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Abstract: Osteoporosis is a complicated and preventable disease with major morbidity
complications that affects millions of people. In the last 15 years, there have been numerous
studies and research in the new fields of pharmacogenetics and pharmacogenomics related to
osteoporosis. Numerous “candidate genes” have been identified and have been found to be
associated with osteoporosis as well as the treatment of osteoporosis. Many studies have found
conflicting results on different polymorphisms and whether or not they are related to bone
mineral density and osteoporosis. There is a need for larger and better designed pharmacoge-
nomic studies related to osteoporosis incorporating a greater variety of candidate genes. The
evaluation of osteoporosis and fracture risk is moving from a risk stratification approach to a
more individualized approach, in which an individual’s absolute risk of fracture is evaluable as
a constellation of the individual’s environmental exposure and genetic makeup. Therefore, the
identification of gene variants associated with osteoporosis phenotypes or response to therapy
might help individualize the prognosis, treatment, and prevention of fracture. This review focuses
on major candidate genes and what needs to be done to take the genetics of osteoporosis and
incorporate them into the pharmacogenomics of the management of osteoporosis.
Keywords: pharmacogenomics, osteoporosis, VDR, ER-alpha, CYP19 Gene, LRP5, COLIA1,
polymorphisms, genetics

Introduction

Osteoporosis is a highly prevalent bone disorder recognized by low bone mineral
density (BMD), microarchitectural deterioration of bone tissue, and enhanced bone
fragility leading to an increased incidence of fracture.'? The likelihood of fracture
is influenced by environmental factors, genetic susceptibility, biochemical markers,
and by the interaction between these factors.! Hormonal changes such as puberty and
menopause also influence bone mass.? The most serious fracture, hip fracture, occurs
in approximately one in six Caucasian women, with mortality a common occurrence
in the months immediately following the fracture.' It is estimated that 30%—50%
of women and 15%—-30% of men with osteoporosis have a fracture at some point
in their life.> These osteoporotic fractures are associated with a two- to three-fold
increase in mortality between both sexes.! BMD is one of the greatest predictors of
fracture risk.>* However, other techniques for assessment of bone structure, includ-
ing radiological measures of quantitative computerized tomography and dual photon
absorptiometry have measured bone phenotype and are predictive of fracture risk.
Despite other predictors, fracture risk increases two-fold for every standard deviation
decrease in BMD.>#
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While environmental factors can affect BMD, it has been
estimated that 45% to 80% of variance in BMD measured at
the lumbar spine and femoral neck is attributable to genetic
factors in twin studies.>?

The National Osteoporosis Foundation guidelines
recommend treatment to be considered for women with BMD
T-scores below —2 with no risk factors, women with BMD
T-scores below —1.5 and at least one risk factor for fracture,
or women with a prior vertebral or hip fracture.’ There are
currently several approved drug therapies for osteoporosis.
The currently approved therapies include: bisphosphonates,
selective estrogen receptor modulators (SERMs), estrogen
replacement therapy, calcitonin, vitamin D derivatives, and
parathyroid hormone. Most of these drugs act as antiresorp-
tive agents, which work to decrease bone loss.!

Hardy and colleagues have proclaimed that this is a
historic moment on the path to genomic medicine, the point at
which theory is about to be translated into practice.* Countries
all over the world, especially the United Kingdom, the
United States and Japan have made tremendous investments
in research and development towards genomic medicine.*
In recent years, there has been an increased interest in the
potential genetics and pharmacogenomics of osteoporosis
and related genes. Many factors come into play when assess-
ing someone’s risk of fracture (Figure 1). Pharmacogenetics
focuses on variations in single candidate genes responsible
for variable drug response. However, as more discover-
ies are being made, a new field of pharmacogenomics has
emerged looking to incorporate the entire human genome
with the way drugs interact in the body.® Testing for genetic
predictors/biomarkers has the potential to improve both the
safety and efficacy of drug treatment, by identifying gene
candidates or appropriate doses of the drug.’

