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ABSTRACT

Background: The genetic factors involved in determin-
ing bone mineral density (BMD) have not been fully
elucidated. We have begun genetic linkage analysis of
seven families in which many members are osteopenic,
in order to identify chromosomal loci that are potentially
involved in determining BMD.

Materials and Methods: Spine BMD was measured in
143 members of seven kindred with familial osteopenia.
The absolute BMD values for the spine (L2-L4) were
converted to the age-, gender-, and weight-adjusted Z
scores, and this corrected value was used as the quanti-
tative trait on which to base subsequent genetic analyses.
Simulations of linkage were performed in order to de-
termine the information content of the pedigree set, and
actual linkage analysis was conducted using polymor-

phic markers either within or near three candidate loci:
COL1A1, COL1A2, and vitamin D receptor (VDR).

Results: The distribution of the corrected Z scores was
bimodal (p = 0.001) suggesting a monogenic mode of
inheritance of the low BMD trait. Simulation of linkage
analysis suggested that the family data set was sufficient
to detect linkage under a single major gene model. Ac-
tual linkage analysis did not support linkage to the three
candidate loci. In addition, the VDR genotype was not
statistically associated with low bone density at the spine.
Conclusions: Loci other than COL1A1, COL1A2 and
VDR are very likely responsible for the low BMD trait
observed in these families. These families are suitable for
a genome-wide screen using microsatellite repeats in
order to identify the loci that are involved in osteopenia.

INTRODUCTION

Bone mineral density (BMD) measurements are
a quantitative assessment of the mineral content
of the skeleton. The BMD of the lumbar verte-
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brae and the hip (femoral neck, trochanter, and
Ward’s triangle) is directly related to bone
strength of the spine and hip, respectively (1,2).
Risk of fracture increases as BMD decreases (3),
but fractures may be absent in some individuals
with very low bone density. Conversely, frac-
tures may be present in individuals with normal
bone density. Two of the major determinants of
BMD are the peak BMD attained during growth
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(4-6), and the rate at which mineral is lost from
the skeleton during aging (7,8). Although many
factors can influence these two determinants of
BMD, evidence from studies of twins (9-12),
mother/daughter pairs (13,14), and parent/off-
spring pairs (15) suggests that genetic factors
play a major role (16). Studies of heritable dis-
orders such as osteogenesis imperfecta (OI)
(17,18) and vitamin D-dependent rickets type II
(19) demonstrate that mutations in the type I
procollagen genes (COL1Al and COL1A2) and
the vitamin D receptor gene (VDR) cause abnor-
mal bone. However, collagen gene defects ac-
count for only a small fraction of familial osteo-
porosis (20), and despite the association between
VDR genotype and low bone density observed in
some populations (21,22), no mutation has been
found that causes low BMD. Since fractures
caused by low BMD are a major source of mor-
bidity and health care costs in the elderly, it is
important to define other genetic factors that
might be involved in controlling BMD.

One approach to identifying genetic factors
involved in complex traits has been genetic link-
age analysis. Linkage analysis requires that an
identifiable status or trait be present in multiple
family members and that the structure of the
families be informative. To date, low BMD
and/or osteoporosis have not been assessed in
families that were of suitable size and structure
to provide a basis for genetic linkage analysis.
Thus, we have estimated the potential of the
seven families described here to serve as such a
basis for linkage analysis. In addition, we have
analyzed linkage to three candidate genes:
COL1A1, COL1A2, and VDR.

MATERIAL AND METHODS
Clinical

Family members of seven kindred were evalu-
ated at the Metabolic Bone Clinic, Montreal Gen-
eral Hospital Metabolic Bone Clinic (Families 01,
02, 03, 04, 06, and 07), or the Metabolic Re-
search Unit, Shriners Hospital for Crippled Chil-
dren, St. Louis (Family 05).

