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Summary

Juvenile megaloblastic anemia caused by selective intes-
tinal malabsorption of vitamin B12 has been considered
a distinct condition displaying autosomal recessive in-
heritance. It appears to have a worldwide distribution,
and comparatively high incidences were reported 30
years ago in Finland and Norway. More recently, the
Mendelian inheritance of the condition has been ques-
tioned because almost no new cases have occurred in
these populations. Here we report linkage studies as-
signing a recessive-gene locus for the disease to chromo-
some 10 in previously diagnosed multiplex families from
Finland and Norway, proving the Mendelian mode of
inheritance. The locus is tentatively assigned to the 6-
c¢M interval between markers D10S548 and D10S466,
with a multipoint maximum lod score (Z,,,) of 5.36
near marker D10S1477. By haplotype analysis, the
healthy sibs in these families did not appear to constitute
any examples of nonpenetrance. We hypothesize that
the paucity of new cases in these populations is due
either to a dietary effect on the gene penetrance that has
changed with time, or to a drop in the birth rate in
subpopulations showing enrichment of the mutation, or
to both of these causes.

Introduction

Megaloblasic anemia in a child is a rare condition that
in all likelihood is heterogeneous. A distinct form was
described by Imerslund in Norway under the name “id-
iopathic chronic megaloblastic anemia in children (Im-
erslund 1959, 1960). Independently, Grisbeck et al. de-
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tected and studied a series of patients with a similar
disease in Finland and determined that the condition
was due to selective vitamin B12 malabsorption (Gris-
beck et al. 1960), as originally suggested (Imerslund
1959, 1960). In both series, some but not all patients
have proteinuria. The family structures were compatible
with autosomal recessive inheritance. McKusick’s
(1992) catalog lists the disorder under number 261100
and contains the most extensive presently available re-
view of the literature. It appears that the disorder occurs
with a low frequency worldwide. As far as we are aware,
some 180 cases fitting the description of the disease have
been described (Broch et al. 1984). In Finland ~38 cases
(Grisbeck et al. 1960; Anttila and Salmi 1967; Visa-
korpi and Furuhjelm 1968; Furuhjelm and Nevanlinna
1973; authors’ unpublished observations), and in Nor-
way 15 cases (Imerslund 1959, 1960; Imerslund and
Bjernstad 1963; Broch et al. 1984), have been diag-
nosed. Other countries where the condition has been
frequently diagnosed include Israel (18 cases in Jews of
Tunisian and Libyan origin) (Ben-Bassat et al. 1969)
and Saudi Arabia (3 cases) (Abdelaal and Ahmed 1991).

A hitherto unexplained phenomenon has occurred in
Finland and Norway. Within a few years of the initial
descriptions of the condition in 1959 and 1960, many
cases were diagnosed in both countries, so that there
appeared to be relatively high gene frequencies in specific
subsets of both populations. In contrast, more recently
almost no new cases appear to have been diagnosed
in Finland and Norway (see below). This has led to
speculation either that the disease perhaps does not exist
at all (Norio 1991) or that it does not show Mendelian
inheritance.

Many Finnish patients were diagnosed >25 years ago
(Grisbeck et al. 1960; Anttila and Salmi 1967; Visa-
korpi and Furuhjelm 1968), and by the year 1973 a
total of 27 patients had been identified (Furuhjelm and
Nevanlinna 1973). Thereafter a few more cases have
come to our attention. We note that as few as four
patients have been born since 1971, the youngest one
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in 1983. In Norway the youngest patient diagnosed was
born in 1982.

In both Finland and Norway most cases have been
diagnosed in geographically defined rural regions (Im-
erslund 1959, 1960; Furuhjelm and Nevanlinna 1973).
Given the population structure of these countries, pro-
nounced founder effects of rare disease genes occur in
such subpopulations (Gedde-Dahl 1991; de la Chapelle
1993). We would therefore expect new patients to occur
in the same districts. We claim that it is unlikely that
newly diagnosed patients in Finland and Norway have
not come to our attention. Both countries have a central-
ized hierarchical health-care system that is well orga-
nized with regard to child health care. Severe megalo-
blastic anemia in a child may be recognized at the level
of primary care, but patients with such a rare and severe
condition will automatically be referred to a secondary
or even university-level hospital, for evaluation by a pe-
diatric hematologist. We have scanned the relevant geo-
graphical regions and communicated with the relevant
physicians in search of new cases, but we found none
born after 1983. This should be significant in our small
and relatively tightly knit communities.