Biochemical Markers

Targeting

Genetic Indlv!duals Risk
Markers at Risk of Factor
Assessment
Fracture

Bone Mineral Density

Figure | Risk factors and risk of fracture management.

Drugs interact in the body with numerous proteins,
transporters, metabolizing enzymes and different types of
receptors.>” Multiple polymorphisms or variants in certain
genes could affect the drug response, requiring a search of the
entire genome.® Numerous gene polymorphisms have been
found to be associated with BMD and/or fractures (Table 1).8
Polymorphisms are defined as variations of DNA sequence
that are present in more than 1% of the population. Most
polymorphisms are single nucleotide polymorphisms (SNPs)
where individuals can differ from each other genetically by
roughly 100,000 polymorphic sites, providing almost abso-
lute variety.® These changes in DNA sequence can occur in
noncoding parts of the gene, and therefore would not be seen
in the protein product.® However, the amount of the protein
product can be altered by changes in the regulatory parts
of the gene which would then affect the degree of expres-
sion of the gene.” Chromosomal regions that deviate from
independent segregation with the trait and the inheritance
of traits can be tracked by a technique known as linkage
analysis.* Haplotypes occur when a certain allele of one
polymorphism presents on a chromosome together with
another polymorphism allele to make an arrangement of
alleles inherited together.! The association between these
gene polymorphisms and osteoporotic symptoms can be
thoroughly detected through an analysis of haplotypes.°

Microarray gene chips such as Affymetrix GeneChip
(v6, 900K; Affymetrix, Santa Clara, CA, USA) SNPs and oth-
ers are an up-and-coming technology which enables the entire
human genome to be scanned for relevant polymorphisms.
These gene chips can also be used to identify genes which
are expressed differently after a drug has been administered.?
To find out which genes are upregulated or downregulated in
osteoporosis treatment can be achieved by comparing mRNA
expression profiles. This is done by comparing the expres-
sion profiles in tissue taken from affected and unaffected
individuals.? Culturing human bone cells from a single indi-
vidual and then comparing expression profiles after treatment
such as hormone replacement therapy could prove to be very
useful.? Polymorphisms of vitamin D receptor (VDR) and
estrogen receptor-o. (ER-at) are key genetic determinants of
bone turnover and hence bone quality. Furthermore, varying
responsiveness to vitamin D and estrogen-based treatments
may reflect allele variation in their VDR or ER-a signal-
ing pathway, which might be involved in reported human
differences of osteoporosis treatment responses.

The genome-wide association study (GWAS) detected
two BMD candidate genes, ADAMTS18 (ADAM metallopro-
teinase with thrombospondin type 1 motif, 18) and TGFBR3
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Table | Pharmacogenetics and pharmacogenomics in osteoporosis
Vitamin D receptor (VDR)

e The Bsml, Apal, Taql, and Fokl polymorphisms have been extensively studied with large meta-analyses showing no association with BMD or a
modest effect.

e The Cdx2 polymorphism was shown to have a modest effect on the risk of vertebral fracture in a meta-analysis.
Estrogen receptor (ERo and ERB) gene

e The Xbal and Pvull polymorphisms have been extensively studied in the ERo gene.

e Meta-analyses have demonstrated association with BMD and fracture risk with the Xbal polymorphism.

e There have been inconclusive results with both polymorphisms and more research is needed.
Type | collagen (COLIALI) gene

o A polymorphism affecting the Sp| binding site has been extensively studied.

e An association between fracture risk and the Sp| polymorphism has been determined and backed by large meta-analyses.

e |t is likely that COLIAI polymorphisms play more of a role in bone quality and fracture risk.
Aromatase (CYP19) gene

o ATTTA repeat polymorphism has been the most extensively studied in the CYPI9 gene.

e Short TTTA alleles have been associated with lower BMD in women.

e No consistent picture of CYP19 gene polymorphisms can be shown at present because of conflicting evidence.
Calcium-sensing receptor (CaSR) gene

e The CaSR gene A986S has been shown to have no effect in postmenopausal women related to BMD.

e Larger studies are needed but as of now there is not enough evidence proving the CaSR gene will play a major role in the pharmacogenomics of
osteoporosis.

