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Hereditary hemochromatosis (HH) is an autosomal recessive dis-
ease characterized by iron accumulation in several organs, fol-
lowed by organ damage and failure. The C282Y mutation in the
HFE gene explains 80-90% of all diagnosed cases of HH in popu-
lations of northwestern European ancestry. Targeted disruption of
the mouse Hfe gene (or introduction of the murine mutation
analogous to the C282Y human mutation) produces a murine
model of HH. Another mutation in the HFE gene, H63D, is more
prevalent than C282Y. However, the physiological consequences of
the H63D mutation (as well as C282Y/H63D compound heterozy-
gosity) on iron homeostasis are less well established. To evaluate
the phenotypic consequences of the C282Y/H63D and H63D/H63D
genotypes, we produced H67D (corresponding to H63D in humans)
and C294Y (corresponding to C282Y in humans) knock-in mice.
H67D homozygous mice, C294Y homozygous mice, and H67D/
C294Y compound heterozygous mice each demonstrated hepatic
iron loading. Even on a standard diet, by 10 weeks of age, hepatic
iron levels in mice of these three genotypes were significantly
higher than those of wild-type littermates. The relative severity of
hepatic iron loading was C294Y/C294Y > C294Y/H67D > H67D/
H67D. We conclude that the H67D allele, when homozygous or
combined with a more consequential mutation like C294Y, leads to
hepatic iron loading. These observations indicate that the H67D
mutation leads to partial loss of Hfe function and can contribute to
murine HH.
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ereditary hemochromatosis (HH) is an autosomal recessive

disorder characterized by elevated transferrin saturations,
hepatic iron overload, and variable clinical manifestations in-
cluding liver cirrhosis, hypogonadism, heart failure, and arthrop-
athy. Prevalence of mutations in the gene responsible for HH is
estimated to be 2-5 per 1,000 in Caucasians. The gene mutated
in HH, the hemochromatosis gene (HFE), encodes an MHC
class I-like protein (1) that heterodimerizes with p;-
microglobulin (8;M). Most cases of HH arise from a founder
mutation in HFE (845G to -A) that results in the amino acid
substitution C282Y and prevents the association of HFE with
B2M (1-3). Functional significance of HFE-B,M complex in iron
homeostasis was supported from the observations that HFE-
B2M is physically associated with transferrin receptor 1 (TfR1)
in human placenta (4), in crypt enterocytes of duodenum (5),
and in cultured human cell lines (6, 7). The effect of HFE on
transferrin-mediated iron uptake seems to depend on the par-
ticular cell type studied as well as the magnitude of expression
of BzM (8)

Although the most common HFE mutation associated with
HH is C282Y, the most common HFE mutation overall is H63D.
Among Caucasian populations, the allele frequency of C282Y is
2-5% and that of H63D is 15-20% (9, 10). The H63D allele
frequency has been reported to be as high as 30% in the Basque
population of Spain (11). The H63D mutation seems to have
evolutionarily predated C282Y and to have arisen on multiple
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haplotypes (12, 13). The contribution of the H63D mutation to
HH has been an area of controversy. Individuals with HH have
been reported who demonstrate compound heterozygosity for
H63D and other HFE mutations, particularly C282Y (14).
Nonetheless, normal iron parameters are observed in approxi-
mately half of individuals compound heterozygous for H63D and
C282Y (15). Homozygosity for the H63D mutation is associated
with increased serum transferrin saturations and ferritin levels in
some populations (16-18). However, the majority of individuals
homozygous for H63D have normal iron parameters. These
observations raise the question as to whether the H63D mutation
itself results in changes in iron parameters, or whether other
associated risk factors are required. Parameters of iron ho-
meostasis are strongly influenced by environmental (e.g., diet,
alcohol consumption, inflammation) as well non-HFE genetic
factors (19). Such confounding variables limit the ability to make
definitive conclusions from human population studies when
studying a low-penetrance genotype. For this reason, we gener-
ated a mouse model of the H63D orthologous mutation (H67D).
To determine the consequences of compound heterozygosity, we
also generated mice carrying the C282Y orthologous mutation
(C294Y). We compared parameters of iron homeostasis in mice
carrying one or two H67D alleles with wild mice, Hfe knock-out
mice, and mice carrying one or two C294Y alleles.