We reasoned that, if the putative gene could be
mapped, this would not only prove the existence of the
proposed Mendelian disorder but also would serve as a
first step toward the identification of the gene product
and its role in intestinal absorption and proteinuria.
Here we describe the successful mapping of the gene
and the apparent absence of nonpenetrance in multiplex
families.

Subjects, Clinical Features, and Methods

Subjects

Of the ~38 patients known to us and who have been
diagnosed in Finland, 8 patients have died. Twelve pa-
tients belong to six multiplex nuclear families (fig. 1,
families 1-6) and were chosen for this study. Consan-
guinity occurred between families 1 and 2, where one
parent from each family were first cousins. More distant
genealogical links occurred between families 5 and 6.
The panel of patients used in the initial search for link-
age consisted of a total of 30 members of these six Finn-
ish families (only 9 of the 14 unaffected sibs were studied
at the initial stage).

A total of 15 individuals have been diagnosed in Nor-
way (Imerslund 1959, 1960; Imerslund and Bjornstad
1963; Broch et al. 1984). Seven of the patients belong
to three multiplex nuclear families. We studied these
seven patients, one parent, and three unaffected sibs (fig.
1, families 7-9). For uniformity the Norwegian families
are not included in the pairwise and multipoint linkage
analyses.
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Clinical Features

Patients are symptom free at birth but develop signs
of megaloblastic anemia within the first 5 (most often
within the first 2) years of life (Furuhjelm and Nevan-
linna 1973). Usually, recurrent infections, gastrointesti-
nal complaints, pallor, weakness, anorexia, and failure
to thrive are the most obvious symptoms (Visakorpi and
Furuhjelm 1968; Wulffraat et al. 1994).

Some but not all patients have proteinuria at diagnosis
and continue to excrete protein in urine, irrespective of
treatment (Grisbeck et al. 1960; Broch et al. 1984).
Even though the pathogenesis is unknown and a specific
biomarker does not exist, the diagnostic criteria are
straightforward (Grisbeck et al. 1960; Broch et al.
1984): (1) appearance of megaloblastic anemia within
the first 5 years of life, (2) low serum vitamin B12 levels
with good hematologic response to parenteral injections
of vitamin B12, (3) serum folate not decreased, (4) Schil-
ling tests I and II showing malabsorption of labeled B12
even after the addition of exogenous intrinsic factor, (5)
unhampered absorption of other nutrients when vitamin
stores are replenished, and (6) exclusion of severe mal-
nutrition or a general malabsorption syndrome.

Data on all patients studied conformed to the above
criteria. The clinical features of some of these patients
have been described in detail elsewhere: family 4 (Anttila
and Salmi 1967) and families 7-9 (cases I, II, and IV-
VIII of Imerslund 1959).

Heterozygotes for the disease absorb vitamin B12 well
and therefore cannot be identified by clinical tests (Ben-
Bassat et al. 1969). If untreated, the disease manifests itself
as severe chronic megaloblastic anemia that can be fatal.
Therapy is lifelong and consists of intramuscular injections
of vitamin B12 at 1-6-mo intervals (Broch et al. 1984).
With such therapy, patients remain clinically healthy.

Blood Samples

Venous blood (20-30 ml) was collected from each
consenting individual. In a few cases a lymphoblastoid
cell line was established for later use. DNA was ex-
tracted directly from the leukocytes contained in blood,
by standard methods.

Microsatellite Markers

Most markers were from the Généthon or Marshfield
collections (Weissenbach et al. 1992; Gyapay et al.
1994; J. Weissenbach, unpublished data). For the initial
screening a set of markers located ~20 cM apart was
used. Markers were coamplified in 10-pl reaction vol-
umes, by published protocols (Weber and May 1989).
Whenever possible, two to six markers were included in
each PCR reaction and electrophoretic lane.
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Pedigrees of the six Finnish (1-6) and three Norwegian (7-9) MGA1 multiplex families studied by linkage. Squares denote

males; and circles denote females; and an unblackened symbol indicates that the individual is unaffected, and a blackened symbol indicates
that the individual is affected. The alleles for D10S466, D10S1475, D10S1476, D10S1477, D10S548, D10S595, and D10S586 (in this order,
from top to bottom) are shown for each studied individual; a zero indicates that the allele is not known. Haplotypes were constructed on the
basis of the minimum number of recombinations between these markers. The chromosome assumed to carry the disease allele is shown in

boldface.