Low-density lipoprotein receptor-related protein 5 (LRP5) gene
e The variants Val667Met and Ala330Val were found to be associated with BMD and fracture risk in a meta-analysis.
e More studies are needed to determine the role of LRP5 affecting BMD and osteoporosis.

Interleukin-6 (IL-6) gene

e Functional polymorphisms in the IL-6 promoter region, —572 GC and —174 GC were shown to be associated with markers of bone resorption in
postmenopausal women.

e Larger, better studies are needed as the results are still inconclusive.
Calcitonin receptor (CTR)

e The calcitonin gene polymorphism 108 bp was found to be associated with a positive change in BMD after hormone therapy in Korean women.

e There is a lack of studies and inconclusive results with the calcitonin receptor gene and its role in the pharmacogenomics of osteoporosis.
Androgen receptor (AR) gene

e A Danish study found an association between the (CAG), repeat polymorphism in postmenopausal women with bone mass.

e There is a lack of studies and data on the androgen receptor and results are inconclusive.
P2X, gene

e A loss-of-function SNP in the P2X, gene has been recently discovered to play a role in osteoclast activity and bone fragility.

e The P2X, Glu496Ala and the lle568Asn SNPs are associated with fracture risk and response to hormone replacement therapy.

e Larger studies are needed to determine if this gene will be useful in the pharmacogenomics of osteoporosis.
Methylenetetrahydrofolate reductase (MTHFR) gene

e The polymorphism C677T has been studied in the MTHFR gene.

e Association has been inconsistent and larger, better studies are needed in future.

Abbreviation: BMD, bone mineral density.

(transforming growth factor, beta receptor III). Replication = pharmacogenomics of osteoporosis as well as the challenges
studies verified the significant findings by GWAS, which was  expected in the future.

further confirmed to be linked to hip fracture in the Chinese Restriction fragment length polymorphism (RFLP) is
sample.!! This review will look at multiple “candidate genes”  a variation in the DNA sequence of a genome that can be
with their polymorphisms and their potential effect on the  detected by breaking the DNA into pieces with restriction
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enzymes and analyzing the size of the resulting fragments
by gel electrophoresis. Analysis of RFLP variation is an
important tool in genome mapping, localization of genetic
disease genes, determination of risk for a disease, genetic
fingerprinting, and paternity testing.

Vitamin D receptor gene
Adequate serum vitamin D concentrations are important for
the maintenance of skeletal health and calcium homeostasis.
Inadequate levels of vitamin D can lead to decreased calcium
absorption and serum concentration.'? The hormonal form
of vitamin D is 1,25-dihydroxyvitamin D, [1,25(OH),D,],
which bound to the vitamin D-binding protein (DBP), can
be delivered to the various vitamin D target cells that use
the VDR to retain the hormone.!* The first gene identified
to be associated with an osteoporosis-related phenotype was
the VDR gene.'* Nearly 300 polymorphisms of the human
VDR gene have been reported especially in the 5’-initiation
and 3’-noncoding regions.® Some of these polymorphisms,
whether single alleles or as haplotypes, could modify the
stability and expression level of the mRNA.# Several RFLPs
in the human VDR locus have been used in population-based
studies. The most common RFLPs studied include Taq],
Apal, Bsml, and FokI polymorphisms (Table 1).!* The Bsml
polymorphism is in strong linkage disequilibrium with the
Apal and Taql restriction fragment length polymorphisms.!
This linkage disequilibrium means that these polymorphisms
coexist far more frequently than by random chance.'® Some
studies suggest a relationship between the VDR alleles
and risk of fracture or BMD, but others found no such
association.’