Materials and Methods

Site-Directed Mutagenesis and Targeting Vector Construction. The
murine Hfe gene was isolated from a 129/Sv] mouse bacterial
artificial chromosome (BAC) library as described (20). The 5’
3.5-kb fragment and 3’ 2.8-kb fragment of the murine Hfe gene
were subcloned into the pBS vector, containing exons 2 and 3
and exons 4 to 6, respectively. The mutation (underlined) was
introduced into the appropriate fragment by using the mutagenic
primers for H67D (199C to -G) in exon 2 (5'-TCTTTGTGTC-
CTACAATGATGAGAGTCGCCGTGCT-3') and for C294Y
(882G to -A) in exon 4 (5'-GACGAGACAAGGTTCACCTAT-
CAAGTCGAGCACCCAGGCCTGC-3"). The H67D point mu-
tation destroyed a BspHI restriction site whereas the C294Y
mutation with an additional silent alteration (888G to -C)
created a Taql site. The presence of each point mutation and the
exon 2-6 sequences in the targeting construct were confirmed by
sequence analysis. The pPNT-lox2 vector containing a 3" PGK
neo" cassette flanked by loxP sites and a 5’ thymidine kinase (TK)
cassette was used as described (21, 22). The 5" 3.5-kb fragment
was introduced between the TK and neo* genes of the pPNT-
loxP2 vector. Next, the 3" 2.8-kb fragment containing exons 4—6
of the Hfe gene was added downstream of the neo® gene to create

Abbreviations: HH, hereditary hemochromatosis; B2M, B2-microglobulin; TfR, transferrin
receptor; ES cell, embryonic stem cell.
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Fig. 1. Targeted mutagenesis of the Hfe gene. The structure of the endog-
enous gene, the targeting constructs, and the neo-excised allele are presented
schematically on successive lines. Filled rectangles represent exons whereas an
open rectangle and one dotted rectangle indicate thymidine kinase (TK) and
the neo' gene, respectively. The striped bar under the wild-type allele repre-
sents the probe used for Southern blots. The arrows show the /oxP site.

the complete targeting vector. This lox-neo-lox cassette can be
eliminated by mating the heterozygotes with transgenic mice
expressing the Cre recombinase enzyme (23). The final construct
contained 3.5 kb and 2.8 kb of 5’ and 3’ homology of the Hfe
gene, respectively, with each point mutation (Fig. 1).

Homologous Recombination in Embryonic Stem (ES) Cells and Gener-
ation of Germ-Line Chimeras. The targeting vector (25 ug) was
linearized with NotI and introduced into the 129/Sv-derived ES
cell line RW4 (Incyte Genomics Systems, St. Louis) (1 X 107
cells) by electroporation (230 V and 500 uF) in a Bio-Rad gene
pulser. After 24 h, the cells were placed under selection with 200
pg/ml G418 (GIBCO/BRL) and 2 uM ganciclovir (Syntex
Chemicals, Boulder, CO) for 6 days. ES cell colonies resistant to
double selection were isolated, and isolated DNAs from ES
cells were subjected to PCR and Southern blot analysis.
The PCR method utilizes a forward primer in neo' gene (LOXL
(2)R: 5'-CTTCGTATAGCATACATTATACGAAGTTATG-
TCGA-3') and a reverse primer in intron 6 outside the targeting
sequences (HHPCRSc2R: 5'-TCATTTCATGCCACTCATAT-
AGTCTGGTGGT-3"), which produces a 2.8-kb fragment in the
mutant allele but no fragment in the wild-type allele. Genomic
DNAs of the clones positive by PCR screening were digested
with Sacl, transferred, and hybridized with the 3" probe (probe
900-bp), generating 6.0-kb fragments in the recombinants in-
stead of 7.6-kb fragments in the normal allele (data not shown).

