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Abstract

Polymorphism at the vitamin Dreceptor gene was examined
in relation to bone mineral density (BMD) at spine, femur,
and forearm in 86 monozygotic (MZ) and 39 dizygotic (DZ)
adult female twins. All were white, 63 pairs (44 MZ, 19 DZ)
were premenopausal, and 43 pairs (31 MZ, 12 DZ) were

discordant for age at menopause or use of estrogen.
Each individual of the DZ pairs and one individual of

MZpairs was genotyped for Apal, BsmI, and TaqI polymor-
phism at the vitamin D receptor gene locus using Southern
hybridization.

Intraclass correlations for BMDin MZ and DZ twin
pairs indicated that heritability accounted for over 70% of
BMD. There was no relationship between genotype for any

of the three polymorphisms and BMDat any skeletal site
in the twin population, considered either as a total popula-
tion, both with and without twins discordant for age at
menopause or use of estrogen, or as a premenopausal popu-
lation. In DZ twin pairs discordant for alleles for the three
polymorphisms, no allele was associated with higher or

lower BMD.
It is concluded that in this population of healthy adult

females there was no relationship between these polymor-
phisms at the vitamin D receptor gene locus and BMD.
(J. Clin. Invest. 1994. 94:2130-2134.) Key words: twins
heritability * osteoporosis - age-related bone loss * fractures

Introduction

Density of bone is strongly inherited. From studies of monozy-

gotic (MZ) ' and dizygotic (DZ) twins, inheritance is estimated
to account for between 60% and 80% of the bone mineral
density (BMD) in both men (1) and women (2, 3). BMDis a

major determinant of bone strength (4-6). Within the normal
range of BMD, a decrease of one standard deviation approxi-
mately doubles the risk of fracture (7-10), indicating that the
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1. Abbreviations used in this paper: BMD, bone mineral density; DZ,
dizygotic; MZ, monozygotic; VDR, vitamin D receptor.

risk of developing age-related osteoporotic fractures is, in part,
heritable.

Identification of genetic markers that relate to inheritance
of BMDin the normal population is of central importance for
both identifying subjects at risk of age-related osteoporosis and
understanding the mechanisms involved in the heritability of
BMD. In a study involving both healthy women and MZand
DZ adult twins from Australia, Morrison et al. ( 11) have shown
a strong relationship between polymorphism at the vitamin D
receptor (VDR) gene and BMDat the spine. A similar but
weaker relationship was present at the hip. These investigators
reported that, in their twin population, homozygotes for the
VDRgene alleles defined by the restriction endonuclease BsmI
differed in spinal BMDby over one standard deviation of the
normal population. Such a difference suggests that the genetic
variation in BMDof the normal population is largely accounted
for by polymorphism at the VDRgene locus. Furthermore, in
their healthy pre- and postmenopausal women, the difference
in BMDbetween the two groups homozygous for the VDR
gene alleles resulted in a 10-yr difference in spine density and
an 8-yr difference in hip density.

In addition to BsmI (12), restriction fragment length poly-
morphisms at the VDRgene have been described with the endo-
nucleases ApaI ( 13), EcoRV ( 12), and TaqI ( 14). In this study,
we have examined the relationship between the genotypes de-
fined by polymorphisms for Apal, BsmI, and TaqI at the VDR
gene, and BMDat the lumbar spine, upper femur, and forearm
in a population of healthy adult female MZand DZ twins of
Caucasian origin.

Methods

Patients. 86 monozygotic and 39 dizygotic pairs of adult female twins
were recruited from the Indiana University Twin Panel. The twins were
healthy and had no known disease of bone. Height, weight, age, meno-
pausal age, and use of estrogen preparations were recorded, blood was
drawn, and BMDmeasured. The protocol was approved by the Institu-
tional Review Board of Indiana University, Purdue University at India-
napolis.

