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Fine mapping of a gene responsible for regulating
dietary cholesterol absorption; founder effects underlie
cases of phytosterolaemia in multiple communities
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Sitosterolaemia (also known as phytosterolaemia, MIM 210250) is a rare recessive autosomal inherited
disorder, characterised by the presence of tendon and tuberous xanthomas, accelerated atherosclerosis and
premature coronary artery disease. The defective gene is hypothesised to play an important role in regulating
dietary sterol absorption and biliary secretion, thus defining a molecular mechanism whereby this
physiological process is carried out. The disease locus was localised previously to chromosome 2p21,ina15 cM
interval between microsatellite markers D257788 and D251352 (based upon 10 families, maximum lodscore
4.49). In this study, we have extended these studies to include 30 families assembled from around the world. A
maximum multipoint lodscore of 11.49 was obtained for marker D252998. Homozygosity and haplotype
sharing was identified in probands from non-consanguineous marriages from a number of families, strongly
supporting the existence of a founder effect among various populations. Additionally, based upon both
genealogies, as well as genotyping, two Amish/Mennonite families, that were previously thought not to be
related, appear to indicate a founder effect in this population as well. Using both homozygosity mapping, as
well as informative recombination events, the sitosterolaemia gene is located at a region defined by markers
D252294 and Afm210xe9, a distance of less than 2 cM. European Journal of Human Genetics (2001) 9, 375 —384.
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Introduction
Sitosterolaemia is a sterol disorder characterised by the
presence of tendon and tuberous xanthomas, premature
atherosclerotic disease, but with normal to mildly elevated
plasma cholesterol levels.' =3 Sitosterolemia can be distin-
guished from the more common familial hypercholester-
olaemia (FH), based upon its recessive mode of inheritance
(although rare forms of recessively-inherited FH are now
known), by only moderately elevated plasma LDL choles-
terol levels, but diagnostically elevated plant sterol in their
plasma.' =3 Phytosterols are normally almost undetectable
in plasma from normal individuals. This condition may be
under reported as the detection of plasma phytosterols
requires the use of HPLC or capillary GLC, and the
standard cholesterol measurement does not distinguish
between cholesterol and many non-cholesterol sterols.
Affected individuals have significantly elevated levels of
non-cholesterol sterols of dietary origin, such as plant
sterols, shellfish sterols etc.* Sitosterol is the major plant
sterol species, and is significantly elevated in affected
individuals, hence the name sitosterolaemia.> Under
normal circumstances, our diets contain almost equal
amounts of cholesterol and plant sterols. However, only
30-60% of total dietary cholesterol and less than 5% of
total plant sterols are retained by the body. The liver
excretes most of the absorbed non-cholesterol sterols
rapidly into bile, almost unchanged, such that the net
absorption of these sterols is almost negligible. In
sitosterolaemia, affected individuals show an increase in
the absorption of all dietary sterols, with failure to
discriminate between different sterol species and a failure
to excrete absorbed non-cholesterol species rapidly into
bile."*~7

Segregation analyses of the trait in a large Amish
pedigree showed an autosomal recessive pattern of
inheritance.® More recently, the gene defect has been
mapped to chromosome 2p21, to within a 15 cM region.*
The true prevalence of this disorder is not known, but over
40 individuals with this condition have been reported
worldwide, many of which are represented in this study.*®
The elucidation of this gene disorder is important, as it
will identify molecular mechanisms whereby noncholes-
terol sterols of dietary origin are selectively excluded from
the body. Indeed, it is the very existence of this disease
that has given credence to the hypothesis that a
biochemical pathway regulates net dietary cholesterol
absorption.'®

In this study, we report an extension of our previous
studies, further refining the mapping of the sitosterolae-
mia locus to an interval of less than 2 cM. Additionally,
in characterising pedigrees assembled from many differ-
ent geographic areas, we have uncovered founder effects
in the Finnish/Norwegian and Japanese probands, as
well as within the Amish/Mennonite population in the
USs.
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Methods

Pedigrees

All pedigrees (Figure 1) were recruited, based upon previously
defined criteria.*? Clinical features of some of the probands
and their family members have been described pre-
viously."*#~17 Briefly, all probands had both clinical features
compatible with a diagnosis of sitosterolaemia, and all
probands had to have diagnostically elevated plasma
sitosterol levels. The pedigrees include seven Japanese
families (700, 800, 2100, 2800, 3300, 3500 and 3700), two
Amish/Mennonite families (2200 and 2700), two Finnish
(400, 3900), one Norwegian (2900), two white South African
families (600 and 3600), one Asian South African family
(500), one Colombian family (3400, 2nd cousin marriage)
and one Dutch family (2500). The remaining families are
from the US, and have Caucasian origins, except for family
3800, which is Black.

