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Mapping the Locus for Hereditary Hemochromatosis:
Localization between HLA-B and HLA-A
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SUMMARY

We studied a family with HLA-linked hereditary hemochromatosis in
which an informative recombination occurred within the HL A region.
The father, an obligate heterozygote for hereditary hemochromatosis,
had HLA haplotypes A2,B13 and Al11,B27. The mother, also an obli-
gate heterozygote, had HLA haplotypes A29,B44 and A2,B7. Three
haplotypes were found among three homozygous affected offspring.
Two affected siblings were HLA-identical with haplotypes A2,BI3
and A29,B44. The proband had HLA haplotypes A2,B13 and A2,B44,
the latter a recombinant haplotype inherited from her mother. Since
the maternal hemochromatosis allele was linked to the A29,B44 hap-
lotype, and since the proband has hemochromatosis, the maternal
hemochromatosis allele was transmitted to the proband with the B44
antigen. This is the first known example of recombination in an indi-
vidual with HLLA-linked hemochromatosis in whom the hemochro-
matosis allele appeared to segregate with the HLA-B antigen instead
of the -A antigen. The possibility of either a double reciprocal recom-
bination event or a gene coznversion event cannot be excluded. Com-
bined with earlier observations of segregation of the hemochromatosis
allele with the A locus in HLA recombinants, the findings in this
pedigree map the hemochromatosis locus between the HLA-B and
HLA-A loci rather than outside the HLA region.
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Fic. 1.—Schematic representation of the short arm of chromsome 6 not drawn to scale (7-14): @,
centromere; cM, centimorgans; GLO, glyoxylase; DP (formerly called SB); DQ (formerly DC, MB,
or DS); DR, predominant class II molecule; BF, properdin factor B; C4A and C4B, fourth compo-
nent of complement, fractions A and B; C2, second component of complement; 2/-OH, 21 hydrox-
ylase; h, hemochromatosis allele; D,B,C, and A, HLA loci; * indicates sequence uncertain.

INTRODUCTION

Hereditary hemochromatosis is inherited as an autosomal recessive disorder
[1]. The allele responsible for hereditary hemochromatosis is located on the
short arm of chromosome 6 in tight linkage with the A locus of the HLA
complex [2-6]. Mapping studies have assigned the known loci on the short arm
of chromosome 6 in the sequence shown in figure 1 [7-14]. Estimates of the
recombination fraction between the hemochromatosis locus and other loci in
the HLA region have yielded values of less than .025 [2—-4, 15-17].

There have been 11 reports of recombination between the hemochromatosis
locus and other loci of the HLA region [8, 17-22]. In the three adequately
detailed reports, the hemochromatosis allele always segregated with the HLA-
A locus (8, 19, 20]. Until now it has not been possible to determine if the
position of the hemochromatosis allele is between the HLA-B and -A loci (distal
to the B locus and proximal to the A locus) or distal to the HLA-A locus beyond
the HLA region [23].

Here, we describe a family in which three siblings were homozygous for
HL A-linked hemochromatosis. In one of the affected individuals, an informa-
tive recombination occurred within the HLA region. The abnormal allele at the
hemochromatosis locus segregated with the HLA-B locus, providing the first
evidence that the hemochromatosis allele lies between the HLA-B and -A loci.

MATERIALS AND METHODS

The eight subjects studied were members of a family in which three young siblings had
hereditary hemochromatosis. The proband, a 21-year-old woman, was identified during
our prospective study evaluating the accuracy of the percent saturation of transferrin as
a phenotypic marker to detect homozygosity for hemochromatosis in 10,000 American
Red Cross volunteer blood donors [24]. At the time of blood donation, the proband
signed a consent form permitting measurement of the percent saturation of transferrin
and authorizing further studies if an elevated value was detected. The procedures used
were reviewed and approved by the Clinical Research Center Committee on Human
Rights and the Committee on Human Rights of the University of Utah in collaboration
with the Salt Lake Area Chapter of the American Red Cross.