Bone mineral density. BMDat the lumbar spine (L2-L4), and
upper femur (neck, Ward's triangle, greater trochanter), was measured
by dual photon absorptiometry, and at proximal and distal sites of the
forearm by single photon absorptiometry (Lunar Corp., Madison, WI).

Genotyping. DNAwas extracted from blood and 10 Mg DNAdi-
gested for 3 h in a volume of 200 II with 80 U of the restriction
endonucleases, Apal, TaqI (Boehringer Mannheim Corp., Indianapolis,
IN), or BsmI (New England Biolabs Inc., Beverly MA) at temperatures
recommended by the manufacturers. DNAwas extracted by ethanol
precipitation; fractionated using 0.8% agarose gel electrophoresis, and
transferred to nitrocellulose filters (Schleicher & Schuell, Inc., Keene,
NH). Filter membranes were prehybridized; the filters were then hybrid-
ized with the 32P-labeled probe for 18 h at 420C, washed, and autoradio-
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Table I. Mean (SD) Height, Weight, and Age of the Total Twin
Population (Total), in the Subpopulation after Removal of Twin
Pairs Discordant for Estrogen or Age at Menopause (Total
[Menopause/Estrogen]), and the Subpopulation of Premenopausal
Twin Pairs (Premenopausal)

Total Total (Menop/Estr) Premenopausal

MZ DZ MZ DZ MZ DZ

n (pairs) 86 39 55 27 44 19
Height 162.9 164.1 162.8 165.1 163.2 166.0

(cm) (6.1) (6.2) (6.3) (6.3) (5.8) (6.8)
Weight 64.0 70.4* 63.1 71.4* 61.9 74.2*

(kg) (10.5) (16.2) (11.8) (17.5) (11.1) (19.7)
Age 43.9 43.0 40.0 40.8 35.4 35.0

(yr) (11.8) (11.7) (11.6) (11.5) (6.3) (4.1)

Significance between MZand DZ twins, *P < 0.05.

graphed for 24 h. The probe, hVDR-ORF, is a 1.4 kb cDNA encoding
the full length human VDR. It was isolated from HL-60 human promy-
elocytic leukemia cell line by reverse transcription-PCR technique and
cloned as an EcoRI fragment into pBluescript KS+ (Stratagene, La
Jolla, CA) (15). The VDR-ORF cDNA was radiolabeled with
[a-32P]dCTP (3,000 Ci/mmol, 10 mCi/ml, Amersham Corp., Arlington
Heights, IL) using the oligolabeling method (Pharmacia Fine Chemi-
cals, Piscataway, NJ). The alleles were named as previously de-
scribed (14).

Analysis and Statistics. To examine whether discordance for age at
menopause, use of estrogen, or postmenopausal status influenced the
relationship between polymorphisms at the VDRgene and BMD, the
twin population was analyzed as three separate groups. First, they were
analyzed as a total population (total) irrespective of history of estrogen
use and age at menopause. Second, they were analyzed as a subgroup
with all twin pairs discordant for age at menopause (difference between
pairs of 2 yr and more at age of menopause, if they were within 5 yr
from menopause at the time of the BMDmeasurement), or use of
estrogen removed from the total population (total - menopause:estro-
gen). Third, all premenopausal twin pairs were analyzed as a separate
subgroup (premenopausal).

The degree of relationship in the MZand DZ twin pairs was esti-
mated by intraclass correlations, rMZ, and rDZ, respectively, where
rMZ = (aMZ - wMZ)/(aMZ + wMZ), and aMZis among pair mean
squares and wMZis within pair mean squares (16). rDZ is similarly
calculated. Heritability (H2) was estimated as 2 (rMZ - rDZ) (17).
The rDZ for twins discordant and concordant for genotype for the three
polymorphisms was also calculated.

Differences in BMDamong the three genotypes for the three poly-
morphisms were tested using ANOVA. Differences in BMDamong
genotypes adjusting for age, height, and weight were tested using analy-
sis of covariance. The direction of the differences in BMDbetween DZ
twins discordant for genotype for the three polymorphisms was assessed
using paired t tests. t tests were used to assess differences in mean age,
height, and weight between MZand DZ twins. The expected frequency
of discordant and concordant DZ twins for genotype for the three poly-
morphisms was determined using the ITO method as described by
Li (18).

