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Abstract
Osteoporosis is a complex disease affected not only by environmental factors but also by a strong genetic com-
ponent. Genetic factors contribute to osteoporosis by affecting not only bone mineral density but also bone size, quality 
and bone turnover. However, determining the genetic architecture, and in particular the basic genomic and molec-
ular mechanisms of osteoporosis in vivo in humans, is still challenging. In recent years, we have seen progress in 
research into the genetic background of osteoporosis in connection with the development of modern methods of 
molecular biology. Scientific research focuses primarily on the identification and characterization of selected poly-
morphisms of candidate genes, determining bone quality, bone density (BMD) and, last but not least, the risk of 
fractures. The results of molecular genetic research on osteoporosis significantly contribute / could contribute to 
the improvement not only of therapeutic and therapeutic procedures, but especially to the introduction of early pre-
vention in personalized medicine.
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Abstrakt
Osteoporóza je komplexné ochorenie ovplyvnené okrem faktorov prostredia aj silnou genetickou zložkou. Genetické 
faktory prispievajú ku vzniku osteoporózy, tým, že ovplyvňujú nielen kostnú minerálnu hustotu, ale tiež aj veľkosť kosti, 
jej kvalitu a kostný obrat. Stanovenie genetickej architektúry a najmä základných genómových a molekulárnych me-
chanizmov osteoporózy in vivo u ľudí, je však stále náročné. V posledných rokoch zaznamenávame pokrok vo vý-
skume genetického pozadia osteoporózy v súvislosti s rozvojom moderných metód molekulárnej biológie. Vedecké 
výskumy sa zameriavajú predovšetkým na identifikáciu a charakterizáciu vybraných polymorfizmov kandidátnych 
génov determinujúcich kvalitu kostného tkaniva, úroveň kostnej denzity (BMD) a v neposlednom rade aj riziko frak-
túr. Výsledky molekulárno-genetických výskumov osteoporózy významne prispievajú/mohli by prispievať ku skvalit-
neniu nielen liečebno-terapeutických postupov, ale najmä k zavedeniu včasnej prevencie v personalizovanej medicíne

Kľúčové slová: BMD – gén – osteoporóza – polymorfizmus – riziko zlomenín

Introduction
Osteoporosis is a worldwide disease with a multifacto-
rial etiology. Unlike monogenic diseases, which are usu-

ally caused by mutations in a single gene, osteoporosis 
is classified as a polygenic disease that is influenced by 
genetic and environmental factors. Multifactorial dis-
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eases are the most common cause of morbidity and 
mortality in the human population and their incidence is 
relatively common in the population in connection with 
many difficult-to-predict pathological conditions [1]. Os-
teoporosis as a multifactorial and polygenic disease is 
affected by the interaction of the environment and the 
so-called genes. Strong and weak effect, as well as in-
teractions between the genes themselves. Studies of 
monozygotic and dizygotic twins and at-risk families 
suggest that the influence of genetic factors, the her-
itability (h2) of bone mineral density (BMD) is approxi-
mately 60–80 %. However, the influence of genetic fac-
tors at risk of fractures is reported to be less than 30 %, 
as the fracture represents a more complex phenotype 
that is determined not only by bone quality but also by 
other non-skeletal factors [2]. The remaining 20–40 % 
of the variability in bone mineral density depends on ex-
ternal factors [3]. Uncontrollable factors leading to os-
teoporosis include genes and their polymorphisms that 
affect the phenotype; bone mineral density, bone size, 
bone macroarchitecture and microarchitecture, bone 
mineral density (BMD), bone quality, bone metabolic 
turnover, achievement of PBM, femoral neck geometry, 
quantitative ultrasound properties of bone [4].

The advent of genomic association studies (GWAS) has 
made a huge contribution to the study of osteoporosis ge-
netics. Today, the most intensively studied are the VDR 
gene for the vitamin D receptor, the COLIA1 gene of type 1 
collagen and the gene for the estrogen receptor-α (ERα) [5].

Bone fractures are considered to be the most relevant 
clinical consequences of osteoporosis. The most im-
portant determinants of fracture risk include genetic pre-
disposition, aging population, low BMD, female gender, 
and falls. A  positive family history is a  risk factor for 
osteoporosis and fractures. A  hip fracture in parents 
has been included in the FRAX clinical trial algorithm 
as a risk factor in the last decade. Further findings are 
based on further genetic studies [6].

To date, association studies of candidate genes for os-
teoporosis have provided the most information on the re-
lationship of genes to bone variability (bone mineral den-
sity, bone quality, and bone metabolism).