Two independent, targeted ES clones were injected into
C57BL/6J blastocysts, and chimeric males were backcrossed for
germ-line transmission to C57BL/6J females. The F; mice were
crossed with mice expressing Cre enzyme to remove the neo* gene.
The resultant neo-excised heterozygous mice were mated to pro-
duce homozygous mutant mice. This deletion leaves only the 34 bp
of one loxP site in intron 3. Heterozygotes were either intercrossed
for experimental use or backcrossed to C57BL/6 mice to put the
mutation on a congenic background. Genotyping was performed by
PCR analysis of DNA obtained by tail biopsies at 10 days. The
resultant homozygous mice with H67D and C294Y point mutations
were named as ertm(H67D)Stl (or ertm(H67D)Stl/tm(H67D)Sll) and
ertm(C294Y)Stl (or ertm(C294Y)Stl/tm(C294Y)Stl)’ respectively, fOllOWil’lg
the nomenclature recommended by The Jackson Laboratory (www.
informatics.jax.org/mgihome/nomen/table.shtml).

We also bred the compound heterozygote of Hfe!”(H67P)St/=
and errm (H67D)Stl/im(C294Y)Stl mice by crossing ertm (H67D)St/+ with
Hfe(/) or Hfe™(€294Y)St I+ mice. Mice were provided standard
chow (Purina 5001) ad libitum that contains 0.02% iron. At 10
weeks of age, mice were fasted overnight and anesthetized
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before blood was collected by cardiac puncture and tissue
samples were obtained. The studied populations consisted of 8
male and 7 female Hfe"™(C2°#V)S! mice, 9 male and 10 female
ertm(H67D)Stl mice, 8 male and 6 female ertm(H67D)St//lm(C294Y)SII
mice, 11 male and 13 female Hfe(~/~ ) knock-out mice, and 19
male and 12 female Hfe™H67D)St/= mice. The studied control
populations consisted of 8 male and 14 female Hfe(™'™) mice, 8
male and 5 female Hfe(*/~) mice, and 11 male and 9 female
Hfe!m(HO7D)SHl+ mice.

To amplify the murine Hfe gene, including the H67D muta-
tion, a forward primer (mHHex2a: 5'-AGGACTCACTCTCT-
GGCAGCAGGAGGTAACCA-3") and a reverse primer
(mHHex2bR: 5'-TTTCTTTTACAAAGCTATATCCCCA-
GGGT-3") were used, resulting in amplification of an ~500-bp
fragment. Digestion with BspHI revealed the 260- and 240-bp
digested fragments for the wild-type allele and the uncleaved
500-bp PCR fragment for the mutant allele. To amplify the
fragment of the murine Hfe gene containing the C294Y mutation,
a forward primer (HH1: 5'-ATTCAGTTCTCTTCTCTG-
GAATAAGGCAG-3') and a reverse primer (HH2R: 5'-
AGCCCAGAGCAGACTACTCTCTCACTGCAAAGGTGAC-
3") were used. Digestion with Tagl showed the 128- and 289-bp
fragments in the C294Y mutant allele and the uncleaved 417-bp
PCR fragment in the wild-type allele (Fig. 2).

Measurement of Iron Parameters. To determine the effect of each
mutant allele on iron homeostasis, we analyzed F>—F4 mice of
each genotype at 10 weeks of age that had been maintained on
a standard chow diet (0.02% wt/wt iron) from weaning at age 3
weeks. Serum iron and total iron binding capacity (TIBC) were
measured by using the protocol of Fielding (24). For the results
shown in Fig. 3, 200 ul of serum from each animal was used for
analysis of iron and TIBC using a kit from Sigma, and the assays
were performed by Genox, by using a Cobas Fara II chemical
analyzer. Transferrin saturation was calculated as (serum iron/
TIBC) X 100%. Non-heme iron concentration in liver tissue was
measured by the bathophenanthroline method as described (25),
and the values were expressed as pg of iron per g of dry tissue.