Spinal BMD was measured in all participat-
ing family members over the age of 20 by dual
energy X-ray absorptiometry (DEXA) using ei-
ther a Lunar DPX (Lunar, Madison, WI, U.S.A.;
Families 01, 02, 03, 04, 06, and 07) or a Hologic
QDR-2000 (Hologic, Waltham, MA, U.S.A;
Family 05). In general, values of BMD obtained

by the Hologic instrument have been shown to
be about 6-12% lower than those obtained us-
ing the Lunar instrument (23). Eight individuals
from three families (02, 04, and 06) had BMD
measurements performed at other clinics be-
cause it was not possible for them to travel to
Montreal. However, the instrument used in
these cases was also a Lunar DPX. The spinal
BMD measurements, in g/cmz, were converted
to Z scores based on the age-, gender-, and
weight-matched normal population data base
provided by the manufacturer of each densitom-
eter. All individuals were questioned with regard
to known causes of osteopenia, including hor-
monal deficiencies or therapy, poor nutritional
status, alcohol consumption, smoking, and lack
of exercise. Scleral hue and childhood fracture
history were determined for the proband of each
family. All participants gave their informed con-
sent, and the research protocols were approved
by the Institutional Review Boards for The Mon-
treal General Hospital, Washington University
School of Medicine, and Thomas Jefferson Med-
ical College.

Statistical Methods

The age-, gender-, and weight-adjusted BMD Z
scores for the spine were plotted, and a likeli-
hood ratio test using first the NOCOM program
(24) and then the ILINK (25) program was ap-
plied to determine whether a single distribution
or a mixture of two distributions best described
the BMD data. NOCOM does not consider famil-
ial relationships; hence ILINK, which does con-
sider relationships, was used to refine the anal-
ysis. Means and standard deviations for the two
components of the distribution were estimated
using the ILINK program. Multiple regression
was performed using the FASTAT statistics soft-
ware package (Systat, Inc., Evanston, IL, U.S.A.)
on the spinal BMD with age, height, weight, and
VDR genotype as independent variables.

Simulation Study

The corrected spinal BMD Z score was chosen as
the phenotypic variable on which to evaluate
linkage in the simulation studies because the
high trabecular bone content of the vertebrae
renders this site more sensitive to change (26)
and because determination of spinal BMD is
technically the most reproducible (27). Geno-
types were simulated using the SLINK program
(28,29) for a polymorphic marker that was lo-



cated at each of three recombination distances
(6) from the hypothetical BMD locus. The three
values for 6 were 0.01, representing a 1% recom-
bination rate; 0.05, representing a 5% recombi-
nation rate; and 0.50, representing a 50% re-
combination rate and therefore no linkage
between the marker locus and the hypothetical
single major gene locus responsible for the BMD
trait. The polymorphic marker locus was as-
sumed to have four alleles of equal frequency
(0.25) corresponding to a heterozygosity of 75%,
and the hypothetical trait allele was assigned a
frequency of 0.01. Expected and maximum lod
scores at the different values of the recombina-
tion fraction, and the probability that the maxi-
mum lod score will exceed a given value, were
evaluated from 100 replicates for 8 = 0.01 and
0 = 0.05 and 1000 replicates for 6 = 0.50 using
the analysis program MSIM (28,29).

Molecular Analysis

Blood was collected in EDTA-coated tubes and
genomic DNA was isolated according to the man-
ufacturer’s protocol for an automated instru-
ment (Genepure 341; Applied Biosystems Inc.,
Foster City, CA, U.S.A.). The polymerase chain
reaction (PCR) was used to determine the allelic
status of all individuals for the following poly-
morphic loci: COL1A2 intron 1 (30), COL1A2
intron 12 (31), D7S558 (32), HOX2B (33),
D17S806 (34), D17S798 (34), and the VNTR in
the 3'-untranslated region of COL2A1 (35,36).
PCRs were carried out using one oligonucleotide
with a 5’ *?P-label and the other oligonucleotide
unlabeled. Products were analyzed on a 6% se-
quencing gel by autoradiography.

The VDR genotype was determined as fol-
lows. Two oligonucleotide primers (21) were
used to amplify a portion of the VDR gene by
performing 30-40 cycles of 94.5°C denaturation
for 30 sec, 60°C annealing for 30 sec, and 72°C
extension for 1 min in a thermocycler model
9600 (Perkin Elmer Cetus, Norwalk, CT, U.S.A.).
PCR products of approximately 870 bp were
checked on an agarose gel and approximately
100 ng was used in a restriction digest with Bsml
at 65°C for 1 hr. Presence of the polymorphic
Bsml site was detected as two subfragments of
approximately 690 and 180 bp.

Linkage Analysis

Two-point lod scores were calculated at recom-
bination distances (6) of 0, 0.01, 0.05, 0.10, 0.20,
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and 0.30 using the program MLINK (25). For
each marker the number of alleles and allele
frequencies were based on those observed in our
family population. The putative disease allele
was considered to have a population frequency
of 0.01.