VDR’s Bsml polymorphisms contain a b allele in which
a study has found that among postmenopausal women who
were on alendronate and hormone replacement therapy
(HRT) treatments, the b allele was associated with a greater
increase in BMD than those carriers of the B allele.>™!
Surprisingly, a separate study found that among patients
taking the SERM raloxifene, the patients carrying the B
allele were associated with a greater increase in BMD than
the carriers of the b allele.>>'® Although the results were
the opposite for the alendronate and raloxifene, the results
showed how BMD change was associated with the interaction
between VDR polymorphisms and various anti-resorptive
drug therapies.>® The association between dietary calcium
intake and BMD may also be effected by the VDR gene
polymorphisms. For example, in women with the VDR BB
genotype, gut calcium absorption did not increase on lower
dietary calcium diets. However, women with the bb genotype

did have increased gut calcium absorption with less calcium
intake.>*?° In another study, VDR gene polymorphisms
and haplotypes showed a statistically significant associa-
tion with BMD and more importantly with the occurrence
of fractures.”” The baT haplotype with fractures appeared
to be independent of the impact on the BMD in this study
which suggests multiple factors contributing to fractures.'
FokI genotypes demonstrated an association with femoral
neck, lumbar spine and Ward’s triangle adjusted-BMD in a
study with 177 Caucasian Spanish women.'® Lower femo-
ral neck BMD was significantly lower in patients with the
ff genotype than those with the FF genotype.'® Another study
showed that patients carrying the Taql t allele in combination
with the FokI initiation codon variant f+t+ carriers were less
likely to sustain recurrent vertebral fractures with calcitriol
therapy.!” However, Uysal and colleagues did not find sig-
nificant association between Apal and Taql polymorphisms
and osteoporosis.'s

In a recent Polish study of premenopausal women with
Graves’ disease, women homozygous for the BAt haplotype
had the lowest BMD values in the femoral neck. However, the
results were not statistically significant and their conclusions
showed that the Bsml, Apal, Taql, and FoklI polymorphisms
of the VDR gene did not predict the risk of decreased BMD
in young women.'’ On top of that, the FokI polymorphism
and the Bsml-Apal-Taql haplotypes were found to have
no effect on either BMD or fracture risk in a large scale
2006 meta-analysis.'® This contradicts previous claims that
these polymorphisms (Bsml, Apal, Taql, and FokI) act as
genetic determinants of BMD.!¢ For these polymorphisms,
genotyping error has been documented in studies, as well as
significant but downsized genetic effects in meta-analyses
of small studies.!® However, this large-scale meta-analysis
did find evidence for a modest effect of the Cdx2 polymor-
phism on risk for vertebral fracture.'® Previous studies did
indicate that the VDR Cdx2 polymorphism is a functional
variant that influences DNA protein binding and gene
transcription.'® A number of biological endpoints related
to osteoporosis seem to be influenced by certain VDR gene
variants. However, judging from the multitude of studies,
the associations have different magnitudes with BMD and
probably have very weak effects.!” Hence, the effect of the
VDR gene on osteoporosis appears to be positive but the
magnitude is rather small."* The unique interactions of genetic
background and environmental factors may explain the differ-
ent and sometimes conflicting results regarding prediction of
BMD by VDR genotypes.? Besides the vitamin D receptor,
the vitamin D-binding protein (DBP) has also been studied
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in relation to BMD and fractures. Al-oanzi and colleagues
found that a DBP gene microsatellite polymorphism may
exert influence on the pathogenesis of osteoporosis in men.!
Although studies have shown conflicting results with certain
VDR polymorphisms, positive results with the Cdx2 and
certain haplotypes do not go unnoticed and future discoveries
are likely to be made. It is important however, to realize that
masses of studies have been performed on the Bsml, Apal,
Taql, and FokI polymorphisms and the focus should be on the
discovery of new polymorphisms related to osteoporosis.

