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Abstract

Thevdrgene is a candidate for osteoporosis susceptibility, with conflicting results in association studies. We have designed and optimized
an individual allele-specific and DNA pooling PCR-based methodology to quantitateBsmI andFokI polymorphisms of thevdr gene and
studied single-nucleotide polymorphisms (SNPs) from pooled DNA samples. The allele frequency in DNA pooling experiments has
been analyzed by kinetic PCR: quantitative real-time PCR (QRT-PCR). A Spanish cohort of 225 healthy postmenopausal women was
studied. Bone mineral density (BMD) was measured by dual-energy X-ray absorptiometry (DEXA) and quantitative ultrasound calcaneous
densitometry. Allele-specific PCR amplification ofBsmI and FokI genes showed full concordance with the PCR-RFLP approach. The
prevalence of the threeBsmI VDR genotypes was 19.1, 44.9 and 36.0% forBB, Bb andbb, respectively. In the case of theFokI locus, the
prevalence of genotypes was 40.4, 48.0 and 11.6% forFF, Ff andff, respectively. No positive correlation was found between polymorphism
and BMD. The DNA pooling procedure was validated. No differences were foundin allele frequencies andT-score data obtained using
the high throughput DNA pooling approach, as compared to known individual frequencies. In our hands, this is a very useful approach to
study quantitative (thus polygenic) traits like osteoporosis susceptibility.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The Vitamin D endocrine system plays a central role in
calcium and phosphate homeostasis as well as bone min-
eralization. This is accomplished by promoting the dietary
absorption of calcium and by facilitating the bone resorp-
tion and mineralization. Moreover, other multiple activities
have been recently reported for Vitamin D throughout sev-
eral other organs and systems of the body. The non-classic
actions of the hormonally active form of the Vitamin D
or calcitriol [1,25(OH)2D] include regulation of cellular
proliferation and differentiation, regulation of hormone se-
cretion, and regulation of immune function. Most of the
Vitamin D actions are mediated through the Vitamin D re-
ceptor (VDR), which is not restricted to the classic target
tissues of Vitamin D, but rather widely distributed[1].
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The gene encoding the VDR is located on chromosome
12q. Several allelic variants have been reported[2], includ-
ing aFokI restriction fragment length polymorphism in exon
II, BsmI and ApaI polymorphisms in the intron VIII (be-
tween exons VIII and IX), a synonymousTaqI variant in
exon IX, and a poly(A) mononucleotide [(A)n] repeat poly-
morphism in the 3′ untranslated region.

The possible functional consequences of the common
allelic variants of the VDR alleles remain unclear. Nev-
ertheless, since genetic factors play an important role in
bone mass, the VDR gene (vdr) is a candidate for osteo-
porosis susceptibility, with conflicting results in association
studies[3,4]. In addition, recent studies suggest a possi-
ble role of thevdr polymorphisms in the development of
other diseases such as primary hyperparathyroidism[5],
osteoarthritis[6], atherosclerotic coronary artery disease
[7], colon, breast, prostate and other cancers[8,9], dia-
betes mellitus[10], psoriasis[11] and other autoimmune
diseases.

DNA pooling is a practical way to reduce the cost of
large-scale association studies to identify susceptibility loci
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for common diseases. Pooling allows allele frequencies in
groups of individuals to be measured using far fewer PCR
reactions and genotyping assays than are required when
genotyping individuals[12,13]. The allele frequency in
DNA pooling experiments has been quantitated by differ-
ent approaches[13], being the quantitative real-time PCR
(QRT-PCR) a promising one. This is a kinetic PCR method-
ology that has been already validated in several studies,
showing a high degree of accuracy and reproducibility
[14–16].

Most reports have focused on theBsmI site, yet theFokI
variant remains a candidate for functional polymorphism as-
sessment. We designed and optimized both an allele-specific
as well as a DNA pooling PCR-based methodology to quan-
titate theBsmI and FokI polymorphisms of thevdr gene
and studied single-nucleotide polymorphisms (SNPs) from
pooled DNA samples.

