a recombination involving
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HLA-B
182
HLA-A
D6S128
HLA-F
D6S105
D6S299
D6S202

HLA-B
182
HLA-A
D6S128
HLA-F
D6S105
D6S299
D6S202

8-7
1-2
1-3
3-2
1-1
8-8
6-1
9-5

3

7-8
1-1
1-1
3-3
1-1
6-8
1-1
4-5

C
7-8
1-1
1-1
3-3
1-1
6-8
1-6
4-9

II
7-57
1-1
1-1
3-3
1-1
6-6
1-2
4-9

4

57-8
1-1
1-1
3-3
1-1
6-8
2-6
9-9

Figure 1 Pedigree showing a recombination involving
D6S299.

182 D6S128
B D6S265 A H F D6S105 D6S299
0 1600 1700 2000 kb

4 2cM -* 4- 2cM_-

Figure 2 Location of the loci examined at chromosome 6p21.3 and towards the telomere.
The distance in kb from HLA-B to HLA-F is that given by Adberrahim et al.29 I8230
and D6S2653' are approximately 100kb centromeric to HLA-A. D6S12852 is located
20 kb telomeric to HLA-H (approximately 100 kb towards the telomere from HLA-A)
and is outside the deleted region, including HLA-H, in chromosomes carrying HLA-A23
or A24. Approximate genetic locations are given from D6S10525 and D6S299.2' D6S105
has been shown to be telomeric to HLA-A by in situ hybridisation.9

No of subjects homozygous for the given allele at each locus

2 3 10 5 8 C
2 10 18 22 1 P

B7 A3 Fl 105-8 299-2

Cumulative homozygosity: No of subjects homozygous for all loci starting at
D6S105 (top) or HLA-A3 (bottom)

0 1 1 5 0
2 8 15 *4 22-* 1

B7 A3 Fl 105-8 299-2
0 3 8
2 10 8

2 D6S299 (fig 1). The reaction mixture of 50 gl
volume contained 500 ng DNA with primers
at a final concentration of 1 l.mol/l, 200,tmol/l
dNTPs, 1-5 mmol/l MgCl2 and 1 U of Taq
polymerase (Bioline UK). The "CA" primers
were labelled with [c_-32P]ATP using T4 poly-
nucleotide kinase (NBL). Samples were over-
laid with mineral oil and taken through 27
cycles at 940C for 30 seconds, 55°C for 30
seconds, and 720 for oneminute in a Perkin
Elmer Cetus DNA Thermal Cycler. The last
extension step was for 10 minutes. A different
programme was used for D6S299: 940/30 sec-

5 onds, 520/30 seconds, 720/60 seconds for 25
cycles followed by 10 cycles at 48° instead of
520.
PCR products were denatured and analysed

in polyacrylamide gels under denaturing con-
ions (6% polyacrylamide containing 6-7 mol/l
urea gel size 400 x 330 x 0 4 mm) and bands
were detected by autoradiography. Nominal
allele sizes were determined by comparison
with the migration of pBR322 DNA cut with
MspI (New England Biolabs, Hitchin, UK).
Sizes were confirmed by sequencing and count-
ing the number of repeats10 in the cases of
D6S105, D6S299, and D6S202. Allele num-
bers and sizes are given in table 1 except for
D6S202 for which there were 12 alleles with
the largest being 154 bp.

STATISTICAL ANALYSIS
Allele frequencies were determined by in-
spection and people possessing a single allele
were assumed to be homozygous for that allele.
The significance of differences between fre-
quencies for patients and controls was de-
termined with the x2 test (with Yates's
correction). Two locus linkage disequilibrium
values and corrected values were calculated as
described by Lewontin.26 The Pexcess values27
and 95% confidence limits were calculated as
described by Armitage and Berry28 (Pexcess is the
same as "aetiological fraction" or "attributable
risk").

Results
ALLELE FREQUENCIES
The location of the loci examined is given in
fig 2. Table 1 gives allele frequencies in both
unrelated patients with haemochromatosis and

Table 2 Two locus haplotypest (HLA-Alother) in
controls showing significant, positive D' values
(uncorrected p<005)

Controls

Haplotype No D' value x2 p§
A2-482-2 62t 0-66 4.0 *
A3-D6S128-2 33t 0-96 9-8 **
Al-Fl 10011 0-53 41 *
A3-Fl 100 0-67 4-5 *
A2-F3 100 0 70 6-5 *
All -F2 100 0-62 10-6 **
A28-F2 100 0-49 91 **
Al-D6S105-8 57t1 0 47 12-7

t Alleles at D6S265 are highly correlated with HLA-A alleles.'8
t Control group 1, tt control group 2.
§ Significance of D' value.
*p<0-05, **p<0o01, ***p<0.001.
All available control subjects from both groups with results

for the two loci were included.