Linkage Analysis

Linkage analyses were performed by computer pro-
grams of the LINKAGE program package (Lathrop et
al. 1984). The simulation program SLINK (Ott 1989;
Weeks et al. 1980) was used to define a minimum num-
ber of individuals to be studied in the initial screening.
For multipoint analysis, marker genotypes were reduced
to three-allele loci. The analysis (LINKMAP) was car-
ried out under the assumption of a fixed order and fixed
distances of the seven marker loci. All results were ob-
tained under the assumption of complete penetrance,
with sex-average recombination fractions and allele fre-
quencies obtained through the Genome Data Base (Pear-
son 1991; Pearson et al. 1992; Cuticchia et al. 1993).

Results

Linkage

In the absence of mapped or cloned plausible candi-
date genes or candidate chromosomal regions, we per-
formed a systematic search for linkage in six Finnish
multiplex families, using highly polymorphic DNA
markers located at ~20-cM intervals. After 92 markers
were tested, probable linkage was observed with
D10S191 on chromosome 10. We then expanded the
panel of individuals studied for linkage, with five unaf-
fected sibs and with the three Norwegian multiplex fam-
ilies. The observed linkage was confirmed with eight
additional markers: D10S570, D10S466, D10S1475,
D10S1476, S10S1477, D10S548, D10S595, and
D10S586, both in Finnish families and in Norwegian
families. The segregation of the alleles in the nine fami-
lies is shown in figure 1. Pairwise lod scores between

the disease locus termed “MGA1” (for megaloblastic
anemia 1) and the marker loci in the Finnish families
are shown in table 1. The closest markers with which
obligatory recombination was observed were D10S586,
on the centromeric, and D10S570, on the telomeric side,
defining an interval of ~16 cM.

The data from the three Norwegian families strongly
suggest linkage to the same chromosomal region as was
shown by the haplotypes (fig. 1, families 7-9). More-
over, the youngest patient in family 9 displays a recom-
bination that places the gene telomeric of marker
D10S548.

We do not show numerical pairwise linkage results for
the Norwegian families, because the series is small and
family 8 does not lend itself to any unambiguous interpre-
tation. The youngest child who is definitely affected has
haplotypes identical to those of her unaffected sister; how-
ever, with markers from other chromosomes, these two
sibs are different (data not shown). Because both parents
are dead, we cannot confirm the likely hypothesis that
the youngest affected sister shows a crossover placing the
MGAL1 locus telomeric of marker D10S1475. If a recombi-
nation in this region can be confirmed with further nearby
markers, the MGA1 interval could be narrowed to be-
tween D10S548 and D105466, i.e., only 6 cM. This tenta-
tive localization is shown in figure 2.

The result of an eight-point linkage analysis in the Finn-
ish families is shown in figure 3. The fixed order centro-
mere-D10S586-D10S595-D10S548-D10S1477-D10-
$1475- D10S191-D10S570—-telomere and sex-specific
recombination fractions were assumed to be as reported
(.01, .01, .03, .01, .06, and .04) (Gyapay et al. 1994;
Weissenbach, unpublished data). A multipoint Z,,, of



828

Table |
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Pairwise Lod Scores between MGAI and Nine Marker Loci in Six Finnish Multiplex Families

LoD SCORE AT RECOMBINATION FRACTION OF

Locus .00 .001 .01 .05 .10 .20 .30 Z max Opmax 90% CONFIDENCE LIMITS
D10S570 ......... —o0 27 1.21 1.65 1.59 1.14 .59 1.66 .063 002 <6<.29
D10S191 ......... 3.33 3.33 3.25 2.90 2.46 1.60 .82 3.33 .000 000 <6< .11
D10S466 ......... 3.72 3.71 3.63 3.26 2.80 1.86 .98 3.72 .000 .000 <6 < .11
D10S1475 ....... 3.41 3.40 3.32 2.96 2.51 1.63 .83 3.41 .000 .000 <0< .12
D10S1476 ....... 4.97 4.96 4.83 4.29 3.62 2.32 1.17 4.97 .000 000 <6< .13
D10S1477 ....... 5.17 5.15 5.02 4.46 3.75 2.38 1.17 517 .000 .000 < 6 < .07
D10S548 ......... 2.17 2.16 2.11 1.87 1.57 .98 47 217 .000 000 <6< .17
D10S595 ......... 4.39 4.38 4.27 3.81 3.22 2.08 1.05 4.39 .000 .000 < 6 < .09
D10S586 ......... — -.35 .59 1.02 1.00 .68 .34 1.04 .065 002 <0<.5

5.36 was obtained for a location of MGA1 near marker
D10S1477.