1.1. Study subjects

The study was performed in a cohort of 225 post-
menopausal Spanish women who were referred by general
practitioners to the Mineral Metabolism Unit at Hospital
Universitario “Reina Sofı́a” of Córdoba (Spain) during the
course of a local osteoporosis screening program. Detailed
medical histories and biochemical studies were performed.
All were white Caucasian in good health. None of them
had been treated with hormone-replacement therapy or re-
ceiving other drugs that potentially could affect bone mass
or Vitamin D metabolism.

1.2. Bone density measurements

The bone mineral density (BMD) was measured by
dual-energy X-ray absorptiometry (DEXA) with an Ho-
logic QDR1000 from Hologic (Bedford, MA, USA) at both
the lumbar spine (LS) and femoral neck (FN) to estimate
mainly trabecular and cortical bone, respectively. For the
lumbar BMD evaluation, the LS densitometry of subjects
with vertebral fractures, calcifications or other significant
degenerative changes (assessed by X-rays) was excluded.
The coefficients of variation (CV) at LS and FN were 1.3
and 1.8%, respectively. The long-term daily quality con-
trol was followed by a lumbar spine phantom, with CV of
0.0±0.1%. A total of 1331 healthy females served to estab-
lish the mean BMD in this healthy Spanish population and
to calculate theT-score: standard deviations (S.D.) of the
patient’s value from the mean of young control population.
The characteristics of this reference population have been
described previously[17].

According to the World Health Organization (WHO) cri-
teria, we considered osteoporosis when the LS and/or the
FN T-score was equal or below−2.5 S.D.[18]. Yet, since
there are several limitations to this approach to identifying
patients with osteoporosis, we also used the treatment crite-
ria for osteoporosis based on guidelines from the National

Osteoporosis Foundation (NOF), and thus considered a
T-score below−2.0 S.D. as cut-off point[19].

1.3. Quantitative ultrasound calcaneous measurements

Quantitative ultrasound calcaneous assessments were per-
formed using the Sahara Clinical Sonometer from Hologic.
Broadband ultrasound attenuation (BUA), speed of sound
(SOS), quantitative ultrasound index (QUI) and estimated
bone mineral density were determined. The CV was 4.8%
for BUA, 0.36% for SOS, 3.45% for QUI and 4.15% for
BMD. In vitro precision was 0.4% for SOS and 2.67% for
BUA [20].

1.4. Genotyping

The analysis were performed from 3 ml of total blood
on Venoject vials from Terumo (Leuven, Belgium) with
Na2-EDTA and kept frozen at−80◦C until processed. Blood
samples from each women were obtained and the DNA was
purified following a “salting out” procedure.

1.5. Individual allele-specific genotyping by PCR

The population was genotyped for theBsmI andFokI poly-
morphisms of thevdr gene using an individual allele-specific
genotyping by PCR that we have setup and optimized in
our laboratories. This procedure performs two PCR ampli-
fications with each DNA sample. The amplicons were then
subjected to agarose gel electrophoresis (AGE) and visu-
alized under UV light. Each amplification was carried out
with a common primer and a specific primer for each allele.
The allele-specific primers differ in the first 3′-end base,
thus differentially amplifying the appropriate allele. To in-
crease or gain such specificity, the second 3′-end base of
the allele-specific primers was changed, thus the two 3′-end
bases were mismatched for the non-amplified alleles.

The BsmI polymorphism is due to a G→ A transition,
being differentially amplified by the following primers: 5′-
GCAAGAGCAGAGCCTGAGTATTGGGAATAC-3′ and
5′ - GCAAGAGCAGAGCCTGAGTATTGGGAATAT - 3′.
The allele-specific 3′-end base is shown in boldface; the
changed base to guarantee the differential specificity is un-
derlined. The standard common primer to both alleles is
5′-GGAGAGAAGGGCGAGGGTCAGACCCAT-3′.