Non-paternity was detected in two families and non-
maternity in one family. Two of these families (one non-
paternity and one non-maternity) were referred to us and had
been assembled previously. These families were excluded
from multipoint analyses (see below) but the probands
showed homozygosity for alleles spanning the disease locus
and were thus informative.

Genotyping and linkage analysis

Genomic DNA was extracted from whole blood or trans-
formed lymphoblastoid cell line, and genotyping performed
as previously described.*’ Linkage analyses were performed
using 22 primer sets from CHLC and six newly identified
microsatellite markers identified from three working draft
sequences of BACs, as well as from inter-Alu PCR product
from a YAC contig (Lu et al, manuscript submitted). These
markers are D2S1346-D2§2272-D252328-Afm335xc1-GA-
TA194B06-D252306-D252259-D251356-D25414-D254010-
D2§2294-D2S119-D254009-D2S1761-D252298-D254018-
Afm210xe9-D254016-D254014-D252174-D254015-D252291-
D2§2240-D252378-D25391-D252156-D25123-D252153.

Pedigree statistics and disease model

Two-point, multipoint, haplotype and linkage disequili-
brium analyses were performed on 28 sitosterolaemia
pedigrees (Figure 1), with 143 individuals. The average
pedigree size was 5.1 individuals, and pedigree size ranged
from three individuals (father, mother and affected child) to
15 individuals. Twenty-eight markers were used for the two-
point analysis, all markers coming from the 2p21 region of
chromosome 2. Twenty-one individuals had missing geno-
types at all markers (14.7% of individuals). For the remaining
individuals, 29.2% of the genotypes were missing. For all
linkage analyses, a fully penetrant recessive mode of
inheritance with no phenocopies was assumed. The marker-
allele frequencies were estimated from the data using
observed and reconstructed genotypes of founders within
the pedigrees. To avoid computation errors due to observed



allele frequencies of 0.0, marker alleles for all markers were re-
coded using the RECODE program. '® This re-coding program
insured that alleles were numbered sequentially, and that
every allele frequency was non-zero. In addition, the re-
coding had no effect on any of the analyses, in terms of power
of the methods. The disease allele frequency was set at 0.014,
corresponding to a population prevalence of 0.02%* for a
fully penetrant recessive disorder with no phenocopies."’

Two-point analysis
Two-point analyses were carried out using the MLINK
program of the FASTLINK suite of programs.?°~2

Multipoint and haplotype analyses

Multipoint and haplotype analyses were carried out using the
SIMWALK program version 2.6.2% This software was chosen
because it employs a Markov chain Monte Carlo approach,
which allows for both a large number of founders in a
pedigree and multiple markers in the computation of lod
scores. Markers were chosen for the multipoint analysis
according to the following steps: (1) all markers that showed
0.0 recombination fractions according to the Marshfield
map?* with other markers were put into distinct groups; (2)
among markers in the distinct groups, those markers with the
largest heterozygosity were chosen for multipoint analysis.
This procedure was followed since the method used in
SIMWALK has computational limitations for markers with
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0.0 recombination distances (E. Sobel, personal communica-
tion and see Results, Multipoint and haplotype analyses). A
list of the 12 markers used in the multipoint analysis and the
positions entered (for SIMWALK) may be found in Table 1.
Recombination distances between markers were computed
using the sex-averaged Marshfield map.** Haplotype analysis
using the same set of markers (Table 1) was performed using
SIMWALK 2. Informative recombination events are discussed
in the Results section. Those pedigrees that showed more
than one recombination event per offspring were rerun at

Table 1 Markers used for the SIMWALK program

Marker Position
D2S1346 0.0
GATA194B06 2.3
D252306 4.05
D252259 4.93
D254010 5.48
D254009 6.03
D252298 6.58
D254015 8.22
D252240 10.41
D252378 10.95
D25123 14.25
D252153 17.51

All markers that had recombination distances of 0.0 specified in the
databases were grouped and a representative marker from each of
these groups is shown (see Methods).