C
p

0 C
0 P

1
8

Figure 3 Homozygosity at the various alleles in related patients with haemochromatosis
and controls. Above the genetic map the number ofpatients homozygous for the most
common allele in patients is given. For patients n = 37 and for controls n = 55. The
control group was group 2 (see Materials and methods) as well as three subjects from the
haemochromatosis family study who did not carry haemochromatosis genes. In some cases
results were not available at all loci so the total is 55. In the lower part of the diagram the
cumulative homozygosity is given. Starting with D6S105 (homozygosity for allele 8) the
number ofpatients or controls homozygous at each successive locus is given both towards
HLA-B and for D6S105 and D6S299. Below that cumulative homozygosity is given
starting with homozygosity for HLA-A3.
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Table 3 Haplotypes in patients with haemochromatosis. Haplotypes were derived by an
analysis ofpedigrees except for patients 50, 62, and 64 who were homozygous for alleles
at all loci from I82 to D6S105. *indicates the "common" allele shown in ( ) next to the
markers. 'indicates that the alleles for D6S299 could not be assigned to haplotypes.
#indicates that HLA-A or B typing was carried out by genotyping in the family and
corresponding antigens cannot always be assigned.

Patient No.

01 48 06 12 54

HLA-B (7) 08 * * * 62 * 44 * * *I82 (2) 1 * * * 2 * 2 * * *D6S265 (1) 3 * * * 5 * 5 * * *HLA-A (3) 01 * * * 02 * 02 * * *D6S128 (2) 3 * * * 3 * 2 * * *HLA-F (1) * * * * 3 * 3 * * *D6S105 (8) * * * * 6 * 3 * * *D6S299 (2) 6 1 * 1 7 4 *

Patient No

18 24 65 25 69

HLA-B 44 55 44 44 08 44 41 62 44 *182 2 2 1 1 1 * 1 2 2 *D6S265 4 5 5 5 3 * 3 5 4 *HLA-A 11 2 29 28 01 * 01 25 11 *D6S 128 3 2 2 3 3 * 3 2 3 *HLA-F * 3 3 2 * * * 3 2 *D6S105 * * * 8 * * * 6 * *D6S299 3 * * 3 1 2 * *

Patient No

57 45 41 43 94

HLA-B 51 13 14 44 * 44 # * *
182 * 2 * * * 2 1 * * 1D6S265 * 5 * * * 5 5 * * 6HLA-A * 02 * * * 02 31 * *
D6S128 * 3 * * * 3 4 * * 3HLA-F * 3 * * * 3 * * * 3D6S105 * 6 * * * 6 * * * 4
D6S299 * 3 4 * 4 3 1 7 3 2

Patient No

98 39 33 56 52

HLA-B * 62 07 08 * 55 * * 35I82 * * * * 1 * 2 * * 1D6S265 * * * * 3 * 4 * * 3
HLA-A * * * * 01 * 1 * * 03D6S128 * * * * 3 * 3 * * 2HLA-F * * * * * * 2 * * 1D6S105 * * * * * * 8 * * 6D6S299 5 3 5 5 * 6 4 *

Patient No

50 62 64 63

HLA-B 15 40 14 05 * 14 08 22
182 * * * * * * 1 1
D6S265 * * * * * * 3 3
HLA-A * * * * * * 01 01
D6S 128 * * * * * * 3 3
HLA-F * * * * * * * *
D6S105 * * * * * * * *
D6S299 1 2 + 2 5 +

placed on the physical map ofthe region (fig 1) .
I-82 allele 2, D6S265-1, HLA-A3, D6S128-2,
HLA-F1 were all significantly more frequent
in haemochromatosis than in controls. The
search for allelic associations were extended to
flanking markers HLA-B, D6S 105, and
D6S299. As expected HLA-B7 was sig-
nificantly increased in haemochromatosis5 and
D6S 105-8 was strongly associated with the
disorder.6"0 However, D6S299 showed no
allelic association with GH.