The FokI polymorphism is due to a T→ C transition,
being differentially amplified by the following primers:
5′-CGTGGCCTGCTTGCTGTTCTTACAGGGCT-3′ and
5′-CGTGGCCTGCTTGCTGTTCTTACAGGGCC-3′. The
allele-specific 3′-end base is shown in boldface; the changed
base to guarantee the differential specificity is under-
lined. The standard common primer to both alleles is
5′-CACAGCAACCTCAGGAAAGCGATTTCCAAG-3′.

As a positive control, all PCR amplifications were per-
formed in the presence of an extra primer that was common
for both alleles. Such primer (together with the standard
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Fig. 1. Allele-specific PCR amplification. (A) Primer design. Schematic
representation of the primers used in the allele-specific PCR amplifications.
The primers “a” and “b” correspond to the extra common primers. The
primers “1” and “2” are the allele-specific ones, being identical except at
their 3′-ends. (B) AGE results. Agarose gel electrophoresis of the PCR
amplifications corresponding to theBB, Bb andbb genotypes of theBsmI
polymorphism, as determined by allele-specific PCR. (C) AGE results.
Allele-specific PCR of theFokI polymorphism showing theFF, Ff and
ff genotypes. See legend of part (B).

common primer) generated an amplicon that was longer
than the allele-specific amplicon. The extra common primers
used were 5′-AACCAGCGGGAAGAGTCAAGGG-3′ and
5′-AGCTGGCCCTGGCACTGACTCTGCTCT-3′ for the
BsmI and FokI positive controls, respectively.Fig. 1 shows
a diagram of the different primers used to amplify the
heterozygote and each homozygote for theBsmI and FokI
polymorphisms.

All amplifications were carried out in a total volume of
25�l, containing 20 ng of DNA, 1× reaction buffer, 1.5 mM
of MgCl2, 200�M of each four dNTPs, 0.4�M of each
primer and 1 U of EcoTaq DNA polymerase from Ecogen
(Barcelona, Spain). The samples were subjected to 34 cycles
consisting of 20 s at 94◦C (denaturation); and 50 s at 70◦C
(BsmI) or 71◦C (FokI) (annealing and extension) in a Mas-
terCycler gradient thermocycler from Eppendorf (Hamburg,
Germany).

1.6. Individual PCR genotyping and restriction analysis

The PCR-RFLP methodology was also carried out to de-
termine theBsmI andFokI polymorphisms. In this case, the
primers 5′-CAACCAAGACTACAAGTACCGCGTCAGT-
GA-3′ and 5′-AACCAGCGGGAAGAGGTCAAGGG-3′
were used forBsmI [21]; and the primers 5′-AGCTGGCCC-
TGGCACTGACTCTGCTCT-3′ and 5′-ATGGAAACACC-

TTGCTTCTTCTCCCTC-3′ for FokI [22]. The PCR ampli-
fications were performed as previously described, but using
30 s at 63◦C for the hybridization step and 1 min at 72◦C
for the primer extension. The 822 bp (BsmI) and 266 bp
(FokI) amplicons were digested with the appropriate (BsmI
or FokI) restrictases, respectively from MBI Fermentas
(Vilnius, Lithuania). The reaction products were segregated
on AGE. Digested amplicons correspond to the “b” or “ f”
alleles, respectively; non digested amplicons correspond to
the “B” or “ F” alleles, respectively.

1.7. DNA pooling methodology

The concentration of each individual DNA sample was
carefully measured at 260 nm in a DU64 spectrophotome-
ter from BeckmanCoulter (Fullerton, CA, USA). Samples
were then diluted to 10 ng/�l and 30 ng of each sample were
“pooled.” Three different pools were constructed, accord-
ing to the BMD T-score: (i) those showing values higher
than−2 (91 individuals); (ii) those with values between−2
and−2.5 (49 individuals); and (iii) those exhibiting values
less than−2.5 (85 individuals). Thus, such tree DNA pools
were used to determine the frequencies of the alleles “B,”
“b,” “ F” and “f” by quantitative real-time PCR (QRT-PCR;
kinetic PCR).