Estrogen receptor (ER) gene

Important candidate markers of the risk for osteoporosis
include the genes encoding for estrogen receptors ERo
(ESR1) and ERP (ESR2) see Table 1.!* ERo and ERP are
both expressed in osteoblasts, osteoclasts and bone marrow
stromal cells.?> Estrogens exert beneficial effects on the
development and maintenance of the skeleton, in women
and in men.?> The two marker loci, the Xbal and Pvull
polymorphisms are generally the gold-standard for studies
involving the ERo. gene (Table 1).2 The association with
BMD, bone loss and fractures have been analyzed in great
detail with the ESR1 gene polymorphisms encoding for
ERo.® A meta-analysis of 5,000 women from 22 studies
concluded that the carriers of the XX genotype in the Xbal
polymorphism have a significantly higher BMD at lumbar
spine or hip compared to the xx genotype.®*® A separate
recent meta-analysis in 18,917 individuals from eight
European centers found evidence of association with fracture
risk in the ESR1 polymorphism, but not with BMD.*3! It was
found that the absence of Xbal polymorphism recognition
site equaled a risk reduction in all fractures of 19% while
the risk reduction in all vertebral fractures was 35%.332
These studies and meta-analyses suggest that ESR1 genetic
variation plays a role in bone structure and bone strength.?
A Finnish cohort study showed that the P allele in the Pvull
polymorphism was significantly associated with the reduction
in the incidence of new fractures in the group treated with
HRT. However, the Pvull polymorphism was not signifi-
cantly associated with fracture risk in the non-HRT group.?**
Another study found that in Thai postmenopausal women
without the P allele, the increase in vertebral BMD respond-
ing to estrogen therapy was significantly lower compared
to those with the P allele.?** However, a Spanish study of
postmenopausal women found no association of the Pvull or
Xbal ERo. polymorphisms with BMD in any localization.'
A few studies also reported associations of ESR1 genotypes
with BMD in men, but the majority found no association.®

An association has also been reported between a TA repeat
polymorphism in the ER promoter and bone mass in both
Japanese and US populations.?

Association studies with BMD and fracture risk relating
to the polymorphism in the estrogen receptor B (ER3) have
only been done a few times.? These studies mostly focused on
the number of CA repeats and were mostly done in postmeno-
pausal women.® A significant association of femoral BMD
in both men and women with the CA repeat was found in
one cohort, as well as two other polymorphisms (rs1256031
and rs1256059) that were associated with femur neck BMD
exclusively in men.’3> Although there is conflicting evidence,
the large meta-analyses did show promising results with the
Xbal polymorphisms, as well as some evidence with the
Pvull polymorphisms. However, more studies are needed
to make solid conclusions.

Type | collagen (COLIAI) gene

One of the major proteins in bone is type I collagen.'
Differences in bone density and fracture risk in a large
number of osteoporosis studies have been associated with a
polymorphism affecting an Sp1 binding site in the first intron
ofthe collagen 1 a1 gene (Table 1).2 The binding site for the
transcription factor Sp1 is modified, which results in a subtle
change in the equilibrium between o1 and o2 chains in the
triple helix.® Increased amounts of the collagen 1 ol chain
were produced from cultured osteoblasts carrying the Ss
heterozygote genotype because the s allele had greater affinity
for transcription factor Sp1 than the S allele.?® In a Spanish
study, the three genotypes ss, Ss and SS of the COLIA1-Spl
gene did not show any statistically significant differences
in lumbar spine, femoral neck and Ward’s triangle BMD.!¢
However, they did find a statistically significant association
between the Spl polymorphism and the subjects’ personal
history of fractures. The ss group actually had 2.7 times the
risk of the SS group of having suffered a fracture in this
177 women study.'®

A higher prevalence of fractures among heterozygote’s
Ss and homozygote’s ss compared to the SS genotype was
confirmed in a large cohort study and a meta-analysis.”*%7
However, these studies found that the COLIA1 alleles were
better associated with fracture risk itself than BMD, which
is positive because the ultimate goal is reducing fractures
in osteoporosis.’3%3” These results were only partially
confirmed in a meta-analysis of several European cohorts
(GENOMOS).**¥ The GENOMOS study concluded that the
COLIA1 Spl polymorphism could predispose women to
vertebral fractures independent of BMD, and is modestly
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associated with reduced BMD.*® Carriers of the Spl SS
genotype showed an association with increased femoral
neck BMD in another study on 108 peri-menopausal women
with osteopenia; however the BMD was decreased in those
carrying the s allele.>*