600 700 800

ok SR 4 GkB sedn S0EEcEELan  o4b

3 4 576 9 10 1112 15 16 19 20 21

1000 2000 2100

24 25 26 27 30 31 32 33 36 37 38 39 40 41 42

2200

73 lJTO74 .]TO

45 46 47

2300 2400 2500

5% £ gaate

L Y=ReXX=I=L 1.1 I=0K 1

"ope” “Epe”
oéoé

63 64 65 66 67 68 ‘75 s 7 78 79 80 8182 83 84 85 86 87 90 91 94
2600 2700 2800 2900 3000 3100 3200 3300
100 101 103 104 110 11 114 g 127 130 13
Obued e @ o O e g T
102 105 106 107 108 109 112 113 116 117 120 121 128 129 132
3400 3500 3600 3700 3800 3900 4000

‘33% ﬂr'm EIO EIO £6;;EE| OO @ :nglh

135 136 137

156

152 153 154 157 158159 160

Figure 1 Sitosterolaemia pedigrees. The pedigrees analysed in this study are shown above. All parents are shown as obligate carriers.
The one known consanguineous marriage, pedigree 3400, is as indicated. Although family members for pedigree 3800 are known, they

were not available for analyses.
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least five times, to see if haplotype reconfigurations with
fewer recombination events were possible.

Linkage disequilibrium analysis

In addition to multipoint and haplotype analysis, a linkage
disequilibrium analysis (LD) was performed to finemap the
disease locus. Linkage to chromosome 2p21 had already been
established in previous set of families.* LD was suspected as
several of the families come from genetically isolated
populations. Two family-based linkage disequilibrium tests,
HRR-LRT and HRR-2x n** were therefore used to test for
linkage disequilibrium.

The HRR-LRT approach captures LD at loci with multiple
alleles through a single parameter, 4, where / is a measure of
the strength of association (1=0 for no association, 2=1.0 for
complete association). In the HRR-2 x n approach, a standard
chi-square is computed in a 2x n table for n alleles
(Terwilliger 1995).

Results

Two-point analyses

As Table 2 indicates, all but four markers ( D254014, D252156,
D2§123, D25§2153) show highly significant evidence for
linkage (lod scores > >3.0), the maximum lod score over

all markers being 8.39 at a recombination of 0.0 for locus
D284009. If we consider a 1-unit support interval®® for the
location of the disease locus, our search interval would
include the region from markers D25119 to Afm210xe9
(excluding D254018), and a 5-cM interval around GA-
TA194B06 (Table 2) (since linkage had already previously
been established,* the more stringent 3-unit support interval
is not warranted here). Note that a 1-unit support interval
corresponds to all locations that have an odds ratio of less
than 10:1 in favour of the D254009 locus.

The most convincing evidence for the location of the
disease locus includes markers D25119, D254009, D2S1761,
and D2§2298. The lod scores are all very high for these
markers, and there are no observed recombination events
between these markers and the disease locus. According to
Marshfield web site,* the estimated map distance between
D2§119 and D252298 is 0.55 cM.

It should also be noted that while the 5-cM region around
marker GATA194B06 is within the 1-unit support interval for
the location of the disease, this peak is singular; no
neighbouring markers share such a large lod score. To
investigate the possibility of locus heterogeneity, a test of
heterogeneity in the presence of linkage (*; pp. 225) was
performed on all 28 markers. No significant evidence for
locus heterogeneity was found with any of the marker loci,

Table 2 Two-point lod scores for 28 polymorphic markers on chromosome 2p21 in 28 sitosterolaemia pedigrees

Recombination fraction, 6

Marker 0.0 0.01 0.05 0.1 0.2 0.3 0.4

D251346 6.12 5.96 5.29 4.46 2.84 1.42 0.39
D25§2272 5.83 5.69 5.14 4.43 3.02 1.66 0.52
D252328 6.32 6.17 5.57 4.81 3.29 1.82 0.56
Afmb335xcl — 1.72 3.74 3.95 3.13 1.83 0.58
GATA194B06 —oC 7.7 7.4 6.48 4.37 2.34 0.7