Results

There were 44 MZand 19 DZ premenopausal twin pairs, and
31 MZand 12 DZ postmenopausal pairs were using estrogen
or were discordant for age of menopause (Table I). There were
no significant differences in the mean age between all MZand
DZ twin pairs (total), with the twin pairs discordant for age at

Table II. Intraclass Correlations (rMZ, rDZ) and Heritability
for BMD(g/cm2), at Spine, Femur, and Forearm, g/cm2 in the
Total Twin Population (Total), in the Subpopulation after
Removal of Twin Pairs Discordant for Age at Menopause and
Use of Estrogen (Total [Menopause/Estrogen]), and in the
Subpopulation of Premenopausal Twin Pairs (Premenopausal)

Spine Upper femur Forearm

L2-4 Neck Ward Troc Distal Proximal

Total
rMZ 0.85 0.77 0.80 0.77 0.80 0.84
rDZ 0.41 0.43 0.38 0.26 0.43 0.64
H2 0.88 0.68 0.84 1.02 0.74 0.40

Total (Menop/Estr)
rMZ 0.92 0.81 0.86 0.84 0.84 0.77
rDZ 0.13 0.36 0.32 0.23 0.45 0.60
H2 1.58 0.90 1.08 1.22 0.75 0.34

Premenopausal
rMZ 0.89 0.73 0.78 0.78 0.82 0.71
rDZ 0.38 0.28 0.17 0.24 0.41 0.45
H2 1.02 0.90 1.22 1.08 0.82 0.52

H2 = 2(rMZ - rDZ).

menopause or use of estrogen removed (total minus [meno-
pause/estrogen]), or as premenopausal twin pairs (premeno-
pausal). The DZ twins, however, were taller and significantly
heavier (P < .05) than MZtwins in each of the three population
groups examined.

Intraclass correlations for BMDat spine, upper femur, and
distal site of the forearm in MZtwins were about twice that of
the corresponding DZ twins, indicating that heritability (H2)
accounted for over 70% of BMDat these sites (Table II). At
the proximal site of the forearm, heritability accounted for only

- 40% of the BMD. In the subpopulation that did not contain
pairs of twins discordant for age at menopause or use of estro-
gen, and in the subpopulation of premenopausal twins, the rMZ
was, in general, more than twice the corresponding rDZ.

The genotype and allele frequencies for ApaI, BsmI, and
TaqI were similar in MZand DZ pairs (Table Ill). The geno-
types were in Hardy-Weinberg equilibrium and the numbers
of concordant and discordant DZ twins were not significantly
different from that expected (18). In 39 pairs of DZ twins, 17
were discordant for ApaI, 14 for BsmI, and 15 for TaqI. In 12
pairs, there was discordance for all three polymorphisms; two
pairs were discordant for BsmI and TaqI but not for ApaI; one
pair was discordant for TaqI only; and five pairs were discordant
for ApaI only. BsmI, TaqI, and Apal polymorphisms were re-
lated very closely, with 98% of subjects concordant for geno-
type for BsmI and TaqI, and 79% for BsmI and ApaL.

BMDat spine, femur, and forearm of all subjects in the MZ
and DZ twin populations combined, in relation to the genotypes
for each of the three polymorphisms, is shown in Table IV and
Fig. 1. There was no significant difference in BMDat any of
the skeletal sites between the three genotypes for any of the
three polymorphisms. Correcting BMDfor the effect of height,
weight, and age did not alter these relationships between geno-
type and BMD, and all remained nonsignificant. The statistical
power of this study, based on the results reported by Morrison
et al. ( 11), to detect a relationship between spinal BMDand
BsmI genotype, ranged from over 99% in our total twin popula-
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Table III. Genotype and Allele Frequencies for ApaI, BsmI, and
TaqI Polymorphisms in the Twin Population

Genotype frequencies %(1 = AA, 2 = Aa, 3 = aa, etc.)