Search for Examples of Nonpenetrance

Attempts to construct haplotypes were somewhat
hampered by the absence of parental information in sev-
eral families. The alleles are shown as most likely haplo-
types in figure 1. Inspection of these seven-locus haplo-
types provides an opportunity to search for likely

cM Marker Omax Zmax
p 15.1
14
— D10S570 0.06; 1.66
4
13
— D10S191 0.00; 3.33
12.33 4
12.32
12.34 — D10S466 0.00; 3.72
12.2
2
12.1 — D10S1475 0.00; 3.41
11 Dpi1osta7e 0.00; 4.97 MGA1
11.23 D10S1477 0.00; 5.17
3
122 , [~ Dtossas 0.00; 2.17
e , [~ Diosses 0.00; 4.39
19:4 — D10S586 0.06; 1.04
q 114
11.21
11.22
Figure 2  Map detail of chromosome 10, showing tentative

physical location of markers linked to MGA1, published and unpub-
lished genetic distances between markers, and pairwise marker—
MGA1 maximum-recombination-fraction (8,.,) and Z,.. values in
six multiplex Finnish families. The bar on the right depicts the likely
localization of MGA1, on the basis of recombinational analysis.

disease-mutation homozygotes among the healthy sibs
of the patients, i.e., sibs with both haplotypes identical
to those of the affected individuals. Clearly, no such case
occurred among the 14 Finnish and 3 Norwegian sibs,
suggesting that nonpenetrance did not occur in these
families.

Physical Assignment

Published physical and genetic maps of chromosome
10 were searched for evidence regarding the physical
assignment of MGA1 (fig. 2). Taken together, these data
place MGA1 in the pericentromeric region of chromo-
some 10, more probably on the short arm than on the
long arm (Cuticchia et al. 1993; Kapsetaki et al. 1994).

Discussion

Our assignment of the disease locus to a <16-cM
interval near the centromere of chromosome 10 defi-
nitely establishes the regular Mendelian inheritance of
the disorder, at least in Finnish and Norwegian families.
However, the question of a changing penetrance re-
mains. Here we show that none of the 17 unaffected
sibs appears to have a haplotype suggestive of homozy-
gosity for the disease gene. Thus no examples of nonpen-
etrance appear to have occurred in these families. How-
ever, if the observed paucity of newly diagnosed cases
is indeed due to a drop in penetrance that is recent, one
would not have expected to find it in these families,
which were all diagnosed 20-35 years ago.

We shall discuss here four major hypotheses to ac-
count for the suggested lack of recently diagnosed cases
(table 2). First, the described phenomenon might be due
to chance alone. This is unlikely, in view of the compara-
tively robust numbers shown in table 2. Second, it might
be that new cases occur but do not come to our atten-
tion, which is unlikely. Third, given that in both coun-
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Eight-point linkage analysis in the six Finnish MGA1 pedigrees (1-6), with respect to a fixed genetic map of seven marker

loci on chromosome 10. Lod scores were computed by the LINKMAP program. A sex-average map based on the Haldane mapping function
is shown. Marker D10S570 was chosen as the starting point (0). The telomere is to the left.

tries most previously diagnosed cases originated in rural
subpopulations (in Savo and the northeastern area of
Finland and in the southeastern provinces, particularly
the region of Valdres, in Norway), the gene frequencies
in the main populations of the countries are not neces-
sarily exceptionally high. Since rural isolates are break-
ing up, and as people from the isolated areas move into
the cities, where gene frequencies are lower, the overall
gene frequencies drop to levels where homozygosity be-
comes very rare. For this attractive hypothesis to be
correct, a drop in the birth rate of homozygotes will
only occur if the number of births in the rural high-
incidence areas has dropped significantly during the pe-
riod of observation. This has indeed occurred in Finland.