D252306 —oC 6.33 6.2 5.46 3.73 2.04 0.63
D252259 —C 3.94 4.11 3.74 2.71 1.57 0.52
D251356 6.51 6.36 5.75 4.96 3.35 1.8 0.53
D25414 —oC 4.16 4.98 4.76 3.53 2.01 0.62
D254070 3.44 3.43 3.23 2.87 2 1.1 0.34
D252294 —oC 6.21 6.64 6 4.15 2.24 0.67
D25119 8.16 7.96 717 6.18 4.19 2.29 0.69
D254009 8.39 8.18 7.36 6.32 4.26 2.32 0.7

D251761 7.03 6.87 6.24 5.39 3.63 1.93 0.57
D252298 7.39 7.23 6.56 5.66 3.81 2.03 0.59
D254018 3.38 3.29 2.93 2.5 1.68 0.93 0.3

Afm210xe9 —oC 8.44 8.08 7.07 4.79 2.57 0.76
D254016 — 4.3 4.36 3.88 2.69 1.47 0.45
D254014 —oC 1.47 2.4 2.39 1.77 0.98 0.29
D252174 —oC 5.14 5.23 4.72 3.34 1.87 0.58
D254015 5.39 5.24 4.67 3.94 2.54 1.32 0.39
D252291 — 4.44 4.68 4.31 3.1 1.75 0.54
D252240 —oC 6.09 6.23 5.66 4.03 2.26 0.7

D252378 — 2.98 3.17 2.85 1.95 1.04 0.31
D25391 4.33 4.22 3.77 3.22 2.13 1.13 0.33
D252156 —oC —3.89 —-0.27 0.81 1.16 0.77 0.25
D2S§123 — —-1.5 0.84 1.44 1.41 0.86 0.26
D252153 —oC —3.06 —0.09 0.77 0.98 0.64 0.2

Two-point lod scores, at the recombination fractions shown, were determined as described in Methods. Lod scores >3.0 are highlighted in

bold.
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suggesting that there is only one disease locus occurring in all
of these families.

Multipoint and haplotype analyses

Multipoint and haplotype analyses were performed with the
hope of narrowing the location of the disease locus. The
maximum multipoint lod score of 11.49 occurred at the
position of marker D252298 (Figure 2). Unfortunately, the 1-
unit support interval did not narrow the peak of search
region, rather it placed the disease locus somewhere between
0.33 cM distal to D254009 to 1.1 cM proximal to D254015. It
should be noted, though, that multipoint analysis did
eliminate marker GATA194B06 from consideration, based
on l-unit support, since the maximum multipoint lod score
in the interval between D251346 and D252306, including
GATA194B06, was 8.73.

Haplotype analysis showed two informative recombi-
nants, one in each of two different pedigrees (Figure 3).
In Pedigree 200, a pedigree from the US, between markers
D282240 and D2S2153, a recombination event was
detected in one affected child and not in the other (cf.
affected individuals 9 and 10, left pedigree, Figure 3).
Note that marker D252291 is noninformative on the
maternal chromosomes, thus the exact upper boundary
for the recombination has not been established. This
recombination places the disease locus distal to D252240.
In Pedigree 700, a Japanese pedigree (middle panel, Figure
3), a recombination event, involving markers GA-

13
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TA194B06 to D252294 was detected in individual 37.
Note that the distal boundary could not be accurately
established, since the next polymorphic marker, D25119,
was uninformative in this family. The parental haplotypes
were predicted, as the parental DNA was not available for
direct genotyping.

A summary of all the informative recombinant events
detected in our cohort is shown in Figure 4A. Using
SIMWALK (see Methods), a number of microsatellite markers
had recombination distances of 0.0. We were able to order
these markers, based upon a complete BAC contig con-
structed across this area (Lu et al, manuscript submitted).
Thus, in family 4000 (Figure 3, right panel), we were able to
detect a recombination event for two markers (Afin210xe9
and D254016), that was not reflected by the SIMWALK
analyses. This would place the sitosterolaemia locus to lie in
one of two intervals, D252294-Afm210xe9, or D254016-
D2§2240. However, based upon homozygosity mapping
(Figure 4B), we were able to localise the defect to the first
interval and narrowed it to lie between D252294 — Afin210xe9
(see below).

