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ABSTRACT :  The genetic basis of idiopathic hemochromatosis, a common disorder of iron metabolism,
has remained an enigma for over two decades. In an attempt to refine the chromosomal localization of this
gene, we have conducted a linkage disequilibrium mapping study utilizing a large group of unrelated
American patients.  The 12 microsatellites used as genetic markers in this analysis include a series of recently
described polymorphic dinucleotide (D6S1558, D6S1545 and D6S1554) and tetranucleotide (D6S1016 and
D6S1281) repeats which map between D6S105 and D6S299.  Haplotype reconstructions indicate that a core
genotype, composed of D6S464 allele 3/D6S1260 allele 4/D6S1558 allele 5, exists on a majority of disease
chromosomes.  Stringent statistical measures of marker-disease disequilibrium suggest that only associations
with D6S1260 are significant and furthermore, aid in the assignment of refined centromeric and telomeric
limits for the likely location of the hemochromatosis gene.  In summary, the genetic data presented in this
report predict that the hemochromatosis locus resides between D6S464 and D6S1558, most likely very close
to marker D6S1260.  Because a single yeast artificial chromosome clone contains all three of the above loci,
a thorough search for coding sequences in this region is likely to identify the gene mutated in this common
disorder.
Keywords: hemochromatosis, linkage disequilibrium mapping, chromosome 6, MHC class I region

INTRODUCTION destructive iron overload.  HFE is especially

Idiopathic hemochromatosis (HFE) and is one of the most common genetic diseases
[Mendelian Inheritance in Man (MIM, entry afflicting this population (1).  Several studies
number 230800)] is an autosomal recessive designed to examine the incidence of
disease characterized by insidious and hemochromatosis in geographically diverse

common in Caucasians of European ancestry



N.K. Seese, et al. Blood Cells, Molecules, and Diseases (1996) 22(3) Feb 15: 36-46

37

groups have generally concluded that known to reside at least 3 megabases (Mb) from
homozygosity at the HFE locus is observed in 3- the MHC proper (15).  The distance between
10 individuals per thousand surveyed (2).  The these loci suggests that an extended range of
classic description of this disease manifesting as linkage disequilibrium between HFE and
"bronze diabetes" partly reflects the chromosome 6 markers exists.  A more recent
pathophysiological targets of iron accumulation study (13) has used a new statistical method for
(3).  Unfortunately, hypogonadotrophic hypo- linkage disequilibrium calculations (16) to
gonadism, cardiac conduction disorders and examine the associations of polymorphic
chondrocalcinosis also may precede cirrhosis, microsatellites with the HFE gene in a British
perhaps the most severe complication of this population.  These authors examined 10 VNDRs
disease (4).  Because of the late age of onset, (variable number of dinucleotide repeats)
environmental and sex influence on disease dispersed over a ~5 cM region and found one,
expression, and clinically heterogeneous D6S1260, which yielded a significant
presentation, hemochromatosis is often association with HFE on founder chromosomes.
diagnosed after significant iron deposition has Because of the large gap which exists between
occurred.  Unfortunately for many patients, this marker and its telomeric neighbor, D6S299
therapeutic phlebotomy is often initiated after (Figure 1), a definitive placement of the HFE
the liver parenchyma has been irreversibly gene was not achievable.  Clearly, more markers
damaged (5). in the region surrounding D6S1260 need to be

Over the past twenty years, a variety of
studies have examined genetic aspects of
hemochromatosis.  The initial observation of an
HLA-association (6) has been followed by
multiple reports of linkage studies which have
confirmed the localization of the gene to the
short arm of chromosome 6 (7-11).  The strong
founder effect exhibited by this disease has
allowed linkage disequilibrium mapping
techniques to be applied in an attempt to
accurately position the HFE gene.  However,
issues related to marker informativeness (12)
and density (13) have encumbered the
unambiguous localization of the HFE gene to a
region readily assailable by conventional gene
detection technologies.  