RESULTS
Defining the Test Trait

The seven families in this study were chosen
based on the size and availability of the family as
well as the clinicians’ foreknowledge of multiple
members with low bone density. The individual
who was evaluated first in each family was des-
ignated as the proband (Fig. 1, arrows). The eth-
nic backgrounds were as follows: French Cana-
dian (Families 01 and 07), Greek (Families 02
and 04), Jewish (Families 03 and 06), and un-
known (Family 05). There was no evidence of
osteogenesis imperfecta in the probands as indi-
cated by sclerae that were white, stature that was
normal, and absence of a family history of child-
hood fractures and dental abnormalities. The
probands had a diagnosis of osteoporosis on the
basis of spinal BMD value >2.0 SD below the
young-adult mean, or radiographic evidence of
osteopenia together with the presence of patho-
logical fractures and unremarkable biochemical
studies. However, for the purpose of this genetic
study we did not use the physician’s diagnosis of
presence or absence of osteoporosis to define
status in family members. Rather, we used the
age-, gender-, and weight-adjusted Z score for
spinal BMD as the trait on which to base all
analysis.

For purposes of illustration, in Fig. 1, the
adjusted spinal Z score is indicated by the extent
to which a symbol is filled, an unfilled symbol
indicating Z > —1.00 and a completely filled
symbol indicating Z < —2.5. Of the 143 individ-
uals evaluated, 37 had corrected spinal Z scores
that were <-—2.00, indicating osteopenia. Five
individuals were not included in the statistical
analysis because their spines had radiographic
evidence of sclerotic changes that compromised
use of the spinal Z score: III-7, III-9, and III-11 in
Family 02; I-1 in Family 03; II-5 in Family 04.
One individual, II-5 (Family 01) was excluded
because of medication (glucocorticoids) and life-
style (smoker, >2 packs of cigarettes/day). Her
identical twin (II-5A) had higher BMD, was not
a smoker and was not taking steroids. Another
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FIG. 1. Pedigrees of the seven families

Filled symbols indicate spinal BMD Z score <—2.50; three/quarter-filled symbols indicate Z score between —2.50
and —2.00; half-filled symbols indicate Z score between —2.00 and —1.50; one/quarter—filled symbols indicate Z
scores between —1.50 and —1.00; unfilled symbols indicate Z score >—1.00. Symbols with X indicate that the in-
dividual was not tested; symbols with * indicate anecdotal evidence of osteoporosis or radiographic evidence of
osteopenia. Arrows indicate the proband in each family. Family 01 has one set of monozygotic twins.
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FIG. 2. Distribution of age-, weight-, and gen-
der-corrected spinal BMD Z scores for 136 indi-
viduals

The distribution was analyzed using the ILINK likeli-
hood ratio test (25), which suggested that the bi-
modal character was significant (p = 0.001).

individual, III-30 (Family 07) was excluded from
the analysis because she had undergone a renal
transplant and was receiving immune suppres-
sants. There were no significant medical or life-
style indications to exclude any other individuals
from analysis. Although several subjects were
being treated with either estrogen or bisphos-
phonates prior to recruitment for the study, a
pretreatment baseline BMD was available. Of the
37 individuals with Z scores <—2.00, 24 (64.9%)
had had at least one fracture. Eighteen individ-
uals had corrected spinal Z scores between —1.5
and —2.0, and 8 of them (44.4%) had experi-
enced a fracture. Of the remaining 81 individuals
with spinal Z scores >—1.5, 21 (25.9%) had
fractured at least once.

Commingling analysis (25), performed on
the distribution of adjusted spinal BMD Z scores
after exclusion of the probands, demonstrated
that a mixture of two components provided a
better fit to the Z score distribution than a single
component with a unimodal distribution (Fig. 2).
The x?-statistic of 13.9 (2 df) has an associated
p value of 0.001 (37), and, therefore, supported
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the hypothesis of two components. This result
satisfied a necessary condition for assuming the
presence of genetic factors that determine BMD
and suggested a monogenic mode of inheritance.
The individuals in the two groups defined by the
bimodal distribution could be taken to represent
distinct genotypic classes at an underlying ge-
netic locus and provide the basis for defining the
test trait. Estimated by the ILINK program (25),
the means of the two distributions were —0.004
and —1.656, with a common SD of 0.917.