Linkage disequilibrium analysis

As the P values in Table 3 indicate, there is evidence for LD in
this data-set, and the strongest evidence is at marker
D2§2298. This marker is significant at the 0.05 level for both
tests (HRR-LRT and HRR-2 x n), and the estimated proportion
of LD between marker and disease locus is 1=0.486, i.e.,

11 |

74

Multipoint Lod Score
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b
3
3 2 28 83 s 8 o 8
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Figure 2 Multipoint analyses of markers genotyped in the sitosterolaemia pedigrees. Multipoint analysis was performed using
SIMWALK, using markers indicated in Table 1, as described in Methods. Although pedigree 4000 showed a recombination event for

markers Afm210xe9 and D254016 (see Results and Figure 3), since these markers have a recombination distance of 0.0, this event is not

detected by SIMWALK (see text).
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D281346 33 44 34 3 4 3 4 D251346 58§ 55 55 55 D25I346 00 00 00 00 00
D252272 4 2 43 4 4 4 4 23 D28§2272 33 33 33 33 D2s2272 00 00 00 00 00
D252328 32 83 38 3 8 23 D252328 34 4 4 4 5 4 4 D252328 00 00 00 060 00
GATAI94B06 9 1 21 92 9 2 11 GATA194B06 6 4 417 4 7 4 4 GATAI94BO6 0 0 0 0 00 00 00
D252306 11 31 13 13 11 D252306 33 31 3 1 3 3 D252306 00 00 00 00 00
D252259 2 6 43 2 4 2 4 6 3 D252259 42 25 25 22 D252259 00 00 00 00 00
D25§1356 45 16 41 4 1 56 D251356 24 414 4 4 4 4 D251356 00 00 00 00 00
D25414 54 53 55 5 5 4 3 D25414 44 416] 4 6 4 4 D25414 74 74 77 74 44
D254010 00 00 00 0 0 00 D254010 8 8 818 8 8 8 8 D254010 15 15 11 15 55
D252294 15 5§35 15 15 55 D252294 517 710 75 77 D252294 17 17 11 17 77
D25119 16 61 16 16 6 1 D25119 66 6 6 61 6 6 D25119 35 37 33 37 57
D254009 14 19 11 11 4 9 D254009 12 6 6 6 66 6 6 D254009 31 31 33 31 11
D251761 4 2 45 4 4 4 4 25 D2§1761 . 53 33 33 33 D25I761 24 24 22 24 44
D252298 13 4 12 6 1312 13 12 4 6 D252298 32 22 24 22 D252298 613 613 6 6 613 1313
D254018 00 00 00 00 00 D254018 32 22 23 22 D2s40I8 24 24 22 24 44
Afm210xe9 25 34 23 2 3 5 4 Afm210xe9 4 3 33 34 33 Am2l0xe9 42 42 4 4 4 2
D254016 00 00 00 0 0 00 D254016 74 4 4 45 4 4 D2540I6 75 75 77 79 512
D254014 1012 10 3 1010 10 10 12 3 D254014 83 33 33 33 D2s4014 37 31 33 37 77
D252174 57 64 56 5 6 7 4 D252174 85 55 55 55 D2S2174 32 32 33 32 22
D254015 37 43 34 3 4 73 D254015 42 22 22 22 D2540I5 00 00 00 00 00
D252291 11 66 16 1 6 1 6 D252291 64 4 4 41 4 4 D252291 00 00 00 00 00
D2§2240 6 2 62 6 6 6 |2 216 D252240 46 6 6 6 4 6 6 D252240 00 00 00 00 00
D2§391 32 44 34 314 214 D25391 23 33 33 33 D2s391 00 00 00 00 00
D2§2378 3 2 83 38 313 218 D252378 4 4 44 45 4 4 D2s2378 00 00 00 00 00
D2S123 8 8 87 8 8 8 |7 818 D25123 16 6 6 65 6 6 D25I123 00 00 00 00 00
D252153 78 71 717 74 8 1 D252153 717 77 78 77 D282i53 00 00 00 00 00

Figure 3 Recombination events that narrow the localisation of the sitosterolaemia gene. The lower limit of the sitosterolemia gene is
defined by a recombination event detected in family 200, and the upper limit is defined by a recombination in pedigree 700. The parents
in pedigree 700 are not available for genotype analyses. Additionally, two contiguous markers, Afm210xe9 and D254016, were
recombinant in pedigree 4000, placing the sitosterolaemia locus either above or below these markers.