MZtwins DZ twins All twins

Apa Bsm Taq Apa Bsm Taq Apa Bsm Taq

1 26 14 14 32 17 15 28 15 14
2 50 48 47 42 55 53 47 50 49
3 24 38 39 26 28 32 25 35 37

Total n 164 170 172 78 78 78 242 248 250

Allele frequencies %

MZ twins DZ twins All twins

A 50 53 51
a 50 47 49
Total chromosomes 328 156 484
B 38 44 40
b 62 56 60
Total chromosomes 340 156 496
T 37 42 39
t 63 58 61
Total chromosomes 344 156 500

tion to over 92% in our smallest subgroup, the premenopausal
twin population (Table V).

The relationships between genotype and spinal BMDfor
the three polymorphisms in the DZ twins that were discordant
for the alleles are shown in Fig. 2. In no instance was there a
significant relationship between spinal BMDand genotype, and
the direction of the differences in BMDbetween twin pairs was
random in relation to genotype. The statistical power of this
study to detect an effect of genotype on the direction of differ-
ence in spinal BMDbetween DZ twins discordant for BsmI
genotype as reported by Morrison et al. ( 11 ) ranged from over
99% in our total discordant DZ twin pairs to 78% in the five
pairs of premenopausal discordant DZ twins (Table VI). More-
over, our results (7 of 13) differed significantly (P = 0.0056,
Fisher's exact test) from those of Morrison et al. (21 of 22) in
the proportion of pairs with spinal BMDin the direction pre-
dicted by genotype. Restricting the analysis to the nine pairs
concordant for estrogen and menopause the proportion of cor-
rectly predicted pairs (four of nine) remained significantly dif-
ferent from that of Morrison et al. (P = 0.0038).

Similar results were found for the three sites in the upper
femur and the two sites in the forearm. In one pair of discordant
DZ twins, the difference in BMDat the spine was almost 50%
and was considered to be an outlier. Analysis of the data without
this pair also showed no relationship between BMDand geno-
type. Furthermore, the intraclass correlations for BMDat all
sites were not significantly different between DZ twins concor-
dant and discordant for genotype for the three polymorphisms,
and were significantly lower than the corresponding rMZ values.

Discussion

In our study, BMDand, to a lesser extent, height were highly
heritable, with the corresponding rMZ and rDZ values similar
to those previously published (2, 3). However, there was no

association between BMDat spine, femur, or forearm and the
three polymorphisms at the VDRgene defined by the restriction
endonuclease BsmI, or ApaI and TaqI. No particular genotype
explained the differences in bone density between the discordant
DZ twin pairs. Moreover, the intraclass correlations for BMD
in DZ twins concordant and discordant for genotype were simi-
lar and always less than those for MZtwins.

These results are in marked contrast to the findings of Mor-
rison et al. (11), who found that the presence of allele "b"
was associated with greater bone density. In their twin study
the effect of allele b accounted for most of BMDthat is derived
from inheritance, and, in DZ twins concordant for genotype,
the intraclass correlation coefficients were similar to those of the
MZtwins, who have 100% of genes in common. For example,
Morrison et al. ( 11) showed that, in individuals with genotype
bb, the mean spinal BMDof their total twin population was
1.25 g/cm2, 0.16 g/cm2 higher than genotype BB, whereas in
our individuals with bb genotype, the mean spinal BMDwas
1.12 g/cm2, 0.04 g/cm2 lower than our BB group. Although
our BB group was somewhat smaller (n=37) than theirs
(n=53), our bb group was larger (n=85) than theirs (n=68),
and therefore, the differences between the two studies cannot
be due to sample size. Moreover, correcting for age, weight, or
height as covariants did not alter the significance of any results;
nor is it likely to be due to lack of power. In our total twin
population, we had between 99 and 92% power, and in our DZ
twin discordant for genotype, we had between 99 and 78%
power, depending on the subgroups examined, to detect the
effect-sizes reported in the Australian study.