1.8. QRT-PCR with DNA pools

The allelic frequencies of the DNA pools were determined
by QRT-PCR using the LightCycler from Roche (Basel,
Switzerland). The PCR amplifications were performed as
previously described for the individual allele-specific geno-
typing, with the following modifications: no extra common
primer was added, the MgCl2 concentration was increased to
2.5 mM and SYBR green from Molecular Probes (Eugene,
OR, USA) was added at dilutions of 1 : 15× 104.

The relative quantitation of each allele was determined af-
ter Germer et al.[14]. To that goal, the Cycle threshold (Ct)
of each amplification reaction was obtained. The Ct corre-
sponds to the PCR cycle at which the fluorescence inten-
sity of the reaction mixture is higher than a predetermined
threshold. The Ct value can be fractional, being the differ-
ence between the calculated Ct values of alleles a function
of the relative abundance of each allele in the DNA pool.
Thus, a Ct difference of one cycle means that the allele with
lower Ct is twice as abundant and a Ct identical for both
alleles indicates a 50% percentage for each.

A total of four QRT-PCR reactions were carried out from
each DNA pool and for each of the two alleles of a particu-
lar polymorphism, calculating the average mean of the dif-
ferent Ct values (Ct of allele 1 versus Ct of allele 2). Since
the extension efficiency of each allele-specific primer is not
usually the same, five replicas were obtained for each het-
erozygote allele, thus calculating the corresponding Ct av-
erages (Ct′ of allele 1 versus Ct′ of allele 2). These means
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were used to normalize the Ct values obtained on the DNA
pools. The frequency of each allele in the pool was calcu-
lated with the formula 1/(2−Ct + 1), where�Ct = (Ct of
allele 1 − Ct of allele 2)− (Ct′ of allele 1 − Ct′ of al-
lele 2) [14,15]. It should be indicated that the figure “2” in
the formula denominator is actually “1 plus the extension
efficiency.” Yet, the PCR efficiency is near 100% at the ini-
tial exponential slope, thus the value “2” is a good fit under
such experimental conditions.

1.9. Statistical analyses

Data was stored and managed using in the program
dBASE III from Vestal (NY, USA) and analyses were per-
formed with the “Statistical Package for Social Sciences”
SPSS 9.0 (Chicago, IL, USA). The disparity among the
groups was evaluated by analysis of variance (ANOVA) and
Student’s t-test as appropriate. The relationship between
numerical variables was assessed by Pearson’s correlation
test. The distribution frequencies of the different genotypes
were compared by using theχ2 test. Evaluation of the in-
fluence of independent variables on BMD was tested by
multivariate logistic regression. All tests were two-tailed
and differences withP < 0.05 were considered significant.

2. Results

2.1. Allele-specific PCR amplification

Fig. 1 illustrates the allele-specific PCR amplification
of the BsmI and FokI genes. The procedure amplifies dif-
ferentially the two alleles when using the primers “1” or
“2,” respectively. It should be indicated that when the cor-
responding allele is not present at the SNP site, a faint
amplification band was observed. We have also applied the
RFLP-PCR methodology to 42 subjects, showing a full con-

Table 1
Comparison of allelic frequencies obtained by individual genotyping and “DNA pooling” approaches

Group (n = 225) Polymorphism Allele Frequency (known)a Frequency (DNA pooling) Frequencyb

T-score >−2 (n = 91) BsmI B 0.43 0.40 0.086
b 0.57 0.60

FokI F 0.64 0.66 0.046
f 0.36 0.34

−2 > T-score >−2.5 (n = 49) BsmI B 0.36 0.30 0.055
b 0.64 0.70

FokI F 0.69 0.72 0.030
f 0.31 0.28

T-score< −2.5 (n = 85) BsmI B 0.43 0.37 0.060
b 0.57 0.63

FokI F 0.62 0.64 0.058
f 0.38 0.36

a Frequencies obtained after individual genotyping.
b Calculated after Chen et al.[15].

cordance with the results obtained with the allele-specific
approach (data not shown).

The prevalence of the threeBsmI VDR genotypes in the
cohort was 19.1, 44.9 and 36.0% forBB, Bb andbb, respec-
tively. The allele frequencies were 41.6 and 58.4% for the
B andb alleles, respectively. In the case of theFokI locus,
the prevalence of the genotypes was 40.4, 48.0 and 11.6%
for FF, Ff and ff, respectively; the allele frequencies were
64.4 and 35.6% for theF andf alleles, respectively.