Simulation of Linkage

Based on the outcome of the commingling anal-
ysis of the spinal Z-score distribution, we as-
sumed that the transmission of BMD followed an
autosomal dominant mode of inheritance, with
the allele predisposing to low BMD having a
frequency of 0.01. The mean Z score of —0.004
was used for individuals who were homozygous
for the normal BMD allele, and the mean Z score
of —1.656 was used for heterozygotes or ho-
mozygotes for the low BMD allele. Simulation
analysis was carried out as described in Materials
and Methods. The analysis was performed on
each family individually, as well as for all seven
families combined, since it is not known if the
same locus is involved in determining BMD in
more than one family. The results are presented
as the average and maximum lod score for dif-
ferent values of the recombination fraction (Ta-
ble 1), and as the probability that the maximum
lod score exceeds a given constant (Table 2). The
average lod scores are indicative of the informa-
tion content of these pedigrees for linkage anal-
ysis, and the probability that the maximum lod
score exceeds a given constant is a direct estimate
of the power of the analysis. The analyses indi-
cated that there was a 52% probability of obtain-
ing a lod score >+3.00 and a 73% probability of
obtaining lod score >+2.00 for a true value of
6 = 0.05, if the initial assumptions were correct.
For a true value of 6 = 0.01, the probability of
obtaining a lod score >+3.00 was 74% and of
obtaining a lod score >+2.00 was 89%. Families
02, 04, and 07 are each of suitable structure and
size to yield lod scores of >+2.00.

The probability of obtaining a false positive
result is represented by the percentage of maxi-
mum lod-score values >3 when 6 = 0.50. In our
study this was found to be 0.
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TABLE 1. Average and maximum lod score at
given values for 0 as predicted by simulation
analyses

Family

A. For True 6 = 0.01

6 = 0.01 6 = 0.05
01 0.41 (1.84)° 0.39 (1.71)
02 0.60 (2.45) 0.59 (2.23)
03 0.40 (1.55) 0.39 (1.44)
04 0.98 (2.84) 0.94 (2.69)
05 0.19 (0.60) 0.18 (0.54)
06 0.46 (1.46) 0.45 (1.33)
07 1.01 (2.84) 0.97 (2.62)
Study 4.07 (8.11) 3.94 (7.42)
B. For True 6 = 0.05
(0 0.24 (1.75) 0.26 (1.56)
02 0.36 (2.38) 0.39 (2.16)
03 0.27 (1.55) 0.29 (1.43)
04 0.77 (2.84) 0.78 (2.69)
05 0.12 (0.60) 0.12 (0.54)
06 0.35 (1.46) 0.36 (1.33)
07 0.70 (2.85) 0.73 (2.62)
Study 2.81 (7.20) 2.92 (6.74)

“Maximum lod score in parentheses.

Molecular and Linkage Analysis

Three genes were of immediate interest for test-
ing linkage to the low bone density trait.
COL1A1l and COL1A2 encode the two chains of
type I procollagen, the principal protein in bone
matrix, and have been shown to have causative
mutations in osteogenesis imperfecta (17,18).
The vitamin D receptor (VDR) gene has been
recently implicated by the association of VDR
genotype with bone density (21). Therefore, we
tested for linkage to these genes by analyzing
polymorphic markers either within or near the
gene of interest. There are several diallelic poly-
morphisms within the COL1A1 gene, but none
of these were informative in these families. Thus,
three multiallelic markers that lie in the same
interval of chromosome 17 as the COL1A1 gene
were tested. The genetic map of chromosome 17
places the COL1A1 gene in the same 13.9 cM
interval as D17S798, D17S806, and HOX2B (32).
The lod scores calculated for each family individ-
ually as well as all together (Table 3 below) did

TABLE 2. Results of simulation analysis

Lod True True True
Score Family 6=0.01 6=0.05 60=0.50

2.00 01 0 0
02 5 3 0

03 0 0

04 17 10 0

05 0 0 0

06 0 0 0

07 15 12 1

Study 89 73 2

3.00 01 0 0 0
02 0 0 0

03 0 0 0

04 0 0 0

05 0 0 0

06 0 0 0

07 0 0 0

Study 74 52 0

Number of (interpolated) maximum lod scores greater than
a given critical value obtained from 100 replicates at § =
0.01 and 6 = 0.05, and 1000 replicates at § = 0.50.

not support linkage of this chromosomal interval
to the low spinal BMD trait. When the lod scores
are summed over all families, linkage was ex-
cluded to more than 5 cM on either side of
markers HOX2B and D17S798. However, each
family, taken individually, did not produce sta-
tistically significant lod scores for exclusion.