HAPLOTYPES IN HAEMOCHROMATOSIS
An examination of haplotypes in 24 unrelated
patients (table 3) showed a common haplotype
extending from HLA-B to D6S 105. This
haplotype is B7:I82-2:D6S265-1:A3:D6S128-
2:F1:D6S105-8 and from 182 to D6S105-8
was present in 28 out of 48 chromosomes. In
14 of these the haplotype included HLA-B7.
In only seven chromosomes did the haplotype
extend towards the telomere to D6S299-2 (the
most common allele on haemochromatosis
chromosomes at this locus). In 36 of 48 chro-
mosomes the two locus haplotype, F1:D6S 105-
8, was present. GH is a recessive disorder and
homozygosity for the common haplo-
type should also be common. Homozygosity
for the most common alleles in haemo-
chromatosis is shown in fig 3 and compared
with controls. Almost 60% of patients (22/
37) were homozygous for D6S105-8 and the
number homozygous at other loci declines
steadily to 18/37 (49%) at HLA-F, 10/37 (28%)
at HLA-A, and 2/37 (5%) at HLA-B. Only
one patient (out of 34 tested) was homozygous
for D6S299 allele 2. For cumulative homo-
zygosity, running from D6S 105 to HLA-B, the
% declines beyond HLA-F: 59% of patients
are homozygous for D6S105-8, 41% are also
homozygous for Fl, but only 22% are also
homozygous for HLA-A3. Of five controls
homozygous forD6S 105-8 only one was homo-
zygous for both Fl and D6S105-8. However,
starting with A3 the number of patients homo-
zygous for the common alleles at HLA-F and
D6S 105 remains relatively constant up to
D6S 105.

control subjects. In controls, alleles at HLA-A
and B show significant, positive linkage dis-
equilibrium (data not shown), with the A1-B8
haplotype common in European populations
being most frequent. There are also significant
associations between alleles at the other loci
studied here except for D6S299. Examples
are given in table 2 as two locus haplotypes
involving HLA-A. We have not included
D6S265 alleles which are strongly associated
with alleles of HLA-A.'8 In controls D6S105-
8 is in linkage disequilibrium with HLA-A1.
This association is actually with the Al-B8
haplotype.'8 In contrast to all the other loci
examined we have found a recombination in-
volving D6S299 in one family (fig 2). In terms
of allelic association with GH (table 1) we first
studied loci close to HLA-A which have been

WHICH IS THE CLOSEST MARKER TO THE
HAEMOCHROMATOSIS GENE?
The evidence presented here and earlier5 10
strongly suggests that haemochromatosis ap-
pears to originate from a founder mutation

HLA-A 015 HLA-F f=0.10

f = 0-31

f=023

D6S105 f=015 HFE

f = 0-375

Figure 4 Crossover frequencies in haemochromatosis.
These have been calculated assuming a founder haplotype
HLA-A3:FI:D6S105-8 (see text).
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Table 4 Linkage disequilibrium between haemochromatosis and the various markers

Locus and allele No patients/No controls Peces* 95% CI

HLA-B7 32/60 0-17 0-02-030
182-2 36/63 0-46 0-17-0-64
D6S265-1 37/60 0-46 0-31-0-58
HLA-A3 37/60 0 50 0-34-0 61
D6S128-2 36/34 0 45 0 19-0 62
HLA-F1 36/55 0 49 0-25-0 66
D6S105-8 37/58 0-72 0-55-082
D6S299t 34/57 -

* See Materials and methods.
t No allele significantly more common in haemochromatosis.

which has multiplied in the population through
successive generations. In this situation tra-
ditional methods for assessing linkage dis-
equilibrium may not be appropriate for markers
which are close to the disease gene and which
vary in both the number of alleles and the allele
frequency in the control population. For this
reason the approach described by Hastbacka
et al27 was adopted by calculating Pexcess for all
the loci examined. The value of Pexcess is low

for HLA-B and D6S299 which are located
either side of the probable location of the HFE
gene. Loci around HLA-A (I82, D6S265,
D6S128, and HLA-F) show intermediate val-
ues but the highest value is found for D6S105
(table 4). However, examination of confidence
limits (table 4) shows that although HLA-A
and D6S105 show significantly higher values
for Pexcess than HLA-B they do not differ sig-
nificantly from each other or from that for
HLA-F.