No statistical differences were found for age, weight or
BMI between theBsmI andFokI polymorphisms. Moreover,
no significant differences were found in lumbar spine and
hip T-score of DEXA and quantitative ultrasound calcaneous
densitometry between the Vitamin D receptor gene variants
studied. Likewise, no statistical differences were found in
the genotype distribution of the osteoporotic subjects using
WHO criteria (T-score< −2.5) or using NOF criteria (T-
score< −2).

2.2. Allele frequencies of DNA pools by kinetic PCR

We have established a functional osteoporosis classifica-
tion based on theT-score values, taking into account both
the WHO and NOF rankings. TheTable 1 shows the al-
lele frequencies andT-score data obtained using the DNA
pooling approach, as compared to the previously known fre-
quencies for the individuals used to generate the DNA pools.
No differences were found when such methodologies were
compared, as indicated inTable 1. The observed differences
were just 0.06 or even less.

3. Discussion

In this work, we have use an allele-specific methodology
to genotype both theBsmI and FokI loci of the vdr gene in
postmenopausal women. This approach has several advan-
tages when compared to the previous RFLP-PCR procedure
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[21,22]. Thus, no restrictase digestion is required, it is
quicker and cheaper. Besides, the RFLP approach is prone
to generate false positives due to partial or lack of DNA
digestion; in fact this may be a common problem depend-
ing on DNA purity and the restrictase used. We have used
an extra primer in the allele-specific amplification to avoid
false positives. We have further optimized the methodology
including an extra mismatch at the second 3′-end base,
thus each PCR primer pair amplifies efficiently (i.e., expo-
nentially) the target allele (just one mismatch) but not the
alternative allele (two mismatches). It should be indicated
that when no target allele is present in the reaction vial, a
faint amplification band was observed (lines 2 and 1 of the
genotypesbb andBB, respectively, onFig. 1 panel B). The
rationale of this result is that in the absence of a perfect
target match, the DNA polymerase can sometimes extend
the mismatched primer, albeit with very low efficiency
[23].

Our results demonstrate that the new allele-specific ap-
proach can be used as a more convenient alternative to the
RFLP-based procedure. In fact, the results obtained with
both methodologies are identical. Moreover, the genotype
and allele frequency of the population studied are similar to
those obtained in the same ethnicity and geographical area
(either Spain or Europe) both at theBsmI [3,24,25]andFokI
[3]. There were no differences in age, weight or height, BMI
and other parameters among the different genotypes in post-
menopausal women.

No positive correlation was found between the BMD and
the studied polymorphisms. This is in agreement with some
published reports[26–28], yet not with others[22,29,30].
Since BMD is a subrogate of osteoporosis, our methodology
could be applied to study patients with radiological criteria
of osteoporotic fractures, because there have been relatively
few studies of VDR gene variants and the risk of osteoporotic
fractures[3,25,31,32].

In conclusion, we have applied for the first time the DNA
pooling methodology to evaluate the allelic frequencies of
thevdr polymorphisms in postmenopausal women. We have
validated this procedure, obtaining similar results as those
generated with other established approaches like individual
RFLP-PCR or allele-specific amplification. In our hands, this
is a very useful approach to study quantitative (thus poly-
genic) traits like the osteoporosis susceptibility, since very
large number of individuals can be scored quickly. Other
authors have already used the DNA pooling approach for
large-scale association studies[13]. This is a high throughput
methodology, being also fast, accurate and amenable to au-
tomation. Additionally, it requires very low DNA amounts,
thus preserving scarce sample stocks.

Our data support the advantages of the DNA pooling
approach to analyze other putative associations between
thevdr polymorphism and some diseases like colon, breast
and prostate cancer, osteoarthritis, atherosclerotic coro-
nary artery disease, diabetes, primary hyperparathyroidism,
infection, and psoriasis[5–11], among others.
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