Unlike COL1Al, there are several multial-
lelic markers within the COL1A2 gene. Summed
over all families, COL1A2 could be excluded (Ta-
ble 3) with a lod score of <—3.00 for 6 < 0.01.
Taken individually, Family 03 suggested linkage
(lod = 0.85, intron 12). To test for a mutation in
COL1A2 in Family 03, cDNA was prepared from
skin fibroblasts of individual II-4 and sequenced
as in Spotila et al. (20). No mutation was found,
and the presence of a polymorphism indicated
that both alleles were expressed. From these re-
sults we conclude that COL1A1 and COL1A2 are
not linked to the low spinal BMD trait in these
families with the possible exception of COL1A2
in Family 03.

The procollagen II (COL2A1) gene is located
at 0 recombination distance from the VDR locus
(38). A VNTR in the 3’-untranslated region of



COL2A1 (35,36) was used as a marker for link-
age to VDR. Results are shown in Table 3. There
is no evidence for linkage to VDR with the pos-
sible exception of Family 06 (lod = 0.79). Over-
all, linkage was excluded with a total lod score of
—3.40 at 6 = 0. Family 04 was assayed for several
other markers in the 12ql2-ql4 interval of
chromosome 12 (D12S61, D12S62, D12S87),
and the lod scores were <—2.00 (Spotila, unpub-
lished). Thus, with the possible exception of
Family 06, we conclude that there is no evidence
for linkage of the low BMD trait to the VDR
locus.

Recently, the VDR genotype was reported to
be associated with BMD and to account for up to
75% of the genetic effect on spinal bone density
in a randomly selected Australian population as
well as a population of Australian twins (21)
although Hustmyer et al. (22) failed to observe a
similar association in a group of American twins.
The VDR genotype associated with low bone
density in the Australian group was identified by
the absence of a polymorphic Bsml restriction
endonuclease site (designated BB) (21). There-
fore, we determined the VDR genotype (i.e., BB,
Bb, bb) in 114 individuals from the seven pedi-
grees as described in Materials and Methods.
Multiple regression was then performed on the
data from men and women individually using
spinal BMD as the dependent variable and age,
height, weight, and VDR genotype as the inde-
pendent variables (Table 4). The coefficients for
VDR genotype were not significant in the regres-
sion equations, and the VDR genotype accounted
for only 0.7% of the variance in spinal BMD in
men and 1.2% in women (Table 4). The mean
(£SD) spinal Z score for each genotype was as
follows: —0.919 (*1.286) for genotype BB,
—0.931 (*1.262) for genotype Bb, and —1.221
(£1.448) for genotype bb. Although there is a
trend toward lower Z score with the bb homozy-
gote, these differences were not statistically sig-
nificant.

DISCUSSION

Genetic linkage analysis is a powerful tool that
has contributed greatly to the identification of
genes involved in many single gene disorders
such as cystic fibrosis, neurofibromatosis and
fragile X-linked mental retardation (39). More
recently, linkage analysis has been used to iden-
tify genetic loci involved in diseases that appear
to have both complex genetic causes and sub-
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stantial environmental influences. Examples are
familial breast cancer (40), colon cancer (41),
diabetes mellitus (42), and hypertension (43).
The success of the search for disease-causing
genes requires suitably large families in which
the status of individuals can be ascertained with
reasonable confidence. In this study, we have
used the age-, weight-, and gender-adjusted spi-
nal BMD Z score as the quantitative phenotypic
trait on which to base a genetic analysis. Because
this is a quantitative variable, it is more informa-
tive than dichotomization into affected and un-
affected clinical status. Since each individual has
a BMD value, each individual is potentially in-
formative. In this study of 143 family members,
37 individuals were identified who had spinal
BMD values more than 2 SD below the age-,
weight-, and gender-matched population and an
additional 18 were 1.5-2.0 SD below. More than
50% of these individuals had a history of one
fracture, but many were asymptomatic.