A recent study of haplotypes of promoter and intron 1
polymorphisms in the COLIA1 gene investigated the effects
of three polymorphisms in the COLIA 1-gene.> It was found
that the +1245T allele, the —1663del allele, and haplotype 2
were associated with a reduced BMD while haplotype 1 was
associated with an increased BMD.* An increased risk of
vertebral fractures partly independently of BMD was found
with the —1997T allele and haplotype 3. These findings
show that these polymorphisms influence gene expression
and it is likely that the polymorphism may be more related
to bone quality rather than quantity.'*** However, the results
look promising with the COLIA1 gene polymorphisms as the
ultimate goal in osteoporosis should be to reduce the number
of fractures. The recent discovery of new polymorphisms
in the COLIA1 gene also show us that we can still make
discoveries and find new alleles that influence BMD and the
osteoporosis phenotype.

CYPI19 gene

The key enzyme catalyzing the conversion of androstenedione
to estrone and testosterone to estradiol is the CYP19 gene,
also known as aromatase.”? Aromatase knockout mice have
exhibited bone loss and inactivating mutations have lead to
decreased BMD in humans.” A total number of 654 SNPs
are linked to the CYP19A1 gene in the National Center for
Biotechnology Information database and 193 SNPs in the
HapMap database.?® Polymorphisms in the CYP19 gene in
several studies have been reported, but the conclusions have
been inconsistent.”? A TTTA repeat sequence polymorphism
situated in intron 4 has been the most widely studied
(Table 1).® The TTTA repeat polymorphism of CYP19
has been reported to be associated with higher circulating
estradiol and higher BMD at hip and lumbar spine.***> Most
authors have found an association between short TTTA
alleles and lower BMD in postmenopausal women. However,
the results have fluctuated with other studies, one study even
found higher BMD in women with short TTTA alleles.*!#
Male subjects have shown similar results in studies involving
the CYP19 gene.?® One study found that in men aged over
45 years, short alleles were associated with lower BMD at
the spine and total hip. However, there was no association
in younger men between BMD and aromatase genotype.*'+
Although aromatase is considered an important player in the

development of osteoporosis, no consistent picture of CYP19
gene polymorphisms can be shown at present.?? The CYP19
gene is another gene in which more research needs to occur
so that a clearer picture arises with its role in osteoporosis.

Calcium-sensing receptor gene

The calcium-sensing receptor (CaSR) belongs to the
G-protein coupled receptor super-family and serves as a
sensor of the extracellular calcium levels in different tissues.
This receptor plays a key role in the regulation of secretion of
parathyroid hormone and calcitonin.?® An analysis of poly-
morphisms of the CaSR gene in a Canadian population found
a significant correlation with extracellular calcium levels.?
An Israeli study found that among low BMD subjects,
femoral neck BMD differed between homozygous and
heterozygous CaSR genotype carriers.” However, another
study on the a variant of the CaSR gene A986S found no
effect in postmenopausal women at baseline or in response
to calcium supplementation (Table 1).** A Hungarian study
also found that no significant effect of CaSR genotype on
BMD was observed either in the whole population or in the
subgroups.® Their data does not support the idea that CaSR
gene A986S polymorphism has an impact on bone mass.*
Larger studies are ultimately needed and the search for more
polymorphisms should also continue with the CaSR gene.
CASR gene is upregulated by pro-inflammatory cytokines,
which might contribute to altered extracellular calcium
homeostasis in the critically ill.