A study of the Brittany population, which
utilized MHC-derived RFLPs of modest
informativeness and HLA-encoded serological
determinants as genetic markers, firmly
established marker I.82, situated 100 kb
proximal to the HLA-A locus, as the centromeric
limit for the location of the HFE gene (12).
However, the enormity of the gene search
problem was concomitantly underscored by
Jazwinska et al. (14) who demonstrated the
strong association between HFE and an allele of
the D6S105 microsatellite system, a locus now

analyzed in order to refine the localization of the
hemochromatosis critical region.  

In the present report, we describe the results
of a linkage disequilibrium mapping study
carried out for the first time on a large sample of
American hemochromatosis chromosomes.  In
addition to including previously published
genetic markers in our analysis, we have utilized
a series of recently described polymorphic di-
and tetranucleotide repeat polymorphisms which
flank the D6S1260 locus.  Using several
measures of linkage disequilibrium, we refine
the centromeric and telomeric borders for the
location of the HFE disease gene and discuss the
implications of our results with respect to
current positional cloning efforts.   

MATERIALS AND METHODS
  
Subjects

Sixty-one unrelated Caucasian hemo-
chromatotic individuals, who had previously
undergone liver biopsies, volunteered to
participate in our study.  Consent forms,
approved by the Institutional Review Board of
the Pennsylvania State University College of
Medicine (IRB Protocol No. 93-140EP) were
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reviewed and signed by all participants. Control subjects used in this study have been
Lymphocytes were isolated from twenty described (17); they were derived from
milliliters of peripheral blood through the use of unrelated Caucasians enrolled in an ongoing
a Ficoll gradient and transformed with EBV. quantitative trait loci mapping study. The
DNA was prepared from these cell lines using a inclusion of subjects in our study was dependent
non-organic DNA extraction kit (Oncor, upon a negative family history for hemo-
Gaithersburg, MD). chromatosis.  

Fig. 1.  Scale map of the MHC class I region and distal markers (20,21) used in the study.  D6S1260 has been positioned at 700 kb telomeric to D6S105
(13).  Both D6S1260 and D6S1558 are contained within YAC 912c11 (containing inserts of 570 and 740 kb); in the figure, D6S1558 has been positioned
at the maximum potential distance from the D6S1260 locus.  The positions of D6S1016, D6S1281, D6S1545 and D6S1554 are approximations based
on insert size and STS content of the YACs.  A gap exists in the YAC contig as D6S1554 and D6S299 have not been physically linked.  Therefore,
D6S299's distance from the HLA-A locus is uncertain but is probably greater than 6 Mb.  The deletion in YAC 947i6 is indicated by a circle.    

Genetic Markers DNA Amplification

Polymorphic loci and their associated primer Microsatellites were amplified by PCR
sequences used in this study are presented in according to the method of Weber and May
Table 1.  Some of these markers have appeared (22).     Forward   primers were   labeled   with
in previous studies (13,14) and include D6S105 [(- P]ATP by T4 polynucleotide kinase (New
(18), D6S464 (19), and D6S1260 (13).  Certain England Biolabs, Beverly, MA). Ten µl
di- (D6S1558, D6S1545 and D6S1554) and reactions included 20 ng of DNA, 400 nM of
tetranucleotide (D6S1016 and D6S1281) repeat each primer, 50 mM KCl, 10 mM Tris, 1.0-1.5
polymorphisms are presented in this study for mM MgCl , 200 µmol dNTPs, 1% BSA, and
the first time following their publication (20,21). 0.25 U Taq polymerase (Promega, Madison,
Marker information can be obtained from the WI).  Reactions were overlaid with mineral oil
Whitehead Institute-MIT Center for Genome and amplified using a Perkin-Elmer Cetus 480
Research World Wide Web server at URL Thermocycler.  Cycling generally included a
http://www-genome.wi.mit.edu/.  An updated “hot-start” denaturation step followed by 27
map of the region between D6S276 and cycles of denaturation, annealing and elongation
D6S299, including a YAC contig containing the with a final 10 minute extension at 72 degrees.
new markers utilized in this report, is presented Primer annealing temperatures and magnesium
in Figure 1. concentrations yielding optimal amplification for
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each marker pair are presented (Table 1). autoradiography, and band sizes were
Products were mixed with a formamide/dye determined by comparison with an M13
solution, heat denatured and loaded onto a 6% sequencing ladder (U.S. Biochemical,
denaturing polyacrylamide gel for analysis. Cleveland, OH).
Alleles for each marker were detected after

Table 1. Polymorphic Loci and Associated Marker Information

Data Analysis for each marker.   