Assessment of Iron Stores

Serum iron concentration, percent saturation of transferrin, and serum ferritin con-
centration were measured in all eight family members. The proband underwent per-



HEREDITARY HEMOCHROMATOSIS 807

| 2

I M|

A2,h,813 A29,h,B44
All, B27.CI A2, B7

A oA e B o

A2.h.BI3  A29,h,B44 A2,h.BI13 A2.h,BI3  A29,h,B44 A2,h,BI3
A2.87 AN, B27 CI A2. h,B44 A29. h.B44 AI1,B27,CI  A29, h B44

F16. 2.—Family with hemochromatosis in which an informative recombination occurred within
the HLA region. The proband is indicated by an arrow. Generations are indicated by roman
numerals; pedigree numbers appear above sex symbols; males represented by squares; females by
circles; hemochromatosis allele by letter h; abnormal homozygotes B or @; and heterozygotes by
B or ®. The HLA haplotypes are separated by a line; HLA antigens of each haplotype appear in
this order: A-locus antigen, B-locus antigen, and lastly the C-locus antigen.

cutaneous needle biopsy of the liver with assessment of hepatic parenchymal cell stain-
able iron and hepatic iron concentration [25].
HLA Typing

Histocompatibility antigen testing was performed for all eight family members using
commercially available trays of antisera [26]. The antisera used were able to identify 18
HLA-A, 26 HLA-B, and four HLA-C locus antigens (C1-C4).

RESULTS

The family is represented in figure 2, and the results of studies assessing their
iron stores are shown in table 1. The proband’s transferrin was 80% saturated.
She had never donated blood, received blood transfusions, or taken medici-
nal iron prior to the donation which led to her participation in this study. She

TABLE 1

IroN STATUS OF FAMILY MEMBERS

SERUM FERRITIN (ng/ml)

SERUM TRANSFERRIN

AGE, SEX IRON SATURATION Normal mean
INDIVIDUALS (YRS) (pg/dl) (%) Observed by age, sex*
Normal values ................ < 170 <50
| O 48 M 117 40 261 92
| G 46 F 114 38 115 29
-1 ... 24 M 120 4?2 102 93
-2 ..., 2M 135 51 179 93
-3 ..o 21 F 216 80 234 23
4 ............... 18 M 255 100 385 18
-5 ...l 14 M 120 50 9 18
6 ............... 12 F 177 74 110 17

* Normal values for ferritin concentration by age and sex are from Valberg et al. [27].
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TABLE 2

PrROBABLE GENOTYPE ASSIGNMENTS FOR EIGHT MEMBERS OF FAMILY
BASED ON TRANSFERRIN SATURATION AND PEDIGREE DATA ONLY
(HLA DatA Not Useb)

PROBABILITY GENOTYPE*

INDIVIDUALS nn nh hh

| O .000000 1999994 000006
2 ool .000000 .99997 000003
-1 ........... 154493 .845478 .000029
-2 ........... .067774 .930450 .001776
-3 ... 000005 .001284 1998712
4 ........... .000000 000000 1.000000
-5 ........... .074571 1924299 .001130
-6 ........... .000127 .018267 981607

NortE: Probable genotype assignments were calculated by published meth-
ods [28, 29].
* nn = normal, nh = heterozygote, hh = abnormal homozygote.

had never menstruated because of ovarian agenesis, and, at age 18, she under-
went hysterectomy and bilateral salpingo-oophorectomy (hypoplastic, streak
ovaries). Liver biopsy revealed an increase in hepatic parenchymal cell stain-
able iron (grade 2), and the hepatic iron concentration was elevated at 140 pg/
100 mg liver wet weight (normal females < 19). There was no histologic evi-
dence of cirrhosis, periportal fibrosis, chronic hepatitis, or hepatoma. Among
her five siblings, both her 18-year-old brother (II-4) and 12-year-old sister (11-6)
had markedly elevated values of the percent saturation of transferrin (table 1).
These values (100% and 74%) strongly suggest homozygosity for hereditary
hemochromatosis [28].