Histology of Liver Iron Deposition. Liver tissue samples were fixed
in neutral-buffered 10% formalin for 18 h and subjected to
routine histological processing. The sections were stained with
Perls’ Prussian blue followed by exposure to diaminobenzidine
and counterstained with nuclear fast red. Iron distribution was
determined by light microscopy.

Statistical Analysis. Because the consequences of functional loss of
Hfe are greater in female than in male mice (26), each gender
was analyzed separately. Mean values for transferrin saturations,
and liver non-heme iron concentrations, were each compared
across mice with different Hfe genotypes (but same gender) by
one-way ANOVA, followed by Dunnet’s posttest analyses. Liver
iron concentrations were reciprocally transformed before
ANOVA to account for unequal variability among the analyzed
groups. P < 0.05 was considered statistically significant.

Results

Generation of HfetmH67D)stl and Hfetm(C294Y)stl Knock-ln Mice. To
introduce each point mutation in the Hfe gene in mouse ES cells,
we designed a targeting vector with a total of 6.3 kb of homol-
ogous genomic sequence. The mutation was cotransferred with
neo' flanked by two loxP sites through homologous recombina-
tion in ES cells. After selection with G418 and ganciclovir,
doubly resistant clones were screened for homologous recom-
bination by PCR and Southern blotting hybridized with a 3’
external probe. The two targeting vectors gave a targeting
efficiency of 10-20% of doubly resistant ES clones analyzed for
homologous recombination. Of 96 clones screened by PCR, 10
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Fig.2. Detection of H67D and C294Y point mutationsinthe murine Hfe gene
by genomic PCR amplification and subsequent BspHI and Tagql restriction site
digestion. The H67D (CAT to GAT) destroys a BspHI site and C294Y (TGT to TAT)
produces a Taqgl new restriction site. Restriction enzyme analysis for each
mutation introduced was performed by using homozygous, heterozygous,
and normal control mice. (A) H67D mutation. Lane 1, undigested amplified
PCR product from a normal control (500 bp); lane 2, DNA digested with BspHI
from a normal control (240 and 260 bp); lane 3, undigested amplified PCR
product from a heterozygote (500 bp); lane 4, DNA digested with Tagl from a
heterozygote (240 bp, 260 bp, and 500 bp); lane 5, undigested amplified PCR
product from a H67D homozygote (500 bp); lane 6, DNA digested with BspHI
from a homozygote (500 bp). (B) C294Y mutation. Lane 1, undigested ampli-
fied PCR product from a normal control (417 bp); lane 2, DNA digested with
Tagl from a normal control (417 bp); lane 3, undigested amplified PCR product
from a heterozygote (417 bp); lane 4, DNA digested with Taql from a hetero-
zygote (128 bp, 289 bp, and 417 bp); lane 5, undigested amplified PCR product
from a C294Y homozygote (417 bp); lane 6, DNA digested with Tagl from a
homozygote (128 bp and 289 bp). The 100-bp markers were run at both ends
of each gel.

for H67D and 20 for C294Y were homologous recombinant
clones, which showed the 2.8-kb PCR fragment diagnostic of
homologous recombination in one allele. The presence of the
introduced point mutation in the targeted clones was analyzed by
PCR amplification followed by restriction enzyme digestion.
Three of 10 (30%) clones contained the H67D mutation (BspHI
digestion); 10 of 20 (50%) clones contained the C294Y mutation
(Tagql digestion).

Targeted ES cells containing one mutant allele were injected
into C57BL/6 blastocysts, and chimeric males were obtained,
followed by germ-line transmission of the mutant allele (F;).
Heterozygous F; offspring were independently intercrossed with
C57BL/6 mice to generate F, homozygous mice that were
129/SvxXC57BL/6 hybrids. The neo™ gene was then excised by
using Cre-loxP recombination by crossing with Cre transgenic
mice. This strategy generated mice heterozygous for the muta-
tion, with an expected Mendelian segregation (wild-type and
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Fig. 3. Effect of wild-type and H67D Hfe alleles on hepatic iron content.