Genetic markers were manually scored in an RESULTS
independent fashion by at least two individuals.
Allele frequencies were determined for the set ofGenotype Data
disease (n=122) and control (n=88)
chromosomes.  Statistical methods used to The distribution of marker alleles is
measure the extent of linkage disequilibrium presented in Figure 2.  The sizes of alleles
between marker sets have been described. comprising each marker have been translated
Briefly, P  was calculated according to the into simple numerical values with “1”excess

method of Lehesjoki et al. (23).   The likelihood- designated as the smallest allele segregating
based disequilibrium analysis program, within our population.  Throughout this report,
DISLAMB (16), which was kindly provided by locus designation followed by a number denotes
Dr. Joseph Terwilliger (University of Oxford, a locus-specific allele (e.g., D6S265-1).  Table
Oxford, UK), was used to calculate lambda (8) 2 presents the most common alleles found
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within the patient collection (disease alleles) and homozygosity have been calculated for each
their frequencies within the control group; marker and are also included in Table 2.  Values
statistical significance was evaluated by Chi- derived from these three calculations are
square analysis.  Based on these data, values for presented in graphical form in Figure 3.
P , 8 (and associated p value) andexcess

Fig. 2. Distribution of alleles on hemochromatotic (H) and control (C) chromosomes.
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Table 2. HFE Disease Allele Data

Fig. 3. Values for P , lambda, and frequency of homozygosity.excess
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Disease Allele Frequency and the and graphically displayed in Figure 3.
Demonstration of Linkage Disequilibrium Homozygosity for D6S265-1 was 10% and for

The D6S105 locus, which had been disease group remained relatively uniform
considered a significant landmark for the (averaging 65%) for the D6S306-D6S464-
presence of the HFE locus, yielded an allele 5 D6S1260-D6S1558 markers and then tapered to
(124 bp) frequency of 54% on patient 30% for D6S1016 and 11% for D6S299.  The
chromosomes [control value of 28% (Table 2)]. frequency of homozygosity of disease alleles on
This frequency compares well with the control chromosomes was low for D6S265-1
frequency of the same allele in both British (3%) and D6S105-5 (2%) and rose to
[66%; control frequency of 26%; (24)] and approximately 38% for markers D6S306-3,
Australian patient populations [62%; control D6S464-3 and D6S1558-5 (data not shown).  In
frequency of 12%; (14)], although a slight contrast, D6S1260-4 demonstrated only a 20%
diminution was observed. These latter homozygosity frequency within the control
populations elicit a founder effect reflective of a group.  The relatively high degree of
hemochromatosis-specific, ancestral haplotype homozygosity at the D6S306, D6S464 and
comprised in part of D6S105-5 and the HLA-A- D6S1558 loci within the controls may reflect the
linked VNDR allele, D6S265-1 (25,26). generally poor degree of heterozygosity of each
D6S265-1 is very highly correlated with HLA- of these three markers evinced through studies
A*0301 (27) and thus serves as an economical on extended French pedigrees (CEPH database
substitute for HLA-A serotyping.  Once again, site: http://www.cephb.fr/ceph-genethon-map.
we found a patient frequency of D6S265-1 of html).  To further examine the pattern of allele
39% (controls:  13%) which compares favorably distribution in our sample, we aligned the
with the frequencies of 45% and 42% within hemochromatotic and control patient groups
both the British (26) and Australian (14) (data not shown) around the markers which
hemochromatotic populations, respectively. exhibited the highest homozygosity in an
Based on these two markers, we conclude that attempt to determine whether a core genotype
the American patient collection comprises a was present.  The common genotype of
similar proportion of chromosomes carrying the
same founder mutation as that found within the
previously studied Celtic populations.  