Panel A Panel B
Recombination Events Homozygosity
200 300 700 1000 2000 3900 4000 400 500 600 700 800 2100 2200 2300 2700 2800 2900 3100 3400 3500 3700 4000

Marker

D251346 -

D252272

D252328

Afmb335xc?

GATA194B06

D252306

D252259

D2S1356

'D254009 A :

Figure 4 A summary of informative recombination events and homozygosity detected in all of the pedigrees. A indicates all the
informative recombinant events detected, B shows probands that showed contiguous homozygosity for more than three markers, and
where parental alleles were fully informative, either by direct analyses, or based upon predicted genotypes. Although the recombination
events localise the sitosterolaemia gene to one of two regions, when combined with the homozygosity patterns, the gene can be
localised to lie between D252294 and Afm210xe9 (boxed area, see text). Note that only pedigree 3400 is known to be consanguineous.

almost 50% LD. Sixty-three per cent of the affected children, of different ethnic backgrounds (US, Finnish, Japanese,
who were genotyped for D252298, were homozygous at this Amish, etc), illustrating why we observed such strong
marker, and this homozygosity was observed across families evidence for LD at this locus.
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Other markers that show significance at the 0.05 level for
both tests are D252294, D252306, and D252272. In each case,

Table 3 Linkage disequilibrium analysis for 28 markers

HRR-LRT HRR-2xn
Locus P value P value A
D2S51346 0.5 0.344 0
D252272 0.014 0.039 0.348
D252328 0.5 0.893 0
Afmb335xcl 0.5 0.187 0
GATA194B06 0.5 0.986 0
D252306 0.008 0.035 0.364
D252259 0.5 0.525 0
D2S1356 0.5 0.768 0
D25414 0.231 0.026 0.205
D254010 0.5 0.067 0
D252294 0.003 0.006 0.277
D25119 0.5 0.841 0
D254009 0.051 0.02 0.183
D2S1761 0.285 0.049 0.152
D252298 0.0008 0.008 0.486
D254018 0.5 0.559 0
Afm210xe9 0.5 0.157 0
D254016 0.481 0.026 0.031
D254014 0.434 0.01 0.041
D252174 0.5 0.084 0
D254015 0.5 0.211 0
D252291 0.5 0.481 0
D2D2240 0.5 0.105 0
D252378 0.5 0.729 0
D25391 0.5 0.788 0
D252156 0.5 0.453 0
D25123 0.5 0.453 0
D252153 0.5 0.051 0

The results from two LD tests are shown above (see Methods).
Significant P values (<0.05) are highlighted in bold (see Results).
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220.25, indicating more than 25% LD between marker and
disease locus. Additionally, the set of markers D254009,
D251761, and D252298 all show significant P values at the
5% level for the HRR-2 x n (Table 3). These three markers,
along with marker D2S119, also showed greatest two-point
evidence for linkage (Table 2), and had maximum likelihood
estimates of 0.0 recombination between disease and marker
locus.

A visual examination of the haplotype data for markers in
the 28 sitosterolaemia pedigrees suggests why we observe
such strong evidence for LD, particularly with the D252298
marker. A number of affected individuals, including those
from Amish (2200 and 2700), Japanese (700, 800, 2800, 3500
and 3700) and Caucasian US (2300, 3100 and 4000) pedigrees
are homozygous for one allele at marker D252298 (see below).
In addition, all affected children from the Amish pedigrees
share the identical haplotype bounded by markers D254010
and D252240 (all genotypes are homozygous).