Non-heme iron concentrations were determined in liver specimens from
female (A) and male (B) wild-type mice (+/+), mice carrying a single wild-type
Hfe allele (+/—), mice carrying a single H67D Hfe allele (H67D/—), and Hfe
knock-out mice (—/—). Numbers in parentheses represent number of mice
analyzed. Bars represent mean *+ SEM. *, P < 0.05 compared with wild-type
mice of same sex by ANOVA followed by Dunnett’s posttest analyses.

mutant 1:1) at birth. Two independent mouse lines for each
mutation, derived from two separate ES cell clones, had iden-
tical, grossly normal phenotypes. All mice heterozygous and
homozygous for the Hfe knock-in mutation appeared healthy,
grew, reproduced normally, and produced homozygous offspring
in the number expected. The colonies of Hfe™*67D)St and
Hfe™(C29)St mice were maintained by brother—sister matings and
genotyped by PCR analysis of genomic DNA (Fig. 2). To confirm
that ertm(H67D)Szl’ ertm(C294Y)Stl’ and ertm(H67D)Stl/tm(C294Y)Stl mice
express the Hfe gene product, we performed Northern blot analyses
on total RNA isolated from liver from mice of each genotype. The
murine Hfe transcript of 1.9 kb, present in multiple tissues from
+/+ mice, was present in normal amounts in all mutants (data not
shown). Transcripts from Hfe!™(H67D)St - Ffetm(C294Y)Stl - qnd
HfermH67D)Stlim(C294)St mice were amplified by RT-PCR and se-
quenced. To amplify mouse Hfe cDNA, including the H67D and
C294Y mutation, a forward primer (HH17: 5'-GAAGACCGGT-
GGACCCAGCTGAGG-3'") and a reverse primer (HHI13R: 5'-
TCACTCACAGTCTGTTAAGACATA-3") were used, resulting
in amplification of a 1,080-bp fragment covering the whole coding
region. Sequencing showed no alterations except the introduced
nucleotide alterations on each construct (data not shown).

Consequences of a Single Wild-Type or H67D Hfe Allele on Hepatic Iron
Levels. To characterize the consequences of the H67D allele on
iron homeostasis, we generated mice containing a single func-
tional Hfe allele, either wild-type or H67D. This result was
accomplished by breeding Hfe"(H67P)S% mice with Hfe knock-out
mice. Mice were analyzed at 10 weeks of age, maintained on a

Tomatsu et al.
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Fig. 4. Hepatic iron content in mice carrying H67D and C294Y Hfe alleles.
Non-heme iron concentrations were determined in liver specimens from
female (A) and male (B) wild-type mice, mice homozygous for the H67D Hfe
allele (H67D/H67D), mice compound heterozygous for the H67D and C294Y
alleles (H67D/C294Y), and mice homozygous for the C294Y allele (C294/
C294). Numbers in parentheses represent number of mice analyzed. Bars
represent mean =+ SEM. *, P < 0.05 compared with wild-type mice of same sex
by ANOVA, followed by Dunnett’s posttest analyses.

standard diet. Because the consequences of functional loss of
Hfe are greater in female than in male mice (26), each gender
was analyzed separately. As previously reported, the Hfe knock-
out mice have significantly higher hepatic iron levels than
wild-type mice. Mice containing a single wild-type allele had
liver iron concentrations similar to mice with two wild-type
alleles (Fig. 3). However, mice containing a single H67D allele
had intermediate liver iron concentrations, higher than wild-type
mice, but lower than mice with no functional Hfe allele.