Low-density lipoprotein
receptor-related protein 5

The low-density lipoprotein receptor-related protein 5
(LRP5) has been found to be linked to high bone mass.
A mis-sense mutation (G171V) was found in a family
study of individuals with exceptionally high BMD but
the participants were otherwise phenotypically normal.!
Autosomal dominant high bone mass and autosomal reces-
sive osteoporosis psuedoglioma syndrome are two disorders
which have been found to be associated with the LRP5 gene.!?
However, before the discovery of LRPS being linked to these
bone disorders, it was previously unknown to play a role in
bone metabolism.!* Another recent family study associated
increased BMD with six novel mutations in LRP5 among
13 confirmed polymorphisms.>* Two common variants
(Val667Met and Alal1330Val) in the LRP5 gene were found
to be associated with BMD and fracture risk in a recent meta-
analysis (Table 1).>%7 Carriers of the MetMet genotype of the
Val667Met variant were associated with 20 mg/cm? lower
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in lumbar spine BMD and 11 mg/cm? lower in femoral neck
BMD compared with those with MetVal and ValVal geno-
types.>¥ There was 16 mg/cm? lower in lumbar spine BMD
and 10 mg/cm? lower in femoral neck BMD in the ValVal
genotype in the Ala1330Val variant compared to those with
AlaVal and AlaAla genotypes.>*’ This large meta-analysis is
promising and should encourage more studies in the future
of the LRP5 gene polymorphisms.

Common LRPS5 variants may affect osteoporosis
risk in the general population. Recent study generated
large-scale evidence on whether two common variants of
LRP5 (Val667Met, Alal330Val) and one variant of LRP6
(Ile1062Val) are associated with BMD and fracture risk or
not. In this investigation, haplotype analysis indicated that
Met667 and Vall330 variants both independently aftected
BMD. The LRP6 Ile1062Val polymorphism was not asso-
ciated with any osteoporosis phenotype. All associations
except that between Vall1330, all fractures and vertebral
fractures remained significant after multiple-comparison
adjustments. In conclusion, common LRPS5 variants are
consistently associated with BMD and fracture risk across
different white populations.*

Interleukin-6

Interleukin-6 (IL-6) is an inflammatory cytokine, whose
production is increased after menopause. The IL-6 gene locus
has been linked to BMD in postmenopausal women in several
studies.® These studies suggest that the variation in the rate of
bone loss following estrogen deprivation could be influenced
by the IL-6 polymorphisms.® Functional polymorphisms
in the IL-6 promoter region, =572 GC and —174 GC, were
shown to be associated with markers of bone resorption in
postmenopausal women (Table 1).%* In women who were
either more than 15 years postmenopause, estrogen deficient,
or who had insufficient calcium intake, a cohort found BMD
to be significantly lower with the IL-6 genotype —174GG
compared to CC, and intermediate with GC.>* Modulating
the response of the skeleton to estrogen deficiency as well
as influencing bone remodeling is a likely possibility for the
IL-6 gene promoters.® Larger, better designed studies are
needed to better understand the impact the IL-6 genotypes
have on osteoporosis.

Calcitonin receptor

A member of the transmembrane receptor family, the
calcitonin receptor (CTR) has been studied in relation
to pharmacogenomics in osteoporosis. A point mutation
polymorphism (C — >T has been identified in the 3’-region

of the calcitonin receptor gene which included a Pro— >Leu
shift in the third intracellular domain of the protein.'® This
polymorphism has been found to be associated with lumbar
BMD and is recognized by the Alu I restriction enzyme.' In
another Korean study, the calcitonin gene (CA) polymorphism
108 bp was found to be associated with a positive change of
BMD at the femoral neck after hormone therapy (Table 1).%°
Again, more research is needed to fully understand the effects
of gene polymorphisms on the calcitonin receptor.

Androgen receptor gene

Androgens, after aromatization to estrogens, most likely have
an indirect positive effect on bone.?? A microsatellite repeat
polymorphism in exon 1 of the AR gene has been reported
in several studies.”> The ability of the receptor to activate
transcription of target genes is inversely associated with the
length of the encoded polymorphic polyglutamate tract.?
Both sexes have shown a presence of long alleles which
has been related to BMD.? A Danish study found that the
(CAG), repeat polymorphism in postmenopausal women
with high blood levels of sex hormone-binding globulin
was associated with bone mass (Table 1).%%°! There is very
limited data on the androgen receptor gene and osteoporosis.
More studies are clearly needed to determine whether this
gene play a role.