Homozygosity and founder effects

A priori, we expected to detect homozygosity for markers in
affected individuals from the one known consanguineous
marriage (pedigree 3400). Unexpectedly, we detected homo-
zygosity in a number of affecteds from the other pedigrees
(summarised in Figure 4B). All but one of the Japanese
probands showed homozygosity for a number of contiguous
markers. Only the proband from family 3300 was hetero-
zygous for many of the markers in the critical region. The
proband from one of the South African families (pedigree
500) was also homozygous. Two of the Caucasian American
families (pedigrees 2300 and 3100) also showed homozygos-
ity. The extent of the homozygosity is summarized in Figure

Japanese

Norwegian/Finnish

146 116
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Figure 5 Haplotype sharing in some of the pedigrees. Comparison of haplotypes within the narrowed area of interest showed that the
probands from the Amish and Mennonite families (left hand side), showed significant haplotype sharing as did two Japanese probands
(middle panel). Additionally, a Norwegian and a Finnish proband (right hand side) also showed both homozygosity and haplotype sharing.
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Figure 6 Genealogical analyses of the Amish and Mennonite families in this study. A genealogical analysis of the parents from pedigrees
2700 and 2200 (as indicated) was performed as described in Methods. Five possible founders, that link all four parents, were identified.
An approximate time index is as shown in the left margin for temporal orientation. As can be seen, individual 74 is the least related to all
of the remaining three obligate carriers. Of the possible founders, the Yoder line has the most frequent interconnections, and the Blank
lines the least. The small dots indicate a generation. The ‘Amish’ mutation is at least 200 years old.

4B. Based upon homozygosity alone, the sitosterolaemia
defect can be localised to lie between markers D252294 and
D254018.

Interestingly, in addition to homozygosity, we also
detected haplotype sharing, summarised in Figure 5. Thus,
the two Amish/Mennonite families (pedigrees 2200 and
2700) showed extensive haplotype sharing across the
sitosterolaemia locus. Although these two families were not
known to be related initially, a concerted genealogical search
allowed us to trace their lineages back to a potential of five
founders,?® dating back to around the early 1700s (Figure 6).
The four obligate carriers are indicated by large diamonds at
the bottom. The first two are from family 2700 (individuals
103 and 104, Figure 6, see Figure 1) and the last two from
family 2200 (individuals 73 and 74, Figure 6). The possible
founders are indicated at the top. The names of the founders
and their brief historical background are well-documented.?®
The fewest number of generations linking any two of the
obligate carriers is three, with a minimum of six generations
linking all four together (Figure 6).

European Journal of Human Genetics

We have three families/probands from Scandinavia (400,
2900, and 3900). Of these pedigrees, 400 and 3900 are
Finnish, and pedigree 2900 is Norwegian. Interestingly,
homozygosity and haplotype-sharing between probands
from family 400 and 2900 was detected (Figures 4 and 5).
All of the probands showed considerable allelic variance
outside of the region of interest, suggesting that DNA
contamination or experimental artifacts were not the reason
for this. Apparent homozygosity can be detected if there is a
deletion of a chromosomal region on one of the alleles (the
proband being heterozygous for the mutant alleles). How-
ever, as the parents were available for genotyping and were
informative, chromosome deletion was an unlikely possibi-
lity. Allele frequency for markers D252294 and D25119 were
examined in randomly selected normal individuals from
Finland and Norway (Table 4). Compared to the general
population, the frequency of the alleles for these two markers
in the parents of the affected individuals (obligate carriers)
was almost double, further supporting the concept of a
founder effect. There does not appear to be a more recent



Table 4 Allele frequencies in normals, parents and
probands from Norway and Finland

Finnish ~ Norwegian  Parents  Probands

Marker Allele (n=62) (n=98) (n=12) (n=8)
D2S119 1 0.19 0.16 0.5 0.88

2 0 0

3 0 0.02

4 0.16 0.09

5 0.19 0.22 0.17

6 0.44 0.28 0.33 0.1

7 0.02 0.18

8 0 0.02

9 0 0.03
D252294 1 0.16 0.21 0.33 0.75

2 0.02 0.04

3 0.21 0.17 0.33 0.25

4 0.05 0

5 0.35 0.26 0.33

6 0.15 0.06

7 0.06 0.26

8 0 0

Allele frequencies from normal unrelated individuals, parents and
probands from two Finnish and one Norwegian family were
computed for the markers shown. D25719, allele 1 and D252294,
allele 1 show considerably increased frequencies in the parents and
probands than the normal population.

genealogical link between these families (L Ose and T
Miettnen, personal observations). Additionally, the two
‘Finnish’ families appear to be unrelated to each other and
do not share any of the haplotypes. The proband in the
Finnish family 3900 is heterozygous for all of the informative
markers in this region, suggesting that she may be a
compound heterozygote for the sitosterolaemia gene muta-
tion. Finally, although several of the Japanese probands show
homozygosity across the region of interest, only two of them
(pedigrees 2800 and 3700) share the haplotypes (Figure 5).
These families also do not appear to be related through more
recent generations.