In the seven families described here, genetic
factors appear to be important in causing low
BMD for several reasons. Firstly, individuals in
multiple generations have low BMD, suggesting
that factors in addition to environment are in-
volved. Secondly, transmission appears to be
Mendelian, from affected parent to child, sug-
gesting a dominant mode of inheritance. The
observation of a bimodal distribution of adjusted
spinal Z scores is also consistent, although it does
not prove a dominant mode of inheritance.
Thirdly, the number of men and women affected
is approximately equal, thus indicating that es-
trogenic/androgenic-related factors and X-linked
inheritance do not fully account for the observa-
tions. Finally, some relatively young individuals
were found to have adjusted Z scores of <—2.00,
consistent with there being a defect in the attain-
ment of peak bone mass. Overall, however, there
is an age bias toward lower adjusted BMD Z
scores in older individuals. This may indicate that
the rate of bone loss in these families is also
affected by genetic factors.

The statistically significant outcome of the
commingling analysis on the age-, gender-, and
weight-adjusted spinal BMD Z scores (p = 0.001)
supports a monogenic inheritance mode of the
low spinal bone density trait in these families.

The suitability of the seven families for link-
age analysis was determined by computer simu-
lation. This type of analysis is useful for deter-
mining the probability of detecting linkage given
a particular set of data prior to carrying out mo-
lecular analyses. In the past, one limitation to
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TABLE 3. Lod scores for markers at or near the COL1A1, COL1A2, and VDR loci

Lod score at 0 =

Marker/Family 0.0 0.01 0.05 0.1 0.2 0.3
D17S798
1 —-0.97 —-0.91 —0.69 —0.48 -0.20 -0.07
2 —0.29 —0.29 —0.29 —-0.25 -0.13 —0.05
3 Not determined
4 —-0.72 —0.66 —-0.47 —0.30 —0.10 -0.03
5 —0.62 —0.56 -0.39 —0.26 -0.12 —-0.05
6 —1.05 —1.00 —0.81 —0.61 -0.30 —0.12
7 -0.25 -0.23 -0.15 -0.07 0.02 0.03
Total —3.90 —3.65 —2.80 —-1.96 -0.84 -0.29
HOX2B
1 -0.91 —0.88 -0.75 -0.59 -0.34 -0.15
2 0.17 0.22 0.35 0.43 0.42 0.28
3 —2.01 —1.85 —1.39 —1.02 —0.55 -0.26
4 -0.02 0.00 0.07 0.10 0.10 0.05
5 -0.70 —0.64 -0.45 -0.31 -0.14 —-0.07
6 -0.48 -0.44 —0.34 -0.25 -0.14 —-0.07
7 -0.34 -0.31 -0.16 0.01 0.17 0.16
Total —4.28 —3.89 —2.67 —-1.63 —0.48 -0.05
D17S806
1 —-1.50 -1.38 -1.07 -0.80 —-0.42 -0.18
2 —0.67 -0.63 -0.47 -0.30 -0.09 —0.02
3 Not determined
4 —-1.12 —-1.01 —0.69 —-0.41 -0.12 -0.03
5 —0.02 -0.02 -0.02 -0.01 —0.01 —0.00
6 0.13 0.18 0.28 0.31 0.26 0.14
7 0.12 0.11 0.08 0.06 0.06 0.07
Total -3.06 -2.76 —1.89 -1.15 -0.32 —0.01
Intron 1 COL1A2
1 —0.38 —0.36 -0.29 -0.21 —0.08 —0.01
2 -0.49 -0.47 -0.39 -0.29 —0.16 -0.07
3 —0.01 -0.01 —0.01 —0.01 —0.01 —0.00
4 -0.89 -0.84 —0.69 —0.52 -0.27 -0.10
5 —-0.57 —0.51 —-0.35 —-0.24 -0.11 —0.04
6 —0.99 -0.91 —0.68 -0.47 -0.23 —0.09
7 —0.66 —0.64 —-0.58 —-0.49 —0.28 -0.12
Total —-3.99 —-3.76 —-2.99 —-2.24 —-1.13 —0.44
Intron 12 COL1A2
1 -0.21 -0.21 -0.18 -0.15 —0.09 —-0.04
2 0.01 0.01 0.02 0.02 0.03 0.04
3 0.85 0.83 0.75 0.65 0.46 0.28
4 —0.88 —0.84 —0.68 —-0.53 —-0.28 —-0.12
5 —0.61 —-0.55 -0.39 —0.26 —0.12 —0.05
6 —0.87 -0.80 —-0.59 —0.42 —=0.21 —-0.08
7 —-1.55 —1.54 —1.45 —-1.19 —0.63 —0.25
Total —3.26 -3.09 —2.52 -1.86 -0.83 -0.24

continued
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TABLE 3. continued