Allelic frequencies associated with HFE-
carrying chromosomes increased telomeric from
the D6S105 locus.  Allele frequencies plateaued
at approximately 80% from D6S306 through
D6S1558, which represents a physical expanse
of 1.2 Mb or less.  Following D6S1558, a
decline in allele frequencies was present through
to the D6S299 locus which, due to the
observation of a recombination (24), previously
represented the telomeric demarcation of the
linkage disequilibrium peak.    

Homozygosity

The percentage of patients demonstrating
homozygosity at each locus is listed in Table 2

D6S105-5 was 33%.  Homozygosity in the

D6S464-3/D6S1260-4/D6S1558-5 was
observed in 39 patients on 67 chromosomes
(54% of the total HFE chromosomes); of this
subset, 28 patients (45%) were homozygous at
all three loci.  Of the other 11 patients, 11
chromosomes carried the core haplotype and all
but one of the remaining chromosomes could be
converted to this haplotype by allowing for a
solitary slippage event.  Thus, by patterns of
homozygosity alone, a common genotype
appears to be associated with HFE in this
population.

P and the Measure of Linkageexcess 

Disequilibrium

To further assess the strength of the apparent
homozygosity associations,  and to compensate
for the disease allele frequency within the
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control chromosome group, a simple but the highest value for 8 of 0.50.  Moreover, this
powerful value, termed P , was computed was the only marker evaluated in this study toexcess

(Table 2 and Figure 3).  The P  statistic (23), achieve statistical significance (p~0.00001) at allexcess

which is a measure of linkage disequilibrium, is estimates of disease allele frequency.  Thus, the
derived by subtracting the disease allele's seemingly high homozygosity rates at flanking
frequency within the control group (P ) from loci, when re-examined by 8 likelihoodnormal

the frequency of the disease allele on disease- statistics, did not achieve statistical significance
bearing chromosomes (P ) and dividing this indicative of a biological association.affected

value by [1-(P )].  In populations with anormal

strong founder effect, the theoretical P DISCUSSIONexcess

maximum for a marker allele exclusively linked
to an unmapped disease locus is 1.0. Successful positional cloning endeavors
Heterogeneity will tend to reduce the maximum depend on the precise localization of a disease
P  obtainable.  P  for D6S265 and D6S105 gene within a well characterized genomicexcess excess

was 0.30 and 0.36, respectively.  Moving region.  Several avenues are available for
distally from D6S105, P  rose with a researchers to pursue these goals.  Chromosomalexcess

maximum value of 0.59 for D6S1260.  The perturbations, such as translocations and
value of P  for D6S1558 dropped to 0.45 and deletions, can provide a convenient mechanismexcess

continued to fall to 0.16 for D6S1016.  The to both localize and identify genes of biological
values remained insignificant through D6S299. significance. When such reagents are not

8 Likelihood searches but usually can only approximate

Lambda (8) likelihood calculations were Allelic associations, present when a founder
performed for each locus (Table 2 and Figure 3) effect can be demonstrated in a population
using the program DISLAMB (16), which, in afflicted with a genetic disorder, allow linkage
addition to calculating 8, also independently disequilibrium mapping to be implemented in
computes chi-square and p values for each positional cloning efforts.  Such methods have
marker.  The 8 statistic is defined as the been utilized to precisely locate the gene for
proportion of increase of a disease-associated diastrophic dysplasia (30) and promise to refine
allele relative to its population frequency and has the genetic mapping of a variety of inherited
been equated to a robust version of the disorders, including idiopathic hemo-
population attributable risk (16,28).  Like P , chromatosis.excess