Discussion

Under normal circumstances, mammals can distinguish
between dietary cholesterol and non-cholesterol sterols, such
that only cholesterol is absorbed and retained by the body.
The majority of non-cholesterol sterols that are thus
excluded by the human body comprise mainly of plant
sterols (as we eat a mixed diet), such as sitosterol,
campesterol, stigmasterol etc. In addition, sterols found
predominantly in shellfish, such as 22-dehydrocholesterol,
isofucosterol, brassicasterol are also normally not retained by
the body. The molecular mechanism(s) by which this
exclusion process is carried out is unknown. Elucidation of
the autosomal recessive disorder of sitosterolaemia may shed
light on this process. In this condition, affected individuals
hyperabsorb all sterols and loose the ability to selectively
absorb only cholesterol from the diet. Affected probands also
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show a defect in sterol excretion via the bile, with a
consequent expansion of whole-body sterol pools and
increase in premature atherosclerotic disease, with fatal
consequences.??

We have previously mapped the sitosterolaemia locus to
human chromosome 2p21, to a 15cM interval.* We
report in this study, a further delineation of the
sitosterolaemia locus to an area no larger than 2 cM
and characterise the genetics further, by examining a total
of 30 pedigrees.

All the pedigrees assembled to date map to chromosome
2p21 and to date, no evidence for genetic heterogeneity has
been found. Our pedigrees have been assembled from a
number of different geographical and ethnic origins. Based
upon informative recombination events, the sitosterolaemia
locus can be localised to an area bounded by the micro-
satellite markers DS2294 and D252298, a distance of
approximately 1 MB (Lu et al, manuscript submitted).
Additionally, we have identified homozygosity in apparently
nonconsanguineous marriages and haplotype sharing within
probands from geographical areas. The region of homo-
zygosity and haplotype sharing is concordant with the
localisation of the sitosterolaemia locus based upon recom-
bination events, further narrowing the locus to lie within the
D2§2294-Afm210xe9 interval.

Homozygosity was detected in probands of Japanese,
Finnish/Norwegian, Indian South African, Amish/Menno-
nite and US White Caucasian extraction. Only one family
was known to be consanguineous, even though sitoster-
olaemia is relatively rare. In two previously ‘unrelated’
Amish/Mennonite families, we were able to establish, both
by genealogy, as well as by genotyping, that the mutated
disease allele may have brought to the US by the first
Amish settlers.”® Although many of the Amish/Mennonite
founders originated from German-speaking Switzerland,
many had lived in the Alsace and Palatinate regions before
emigrating to the US.?® We are not aware of any reports of
sitosterolaemia in current residents of Switzerland or
France. The closest geographical family is a Dutch family
(pedigree 2500), that did not share any haplotypes with
the affected Amish-Mennonite probands. Interestingly, two
out of three pedigrees from the Norway/Finland not only
showed homozygosity, but they also exhibited haplotype
sharing. Furthermore, markers from the region of interest
showed a significantly different allele frequency compared
with randomly chosen individuals from Norway and
Finland. This would suggest that a single founder gave
rise to the ‘Finnish/Norwegian’ mutation and is respon-
sible for the occurrence of the disease. An alternative
interpretation is that the two families are linked by
genealogy more recently (cf. the Amish above), and that
a more recent emigration of the carriers may account for
the observations. While founder effects have been
identified for the Finnish population for other disease
loci,?°32 to date, there are no reports of common
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founders that link the Norwegian and Finnish populations.
This would be the first report of such an occurrence.

Using recombination events, the sitosterolaemia gene can
be localised to lie between microsatellite markers D252294
and D2S§2291, a distance of about 5 cM. Additionally,
combining the data from homozygosity and haplotype
sharing, we can further narrow the region to lie between
D252294 and Afm210xe9, a distance of 2.5 cM. However,
from our BAC contig maps (Lu et al, manuscript submitted),
this area is no larger than about 1 MB.
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