Table 2

Number of Affected Individuals, Grouped According to Year
of Birth

Year of Birth Finland Norway
1931-40 ........ 1 1
1941-50 ......... 7 9
1951-60 ......... 16 2
1961-70 ......... 8 1
1971-80 ......... 3 1
1981- ............. 1 1

In the provinces of northeastern Finland in which one
half of the presently known patients originated, the an-
nual number of births has declined after peaking in the
1950s. In some rural regions the decline is as high as
50%, between the 1950s and present (data not shown).
As a whole, however, the figures are not dramatic
enough to explain the present paucity of patients. In
Norway, on the other hand, in the southeastern part
of the country, where most MGA1 patients live, the
population has grown and the number of births has
increased during the postwar period. Since the popula-
tion growth is mostly due to immigration from other
parts of Norway, a dilution effect on the MGA1 gene
could have occurred. We tentatively conclude that in
both countries the drop in disease incidence could be
due in part to the described changes in population struc-
ture—but that these could hardly fully explain the phe-
nomenon. Finally, therefore, we entertain a fourth hy-
pothesis—i.e., that environmental factors influence the
penetrance of this gene. Drastic changes have occurred
in the dietary habits of both Finns and Norwegians dur-
ing this same time period. For instance, in the postwar
period, when most known patients were born, the diet
was far poorer in animal protein (with which cobalamin
is associated) than it is today.

In the treatment of pernicious anemia, large oral doses
of cobalamin are given, part of which is absorbed by
“diffusion’” (Chanarin 1979). However, in selective vita-
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min B12 malabsorption this mechanism appeared to be
hampered (Griasbeck and Kvist 1967). These observa-
tions argue that an altered diet might not explain the
present low incidence of the disease.

There has been speculation about an abnormality or
lack of the receptor for the intrinsic factor—cobalamin
receptor complex, a deficiency due to a disturbance in
the intestinal wall. In patients with the disease, there
has been no evidence of binding of the intrinsic factor—
cobalamin complex by the brush-border fraction of ileal
enterocytes, indicating an apparent absence of the
brush-border intrinsic factor—cobalamin receptor (Gris-
beck et al. 1960; Kouvonen and Grisbeck 1979; Seeth-
aram et al. 1981; Burman et al. 1985). An obvious can-
didate gene for MGAL1 is the one encoding the intrinsic
factor—cobalamin receptor itself. This molecule has been
the object of much interest and has been isolated from
human, porcine (Kouvonen and Grisbeck 1979), and
canine (Seetharam et al. 1981) intestine. In addition to
ileal mucosa, a high intrinsic factor—cobalamin receptor
activity has also been detected in the mammalian kidney
(Seetharam et al. 1988; Fyfe et al. 1991b) and in concen-
trated human urine (Guéant et al. 1995). The gene has
not been cloned.

The cause of malabsorption might involve defective
processing and transport of either the intrinsic factor—
cobalamin receptor to the cell surface or the intrinsic
factor—cobalamin complex in the cell interior (Seeth-
aram et al. 1991). The defect is believed to disturb the
translocation of vitamin B12 from its intrinsic factor—
intrinsic factor receptor—bound form in the enterocyte
to transcobalamin II subsequently entering the blood
stream (Grisbeck and Kvist 1967; Guéant et al. 1995).
However, in the cases reported by MacKenzie et al.
(1972) there seemed to be no defect, in the ileal receptors
for the complex, between intrinsic factor and B12: the
defect appeared to be located between the attachment
of the complex to the surface of the ileal cell and the
binding to transcobalamin II.

An animal model for this disease may exist. As shown
by Fyfe et al. (1989), a recessively inherited mutation
produces a phenotype in giant schnauzer dogs that
greatly resembles that of the human disorder. These dogs
have selective vitamin B12 malabsorption and protein-
uria (Fyfe et al. 1989, 19914). The researchers who de-
tected and have studied this mutation in the dog appar-
ently favor the intrinsic factor—cobalamin receptor as a
main candidate for the disease gene. If the two diseases
prove to have an identical molecular background, the
elucidation of the gene in dogs might lead to the resolu-
tion of the problem in humans.

The present assignment of a locus for the disorder
provides an opportunity to examine whether one or sev-
eral of the numerous genes that have been mapped to

Am. |. Hum. Genet. 57:824-831, 1995

the same region might be plausible candidate genes
(Pearson et al. 1991; Pearson et al. 1992; Cuticchia et
al. 1993). With ever-increasing numbers of human genes
being mapped and cloned, this approach is becoming
more and more likely to succeed (Collins 1995). We
plan to continue this work by attempting to evaluate
some of these genes as candidates for MGA1. If this
approach fails, we shall proceed by physical mapping
and positional cloning.
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