Lod score at 0 =

Marker/Family 0.0 0.01 0.05 0.1 0.2 0.3
D7S558
1 Not determined
2 0.18 0.19 0.19 0.19 0.14 0.07
3 0.23 0.23 0.21 0.19 0.19 0.14
4 -1.17 —1.10 —0.88 —0.66 —-0.35 -0.15
5 Not determined
6 Not determined
7 Not determined
Total —-0.76 —0.69 -0.47 —-0.28 —0.08 —0.01
COL2A1
1 -0.15 -0.14 —0.09 —0.05 -0.00 —-0.03
2 —-0.45 —0.44 —-0.41 —0.34 -0.20 —-0.08
3 —-1.35 —1.28 —-1.05 —0.81 —0.46 —-0.24
4 Not determined
5 -0.73 —0.68 -0.50 —0.35 -0.17 —-0.07
6 0.79 0.78 0.72 0.63 0.43 0.22
7 —1.52 —-1.47 —-1.22 —-0.92 —-0.49 —-0.22
Total —-3.40 —-3.23 —2.54 —-1.83 —0.88 —-0.36

linkage studies was the lack of a sufficiently large
number of informative polymorphic genetic
markers. More recently, with the development
of large sets of mapped genetic markers
(32,39,44) the main limitation has become the
availability of suitable pedigrees. Here, the ex-
pected lod scores were computed for each family

as well as for all families combined, because it is
not yet known if the same loci will be involved in
all seven families. Three of the families (02, 04,
and 07) are each large enough and of suitable
composition to give lod scores approaching
+3.00. When all families are considered, the
probability of obtaining a significant lod score

TABLE 4. Multiple regression analysis of uncorrected values for spinal BMD (L2-L4) in males and
females from the seven families who were tested for VDR genotype

Males (n = 56)

Females (n = 58)

Variable Coefficient r Coefficient 4
Constant 0.121 0.828 0.540 0.148
Age (years) 0.001 0.767 —0.007 0.000
Height (cm) 0.004 0.236 0.003 0.129
Weight (kg) 0.004 0.023 0.004 0.002
VDR —0.021 0.508 —0.029 0.266
R? 0.189 0.517

R? if VDR is excluded 0.182 0.505

from regression




322 Molecular Medicine, Volume 2, Number 3, May 1996

greater than +3.00 was 52% at a true recombi-
nation distance of 5 cM and 74% at a true re-
combination distance of 1 ¢cM.

Before beginning a genome-wide screen for
linkage, we tested whether the low BMD trait
was linked to COL1A1, COL1A2, or VDR under
the assumed monogenic mode of inheritance.
The results of assaying several polymorphic
markers either within or near these loci have
permitted the exclusion of these loci in some
families. Moreover, there is no evidence for link-
age to these loci. The one slightly positive lod
score of +0.81 for COL1A2 in Family 03 was
below the theoretical maximum that could be
obtained from this family (+1.55, Table 1). How-
ever, upon sequencing the COL1A2 cDNA from
individual II-4, no mutation was found and both
alleles were expressed (Zhuang and Spotila, un-
published). Therefore, the COL1A2 gene does
not appear to be responsible for the low bone
density in this family.

Even though linkage to VDR was not ob-
served, it is theoretically possible that the VDR
genotype might be associated with the low bone
density trait in these families. However, multiple
regression analysis suggested that VDR genotype
accounted for only 0.7 and 1.2% of the variabil-
ity of spine BMD in men and women, respec-
tively. These results disagree with the association
of low BMD at either the spine or the femoral
neck with the BB genotype observed by several
groups (21,45,50), but the results here support
the negative findings of other groups (22,51,53).
Several possible explanations can be offered: (1)
the contribution of VDR genotype is minor in
these families and thus overwhelmed by the
other genetic effects; (2) our study population is
not random; (3) statistical models used in other
investigations cannot be applied to a family
group; or (4) the contribution of VDR genotype
to BMD may vary in diverse ethnic groups.

There are a vast number of additional genes
that might be considered good candidates affect-
ing low bone density. Thus, we are continuing
this analysis by performing a genome-wide
screen using highly informative micro-satellite
repeats at approximately 10-cM intervals.
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