Iron Loading in Hfe H67D Homozygous and H67D/C294Y Compound
Heterozygous Mice. We compared the function of the wild-type,
H67D, and C292Y Hfe proteins by generating mice homozygous
for the H67D allele, homozygous for the C294Y allele, or
compound heterozygous for each allele. Mice heterozygous for
the H67D or the C294Y allele had hepatic iron levels similar to
that of wild-type mice (not shown). Female mice homozygous for
either the H67D allele or the C294Y allele had significantly
higher hepatic iron levels than did wild-type mice (Fig. 44). The
same trend was true for male mice homozygous for H67D, but
the difference did not reach statistical significance. However, in
both male and female mice, the severity of hepatic iron loading
in H67D homozygotes was less than that observed in mice
homozygous for C294Y or compound heterozygous for H67D
and C294Y. The effects of the H67D and C294Y mutations on
serum transferrin saturation were less marked than those ob-
served on hepatic iron levels (Fig. 5). Thus, only the C294Y
homozygous mice demonstrated statistically significant differ-
ences in transferrin saturation compared with wild-type mice

(Fig. 5).
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Fig. 5. Transferrin saturations in mice carrying H67D and C294Y Hfe alleles.
Serum transferrin saturations were measured in female (A) and male (B)
wild-type mice, mice homozygous for the H67D Hfe allele (H67D/H67D), mice
compound heterozygous for the H67D and C294Y alleles (H67D/C294Y), and
mice homozygous for the C294Y allele (C294/C294). Numbers in parentheses
represent number of mice analyzed. Bars represent mean + SEM. *, P < 0.05
compared with wild-type mice of same sex by ANOVA, followed by Dunnett’s
posttest analyses.

Histopathology of Hepatic Iron in Hfe Mutant Mice. Distribution of
iron in liver sections from the Hfe mutant mice was examined by
Perls’ Prussian blue staining. Standard staining methods re-
vealed little iron in either wild-type or H67D homozygous mice
(not shown). However, when signal enhancement was performed
by using diaminobenzidine, hepatocellular iron was visualized
even in wild-type mice (Fig. 64). Mice containing two Hfe
mutant alleles demonstrated increased hepatocellular iron, with
a predominantly periportal distribution (Fig. 6). The relative
intensity of hepatocellular iron staining was as follows: wild-
type < H67D/H67D << H67D/C294Y < C294Y/C294Y, in
agreement with biochemical determination of liver iron content
(Fig. 44).

Discussion

Although the HFE mutation most commonly associated with a
clinical diagnosis of HH is C282Y, the most common HFE
mutation in the general population is H63D. Whether the H63D
mutation can lead to consequential alterations in parameters of
iron homeostasis has been controversial. Carella et al. (27)
suggested three lines of evidence to support the argument that
H63D is a polymorphic change rather than a pathologic muta-
tion: (i) H63D attains a similar frequency in patients and
controls, (i/) homozygotes are rare among patients, and (iii)
compound heterozygotes have also been found in the normal
population. In contrast, Beutler argued that the H63D is a
disease-related mutation having very low clinical penetrance
(28). Subsequent population studies have supported the argu-
ment that H63D has a mild effect on parameters of iron
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Fig.6. Enhanced Perls’ Prussian blue staining of liver sections. Liver sections
were stained with Perls’ Prussian blue staining followed by diaminobenzidine
enhancement, counterstained with nuclear fast red, and analyzed by light
microscopy. By this technique, iron is represented by brown staining. Shown
are wild-type (A), H67D/H67D (B), H67D/C294Y (C), and C294Y/C294Y (D). PV,
portal vein; CV, central vein.

homeostasis (16—18). Scarce data are available on the effect of
the H63D mutation on hepatic iron concentration. Nonetheless,
individuals carrying the H63D mutation (usually in combination
with another HFE mutation) seem to be at increased risk for
hemochromatosis. The specific contribution of H63D to iron
overload without other risk factors is difficult to assess from
human population studies.

Biochemical studies on the HFEH®3P protein have likewise
been inconclusive. Although some studies examining the effects
of expressed HFE in cell culture have found differences between
HFEH®D and wild-type HFE (6, 29, 30), others have not (31, 32).
A putative structural abnormality in HFEHP was suggested by
crystallography studies, demonstrating that H63 normally forms
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