8 can achieve a maximum value of 1.0 and has Genetic analysis, as it has been applied to
been demonstrated to represent a stringent localizing the HFE gene, has exhibited a limited
method for analyzing linkage disequili-brium. yield to date.  The highly significant association
Calculating 8 requires an estimate of the with the HLA locus, combined with the early
frequency of a given disease; therefore, a range reports of "recombinant" individuals, initially
of values (0.01, 0.05, and 0.067), encompassing supported an MHC class I regional location for
generally accepted estimates of the disease gene the HFE gene.   Even a well executed linkage
frequency, were used in the examination of each disequilibrium study concurred with a
marker association.  We observed little subtelomeric class I positioning for the
difference in the 8 values obtained throughout hemochromatosis locus (12). In toto, this
the above range of frequencies and present our information inappropriately focused a variety of
data formulated at 0.05, a frequency expected in investigators to search the gene-dense MHC
both the general populations of the United States class I region for HFE candidate genes (31-33).
(2) and United Kingdom (29).  D6S1260 yielded Subsequently, the telomeric positioning of the

available, linkage studies can guide gene

chromosomal positioning to within 1 to 2 cM.
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HFE locus around the marker D6S105 has been occurred proportionately less often.  This may
followed by a report which has described have allowed for increased exchanges between
attempts to finely position this disease gene by the HFE locus and flanking markers, thus
linkage disequilibrium mapping (13). reducing the genomic expanse of the ancestral

Within the past several years, many research genotype in the American population. 
groups have begun to utilize statistical measures Alternative hypotheses exist.  Linkage
of gametic association, such as P , to fine- disequilibrium mapping has theoretical concernsexcess

map disease loci relative to informative (37) which center on unmodelled population
chromosomal markers. The best example of the genetic phenomena such as drift, mutation,
power of these methods was the successful atypical breeding systems and selection, all of
isolation of the gene for an which can mask recombination and distort the
osteochondrodysplasia.  The diastrophic correlation between physical distance and
dysplasia locus was mapped to within an interval gametic associations.  Considering the proximity
of approximately 70 kb (34) before a genomic of the HLA complex to the hemochromatosis
sequence was isolated which was subsequently locus and the established role of MHC-encoded
found to encode a novel sulfate transporter (30). determinants in human fecundity (38) and
In order to apply similar methods to genetic immunity (39), the potential pitfalls of linkage
disorders which afflict more heterogeneous disequilibrium analysis should be fully
population groups, a common haplotype must be considered.  Nevertheless, the stark discrepancy
present to allow identification of the ancestral between genetic (14) and physical mapping data
mutant chromosome and a dense set of (15) in the MHC to D6S105 region supports our
polymorphic markers flanking the region of hypothesis.
interest must exist. A continuation of the above statistical

Evidence exists to support the notion that approaches may not contribute significantly to
recombination rates at the telomeric end of thefurther narrowing the HFE gene’s residency.
MHC are non-uniform (35) and it has been However, the continued analysis of new markers
suggested that this process may depend on flanking the D6S1260 locus on chromosomes
structural differences contained within this harboring ancestral HFE haplotypes may unearth
subregion (36).  We hypothesize that one historical recombinational sites which could
explanation for the extensive linkage reduce the genomic expanse demanding
disequilibrium and extended HLA associations analysis.  Such an approach, termed
is that relatively small populations may have recombinant mapping, has been successfully
suppressed recombination between the HFE applied to the localization of disease
locus and the HLA subregion due a susceptibility genes within the MHC (40).  As
proportionately high frequency of HLA-A opposed to genetic analysis, our group is now
subregional expansions (HLA-A19-associated) adopting a comprehensive gene search within
and contractions (HLA-A9-associated) (36). the D6S464-D6S1558 interval; a similar
Such “indel” polymorphisms may represent approach has already led to the initial
perturbations capable of affecting the initiation characterization of a highly promising HFE
of recombinant intermediates during meiosis.  In candidate gene contained within this region (41).
a population such as the American group Moreover, a consortium venture may now be
reported here, with an indeterminate degree of required to cogently and efficiently characterize
HLA polymor-phism and linked structural emerging coding sequences with respect to their
variability, recombination suppression may have involvement in genetic iron overload.
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