The paternal A2,B13 HLA haplotype and the maternal A29,B44 haplotypes
were considered linked to hemochromatosis alleles as they were present in two
individuals in generation II (II-4 and II-6, fig. 2) considered homozygous for
hereditary hemochromatosis (based on the percent saturation of transferrin).
The proband aside, no individuals in generation II possessing only the A2,BI13
or the A29,B44 haplotype (but not both) had a value for percent saturation of
transferrin that indicated homozygosity for hereditary hemochromatosis. Any
alternate explanation of the observed HLA haplotypes in this pedigree (com-
patible with the probable genotype assignments based on the percent saturation
of transferrin alone, not using HLA data, table 2) would require recombinations
in at least four of the other siblings.

The proband inherited the paternal hemochromatosis-linked A2,B13 HLA
haplotype. She also inherited a recombinant maternal haplotype, A2,B44, ap-
parently resulting from crossing over within the HLA region between the ma-
ternal A2,B7 and A29,B44 haplotypes (fig. 2). The proband’s percent saturation
of transferrin, elevated serum ferritin concentration and the findings on liver
biopsy indicate that she is homozygous for HLA-linked hemochromatosis. As
the proband inherited the maternal hemochromatosis allele with the HLLA-B44
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alloantigen from the hemochromatosis-linked maternal A29,B44 haplotype, the
hemochromatosis allele must have segregated with the HLA-B locus at the time
of recombination rather than with the -A locus.

DISCUSSION

Discriminant analysis has demonstrated that individuals with a percent satu-
ration of transferrin greater than 62 have a 92% likelihood of being homozygous
for hereditary hemochromatosis [28]. The proband and two of her siblings are
presumably homozygous for hereditary hemochromatosis as they all had a
percent saturation of transferrin of 74% or greater, and therefore under the
model presented previously [28, 29], they all had probabilities greater than 98%
of being homozygous (table 2). The proband’s amenorrhea likely contributed to
signs of hepatic iron loading at age 21. Her younger brother, age 18 (II-4, table
1), has a serum ferritin concentration that is higher than normal. It has not yet
been possible to perform a liver biopsy on him. Her younger sister, age 12 (I1I-6,
table 1), had no laboratory evidence of iron loading other than the percent
saturation of 74, but some young homozygotes for hemochromatosis are not
significantly iron loaded when they are detected as part of a family study [30-
33].

Because the hemochromatosis allele is linked to the HLA complex, and
because of the recessive mode of inheritance of the disease, homozygous af-
fected siblings in a pedigree are generally HLA identical. One mechanism
responsible for the occasional occurrence of HLA nonidentity in homozygous
siblings is the mating of a homozygous affected parent with a heterozygous
partner [4, 6, 34-38]. This is not the case in this pedigree as neither parent was
homozygous for the hemochromatosis gene (table 2). The one HLA haplotype
difference between the homozygous affected proband and her two homozygous
affected siblings appears to be due to a single reciprocal recombination be-
tween the maternal haplotypes.

This recombinant is a particularly informative one as it is the first to permit
probable assignment of the hemochromatosis allele to the region between the
HLA-B and HLA-A loci. HLA-C locus typing was not helpful in this pedigree
(only one paternal C-locus alloantigen could be detected), and, thus, it is not
possible to determine if the hemochromatosis allele lies between HLA-B and -C
or between HLA-C and -A. In all prior reports of recombination between the
hemochromatosis allele and the HLA region, the hemochromatosis allele seg-
regated with the HLA-A locus antigen. This, plus allelic association data, sug-
gests that the hemochromatosis locus is located closer to the HLA-A locus than
to the HLA-B locus.

A double reciprocal recombination event or a gene conversion event might
also explain the findings in this pedigree. Indirect evidence has been invoked
supporting the role of gene conversion in the generation of polymorphism at the
HLA loci in man [39, 40]. We cannot exclude the possibility that during meiosis
the maternal A29 alloantigen was replaced by the maternal A2 allele through a
gene conversion event or through a double recombination. The development of
cloned probes coding for class I antigens mapped within the HLA region should
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permit further localization of the hemochromatosis allele and determination of
the molecular mechanism responsible for the findings in this pedigree.
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