P2X, gene

The purinergic P2X_ receptor is a ligand-gated cation channel
which may play important roles in regulation of osteoclast
generation and survival.®> A 2007 study for the first time
provided evidence that a loss-of-function SNP in the P2X
gene is clearly affecting osteoclast activity and bone fragil-
ity.”> Postmenopausal women with the P2X_ Glu496Ala and
the Ile568 Asn single nucleotide polymorphisms are associ-
ated with 10-year fracture risk and response to hormone
replacement therapy treatment (Table 1).%% In addition, it was
determined the Glu496Ala polymorphism is strongly influ-
encing osteoclast apoptosis in vitro, which could contribute
to increased fracture risk.>? This is an intriguing candidate
whose fairly recent discovery deserves future study.

Methylenetetrahydrofolate

reductase gene

A common allelic polymorphism C677T in the methylenetet-
rahydrofolate reductase (MTHFR) gene results in an enzyme
which is more thermolabile and causes higher homocysteine
and lower folate levels (Table 1)."* The polymorphism has
been found to be associated with BMD or fractures in a
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number of studies. Lower broadband ultrasound attenuation
and lower BMD at the Ward’s triangle were found in one
study whose subjects had the TT genotype.'*** However, the
association of the MTHFR gene with BMD and fractures has
been inconsistent. A long-term interventional study taking
into account the nutrient-gene interaction is needed.'

Integrin beta3 Leu33Pro
polymorphism

Individuals homozygous for the integrin beta3 Leu33Pro
polymorphism have a two-fold risk of hip fracture, mainly
confined to postmenopausal women. Integrin beta3 Leu33Pro
homozygosity could prove a useful marker for risk of future
hip fracture and may contribute to pharmacogenetic variation
in effects of integrin alphavbeta3 antagonists.>

Conclusions

Pharmacogenomics will likely revolutionize the medical
and pharmaceutical world. However, when dealing with the
pharmacogenomics of osteoporosis, painstaking research
must first be done to identify exactly which genes out of the
entire human genome play a role in the disease. This review
has briefly discussed a multitude of potential gene candidates.
A majority of the research focused on the VDR, the ER o,
and the type I collagen gene. However, there are several
other candidate genes that should be examined. As more
discoveries are being made, it is becoming clear that a single
gene candidate is probably not going to predict whether a
patient develops osteoporosis or responds to treatment for
osteoporosis. It is more likely going to be a combination
of several gene polymorphisms in an individual’s genetic
makeup. Regardless, pharmacogenomics in osteoporosis
is coming, it’s just a matter of when. There needs to be a
concerted effort across the board for funding, research, and
new technology to bring the information to where it can be
used clinically. There is a need for larger, better defined
studies that bridge the gap between discovery and develop-
ment of ways to use this information.

Future perspectives

It is difficult to say whether or not we are at the point of
using the pharmacogenomics of osteoporosis in clinical
practice. However, it is more than likely that we are still
years away from this individualized medicine approach with
osteoporosis. Astounding research has been accomplished in
the last 15 years in identifying gene candidates as markers
for osteoporosis. We need a unified front once we have con-
clusive results of which genes impact osteoporosis the most.

There needs to be much larger studies to take this information
and incorporate it into clinical practice.

The process of bringing the pharmacogenomics of osteo-
porosis to the physician’s office will likely be a long one.
Besides the advantages and opportunities, there are several
challenges that must first be overcome. One of the first chal-
lenges will be the pharmacoeconomic aspect of this new
technology. Osteoporosis affects a large number of people
from every spectrum of the socioeconomic scale. State and
federal assistance programs will be faced with tough decisions
on whether to include such technology on their formularies.
Large pharmacoeconomic studies will be needed to determine
whether or not such technology will be cost effective. Besides
the cost issue, there are numerous ethical concerns as well.
The largest being the issue of personal privacy. In the last few
years, personal health information on hundreds of thousands
of people has been compromised because of security lapses
at hospitals, insurance companies and government agencies.
There is strong opposition to the current plan of computerizing
all of the US citizens’ medical records due to privacy con-
cerns. It is possible that the introduction of genomic medicine
will face an even stronger opposition. If this were the case,
there would need to be stronger legislation and regulations
against the misuse of personal information.
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