The frequencies of genotypes and alleles in our twin popula-
tion were very similar to those we have previously reported for
the general white population in Indiana from which our twins
are largely drawn (14). A frequency of 22% for the BB geno-
type reported by Morrison et al. (11) in their twins was higher
than the 16% they found in the general population and higher
than the 15%we found in our twin population. Also, a frequency
of 28% for the bb genotype in the Australian twins is less than
the 36% frequency in the Australian population and the 34%
of our twin population. These differences in genotype frequency
may represent differences in genetic background of the twin
populations of Indiana and Australia, because, as we have
shown, there are racial differences in the BsmI allele frequency
(14). However, both populations are of north European ances-
try, and racial differences are unlikely to be responsible. An-
other difference between the two studies is that in the Australian
data there is an anomaly in the number of DZ twins discordant
for genotype. There were seven discordant twin pairs (BB, bb),
whereas, only 1.7 is expected based upon their reported gene
frequencies (xl2= 16.4, P < 0.001) (18).

Polymorphism was established by Southern hybridization
in our study, using a 1.4-kb cDNA probe encoding the full-
length VDR (15), whereas in the Australian study polymor-
phism was established by PCRof the DNAin the region from
exon 7 to the 3' untranslated region, based on studies using a
2.1-kb cDNA probe (19). To exclude any difference in geno-
type classification due to the probes, we have checked, in a
blinded study, 36 of our samples (12 of each genotype) with
our 1.4-kb probe (-70 to 1305 nt) (15) and a 2.0-kb probe
(+5 to 2005 nt) (20) a method very similar to that used by
Morrison et al. ( 12), using Southern hybridization. As expected,
both probes gave exactly the same classification of genotypes.
The similarity of the results obtained with BsmI, TaqI, and
Apal indicates that misclassification of cases due to incomplete
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Table IV. Bone Mineral Density, g/cm2, at the Spine, Femur, and Forearm in Relation to Genotype Defined by Apal, BsmI, and TaqI
in the Total Twin Population (Total), Subpopulation after Removal of Twins Discordant for Age at Menopause or Estrogen Use (Total
[Menopause/Estrogen]), and in the Subpopulation of Premenopausal Twins (Premenopausal)

Spine Upper femur Forearm

L2-4 Neck Ward's Troch Distal Proximal

n mean SD n mean SD mean SD mean SD n mean SD n mean SD

Total (n = 250)
AA 67 1.15 .15 66 .84 .13 .70 .15 .69 .11 62 .37 .07 62 .65 .08
Aa 112 1.17 .14 108 .88 .12 .74 .13 .71 .10 110 .38 .06 112 .67 .06
aa 59 1.10 .16 59 .85 .13 .72 .16 .70 .13 59 .39 .06 59 .68 .08
BB 37 1.16 .17 37 .85 .13 .72 .14 .70 .12 35 .37 .07 35 .66 .09
Bb 122 1.16 .14 117 .88 .13 .74 .14 .70 .10 121 .38 .06 123 .67 .06
bb 85 1.12 .16 85 .85 .13 .72 .15 .71 .12 81 .38 .06 81 .67 .07
TT 36 1.15 .16 36 .85 .13 .72 .14 .69 .12 34 .37 .07 34 .66 .09
Tt 118 1.17 .14 113 .87 .13 .74 .15 .70 .10 117 .38 .06 119 .67 .06
tt 92 1.12 .15 92 .86 .12 .72 .15 .71 .12 88 .38 .06 88 .67 .07

Total (menopause/estrogen)
(n = 164)