Discussion
Despite the clear demonstration that the gene
for haemochromatosis lies within 1 cM of
HLA-A5 it has not been identified and there
has been little further definition of its map

position. It is now known that the gene density
in the region including 1 Mb of DNA around
HLA-A is as high as one expressed gene or

pseudogene per 20 kb.33 A number of studies
of polymorphic loci around HLA-A have been
reported. Boretto et al30 examined anonymous
markers centromeric to HLA-A and found a

strong association between the 7.4 kb allele of
I82 (BglII) and haemochromatosis. Our results
for I82 are very similar. More centromeric
markers showed no significant associations.
Gasparini et al7 carried out a linkage analysis
with markers DQcz, HLA-B, I82, HLA-A,
HLA-F, D6S105, D6S109, and D6S89 and
concluded that the gene for GH was close
to 182. Although HLA-F was included (PCR
amplification of a 3' dinucleotide repeat) it
was found to be located at a recombination
frequency of 0-027 from HLA-A and D6S105
appeared to be at a recombination frequency
of 0-058 from HLA-A. Yaouanq et al" carried
out a haplotype analysis with markers from
P3A (centromeric to HLA-B) to HLA-F. They
established a frequent haplotype on haemo-
chromatosis chromosomes: 182-2:A3:p6.7-1.
P6.7 is a probe from a locus close to HLA-H
and is referred to as D6S 128 in the present
paper. The HLA-F polymorphism studied was

not informative: the two allele polymorphism
shown with HindIII had a frequency of 93% at

allele 1 for both normal and haemochromatosis
chromosomes. HLA-F alleles thus showed no
association with haemochromatosis. Again this
supports a gene location close to HIA as sug-
gested by Gasparini et al7 and El Kahloun et
al. 34

Our study confirms the strong associations
found for alleles at I82, HLA-A, and D6S128
by Yaouanq et al," as all patients but one with
HLA-A3 also carried I82-2 and D6S128-2.
However, the I82:HLA-A:p6.7 haplotype" is
an HLA-A3 (HLA-A*0301) haplotype rather
than a haemochromatosis specific haplotype.35
This haplotype is also defined by D6S265-135
and in the following discussion HLA-A3 will
be defined as equivalent to HLA-A*0301 and
D6S265-1. Only on one chromosome (fig 2,
patient 52) is HLA-A3 not found with D6S265-
1.
We show that HLA-F is also in the region

of strong linkage disequilibrium with HFE. We
have confirmed this by applying a PCR which
amplifies part of the 5' untranslated region
of the HLA-F gene including an extensive,
polypurine tract comprising multiple repeats of
tri- and hexanucleotide motifs.36 This provides
a highly informative genetic marker. Allele 10
is significantly more frequent in patients than
controls (x2= 19-7, p = 10-5; Raha-Chowdhury
et al, in preparation). The present study also
confirms that D6S105-8 is strongly associated
with haemochromatosis."' D6S 105 is ap-
proximately 2 cM telomeric to HLA-A,925 but
it has not yet been placed on a physical map
including HLA-A or HLA-F. Jazwinska et a!6
found that D6S105-8 was more strongly as-
sociated with haemochromatosis than HLA-
A3 (relative risk 48-4, 95% CI 18-130, com-
pared to RR 4-8, 95% CI 2A4-9 3) and pro-
posed that the gene lies very close to D6S105.
However, with a similar analysis of relative
risk we were not able to distinguish between
D6S105-8 and HLA-A3 (RR 13-0, 4.4-30
and 9-1, 4-0-21). D6S299 has been placed
approximately 4 cM from HLA-A towards the
telomere.23 We have observed no re-
combinations involving the markers examined
here except for D6S299 (fig 1).
Homozygosity for the alleles most commonly

associated with GH at each locus declines from
D6S 105 to HLA-F and HLA-A. However,
starting from HLA-A the homozygosity rate
remains constant as far as D6S105. The former
is to be expected as one moves from markers
close to the gene to markers further away from
the gene, while the latter is to be expected as
one moves from a marker remote from the gene
to markers which are physically closer to the
gene. Towards the telomere, D6S299 (ap-
proximately 4 cM from HLA-A) is not included
in this region of homozygosity. Thus, from this
study, the HFE gene is likely to be centromeric
to D6S299. In 1987 Simon et a!5 defined the
ancestral haplotype for GH (in which the first
mutation occurred) as B7-A3-HFE. We have
shown the haplotype D6S265-1, HLA-
A*0301, HFE, D6S105-8 is more common
and may define the ancestral haplotype more
precisely. Our present results confirm the ex-
istence of this haplotype. The haplotype Fl:
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D6S 105-8 (36 out of48 chromosomes) is more
common in haemochromatosis than A3:F1
(28/48) which is also more common than B7-
A3 (17/48). This may indicate a location for
the gene which is telomeric to HLA-F. Ex-
amination of linkage disequilibrium for alleles
at the various loci examined supports this ana-

lysis. Methods of assessing the strength of as-

sociation between alleles at various loci and
HFE have included calculation of relative risk,
or odds ratio6l0 and Yule's association co-

efficient.30 However, relative risk depends on

the frequency of the allele in the control popu-
lation and confidence limits for Yule's as-

sociation coefficient were not given. By taking
advantage of a founder effect in the relatively
stable Finnish population Hasbacka et a127 have
identified the gene causing diastrophic dys-
plasia on chromosome 5q. They developed a

method of fine structure linkage disequilibrium
mapping in which examination of markers loc-
ated within a 180 kb stretch ofDNA suggested
that the gene causing diastrophic dysplasia
should lie within 64 kb of the marker CSFIR
(colony stimulating factor 1 receptor). Ex-
amination of expressed genes in this region led
to the identification of the disease gene.

If haemochromatosis has spread by mul-
tiplication of a founder mutation through suc-

cessive generations then a similar analysis may
be valuable in locating the gene. Using the
calculation of Pexcess the highest value is for
D6S105 suggesting a gene location closest to
this locus. However the maximum value of
Pexcess for D6S105-allele 8 of 0-72 suggests that
this marker is still some distance from the HFE
gene and additional, closer markers need to be
identified. Alternatively, this value of Pexcess may

indicate that 72% of HFE chromosomes now

carry the ancestral haplotype.
Haplotype data for haemochromatosis

patients (table 3) were used to assess the pos-

sible relative position ofHFE to HLA-A, HLA-
F, and D6S 105. These loci may lie in the order
A-HFE-F-105, or A-F-HFE-105, or A-F-105-
HFE. These three possible "maps" predict
different probabilities for crossover events be-
tween two loci. For example, the probability
of crossover occurring between HLA-A and
HFE is lowest in the first map and highest in
the third map, since in the former they are

adjacent while in the latter there is more in-
tervening DNA.

Since haemochromatosis appears to originate
from a founder mutation which has multiplied
in the population through successive gen-

erations, we may detect crossover events be-
tween loci by examination of haplotypes in the
patient population to assess their divergence
from the ancestral haplotype. The latter ap-

pears to be A3:Fl:105-8; therefore the ap-

pearance of any other allele at HLA-A, HIA-
F, and D6S105 in either of a patient's two
haplotypes may be assumed to reflect a cross-

over event (in the case of the D6S105 VNTR
this assumption is only partly correct since
variability may also arise by errors in DNA
replication). The frequency of such crossover

events will increase as the physical distance
between genetic loci increases. Analysis of our

data from the paired loci A3-HFE, A3-105(8),
A3-Fl, Fl-HFE, Fl-105(8), and HFE-105(8)
(where the marker for HFE is the disease state
itself) shows the theoretical frequencies of
crossovers between loci given in fig 4. These
data suggest the genetic order A-F-D6S105-
HFE. This analysis is based on a small popu-
lation of 48 haplotypes, of which 40 were de-
duced by pedigree analysis and eight by
homozygosity for each of the loci between I82
and D6S105. However, this genetic map is
consistent with other observations: firstly, A3-
Fl is the most common allelic combination in
HFE haplotypes; however, where A3 is re-
placed by A1l it is usually accompanied by F2.
The allelic combination A 11-F2 is common in
the normal population, suggesting that cross-
over occurring between HFE and HLA-F res-
ults in the bulk replacement ofA 11-F2 for A3-
Fl. Secondly, in the above pairwise analyses
we observed that a change at D6S105 was
generally accompanied by a concomitant re-
placement at HLA-A while in comparison re-
placements at HLA-A frequently occurred
without change at D6S105. Thirdly, this cross-
over analysis did not assume any initial map
but nevertheless resulted in the correct relative
placement of HLA-A, HLA-F, and D6S105.
Although it has been known since 1975 that

the gene causing GH lies close to the HLA-A
gene3 on chromosome 6p there has been little
further progress in locating it. Neither in-
formative chromosome deletions or trans-
locations nor informative recombinations
involving disease chromosomes have been de-
scribed.3" Lack of knowledge about the fun-
damental metabolic defect or its cellular
location prevents the selection of candidate
genes. No genes coding for iron binding pro-
teins or controlling synthesis of such proteins
have been located in the region telomeric to
HLA-A.
Once D6S105 has been placed on a physical

map linking this locus to HLA-F then an ex-
amination of markers either side of D6S105
may make it possible to predict more precisely
the location of the HFE gene and initiate a
search for expressed genes in the region.
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