AA 43 1.15 .15 43 .85 .13 .71 .14 .69 .10 38 .37 .06 38 .67 .07
Aa 78 1.18 .13 74 .89 .12 .76 .13 .71 .10 76 .39 .06 78 .68 .06
aa 35 1.10 .18 35 .85 .16 .73 .19 .70 .16 36 .38 .07 36 .67 .08
BB 25 1.19 .15 25 .86 .13 .73 .13 .69 .10 23 .37 .06 23 .69 .08
Bb 82 1.17 .13 78 .89 .12 .76 .14 .71 .10 81 .39 .06 83 .69 .06
bb 51 1.12 .18 51 .84 .14 .72 .17 .70 .14 48 .37 .07 48 .65 .07
TT 24 1.18 .13 24 .86 .13 .73 .13 .69 .10 22 .37 .06 22 .69 .08
Tt 79 1.17 .13 75 .89 .12 .76 .14 .71 .10 78 .39 .06 80 .68 .06
tt 57 1.12 .17 57 .85 .14 .72 .16 .70 .13 54 .37 .06 54 .66 .07

Premenopausal (n = 126)
AA 31 1.19 .12 31 .88 .12 .76 .12 .70 .10 29 .39 .05 29 .70 .05
Aa 62 1.19 .11 58 .91 .11 .78 .11 .71 .09 61 .39 .06 63 .69 .05
aa 25 1.16 .12 25 .90 .13 .79 .16 .74 .14 26 .41 .05 26 .69 .07
BB 21 1.19 .12 21 .87 .13 .75 .12 .69 .10 19 .39 .06 19 .71 .06
Bb 66 1.19 .11 62 .92 .10 .80 .11 .72 .09 67 .40 .06 69 .70 .05
bb 33 1.17 .12 33 .89 .13 .77 .15 .73 .13 32 .39 .05 32 .67 .06
TT 21 1.19 .12 21 .87 .13 .75 .12 .69 .10 19 .39 .06 19 .71 .06
Tt 62 1.20 .11 58 .92 .10 .80 .11 .72 .09 63 .40 .06 65 .70 .05
tt 39 1.16 .12 39 .89 .12 .77 .14 .73 .12 38 .39 .06 38 .67 .06

Spine Density (Mean ±SE) In Relaion to
In all MZ(no6 paim) and DZ (nN39 pirs) TVwin

T

A Pa m SB b bb

n.67 ,w112 noO n=37 n,122 no
Gonoo 'tipa

Tr TI
n-3 np11 rpao wln-

Goa

Figure 1. Spinal BMD, (mean±SEM) in relation to genotype for Apal,
BsmI, and TaqI in MZ(n =87 pairs) and DZ (n =39 pairs) adult female
twins considered as a total group.

digestion with BsmI is not a cause of the differences in our

findings from those of Morrison et al (11).
In both studies, BMDwas measured by dual-photon absorp-

Table V. Power to Detect a Relationship betweeen Spinal BMD
and BsmI Genotype in the Twin Population and Subpopulations
Described in Table IV Using Mean Spinal BMDof 1.09, 1.18,
and 1.25 g/cm2 for BB, Bb, and bb Genotypes Respectively
from Morrison et al. (11) and a Within-group Standard
Deviation of 0.1 7 g/cm2from This Study

Genotype sample size

Population BB Bb bb Power

Total 37 122 85 > 99%
Total (menopause/estrogen) 25 82 51 > 97%
Premenopausal 21 66 33 > 92%

Estimates were based on one-way ANOVAat a 5% significance level.
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Table VI. Power to Detect an Effect of BsmI Genotype on the
Direction of Difference in Spinal BMDbetween DZ Twins
Discordant for Genotype Based on the Report of Morrison et al.
(11) that in 21 of 22 Discordant DZPairs Higher BMDWas
Associated with the b Allele

Number of discordant
DZ pairs Power

Total 13 > 99%
Total (menopause/estrogen) 9 > 93%
Premenopausal 5 > 78%

Estimates were based on one-tailed exact binomial tests at 5% signifi-
cance level.

linkage may be obscured by environmental factors that are pecu-
liar to certain populations.
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