Selected candidate genes associated 
with osteoporosis
Studies of candidate genes focus on the search for genes 
and their polymorphisms involved in various biological 
processes of bone physiology of metabolism. In the con-
text of osteoporosis, genes and their polymorphisms en-
coding many regulators of bone metabolism are being 
investigated. These regulators include, for example, cal-
ciotropic hormones; genes that encode the synthesis, 
metabolism and receptors of sex hormones, the syn-

thesis of bone matrix proteins; steroid hormones, cyto-
kines, growth factors and their receptors and various local 
regulators of bone metabolism [7]. These are in particular 
the vitamin D receptor (VDR) gene, the estrogen receptor 
(ER) gene, the type 1 and 2 collagen genes (COL1A1 and 
COL1A2), the interleukin 1, 6 (IL1, IL6) gene, LRP5 (low-den-
sity lipoprotein receptor-related protein  5), a  gene for 
transforming growth factor β (TGFβ). VDR was the first 
gene in 1994 to be analyzed in association studies in re-
lation to osteoporosis. Different gene variants have up 
to 75 % genetic effect on bone BMD changes. Further-
more, in men with severe juvenile osteoporosis, a muta-
tion in the inactivation of the estrogen receptor-α gene 
was identified, which determined the significance of this 
gene for osteoporosis. There are many polymorphisms of 
candidate genes in relation to osteoporosis and an in-
creased risk of fractures [5]. Table (p. 74ff) shows can-
didate osteoporosis genes.

Osteoporosis is one of the diseases of civilization, so 
constant progress in molecular genetic research is im-
portant from a  therapeutic, diagnostic and economic 
point of view [8].

RANK/RANKL/OPG system
In the mid-1990s, three signal proteins were discovered 
in bone metabolism research that play a key role in main-
taining bone integrity. These proteins belong to the “su-
perfamily” of tumor necrosis factor (TNF) and together 
form the RANK/RANKL system/signaling pathway and 
osteoprotegerin (OPG). Bone mass and bone remodeling 
are jointly determined by the interaction of both osteo-
blasts and osteoclasts under the control of these major 
signaling pathways [9]. The OPG-RANK-RANKL signal-
ing pathway predominantly controls the link between 
osteoblasts and osteoclast activity [10]. RANK – recep-
tor activator of NFκB, RANKL – receptors activating NFκB 
ligands and OPG – osteoprotegerin after their activation 
or inhibition could be triggers of many diseases, such as 
e.g. postmenopausal and glucocorticoid-induced osteo-
porosis, endocrine diseases, hyperparathyroidism, hypo-
gonadism, chronic inflammatory arthritis, bone marrow 
transplantation, as well as bone metastases and malig
nancies [10,11]. This signaling pathway is involved in 
several physiological and pathological processes, in-
cluding bone metabolism, mammary gland develop-
ment, regulation of immune function, tumorigenesis and 
metastasis of cancer stem cells, thermoregulation, and 
vascular calcification [12,13].

RANKL (Receptor Activator Nuclear factor KappaB 
Ligand) is a polypeptide of 317 amino acids. It is a ligand 
for the RANK signaling receptor (Receptor Activator of 
Nuclear factor Kappa B) and osteoprotegerin, and is 
found in the body either as a membrane-bound protein or 
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as a soluble protein that results from enzymatic cleav-
age [11,14]. Among other things, it is produced mainly 
by osteoblasts, it plays an important role in the process 
of differentiation and activation of osteoclasts. RANKL 
binds to its signaling receptor RANK (an initiation step 
in the process of osteoclastogenesis), on the surface 
of osteoclast precursor cells, leading to the fusion of 
these cells into multinucleated cells, which then differ-
entiate into mature osteoclasts. RANK is a transmem-
brane protein that is composed of 616  amino acids. 
RANK is a receptor for RANKL and is found on mature os-
teoclast cells and their precursors [11,15]. OPG is an im-
portant protein in bone metabolism. OPG is composed 
of 401 amino acids, was discovered in 1997 as a trans-
porter between the bone, heart and vascular system and 
provides for the induction of osteoclasts by “competing” 
with the RANK signaling receptor for RANKL binding. 
OPG binds RANKL with approximately 500-fold higher 
affinity than RANK. Thus, OPG prevents RANKL from 
binding to its RANK receptor, inhibits osteoclastogene-
sis, and protects bone from osteoclast-mediated exces-
sive resorption [11]. OPG is primarily expressed by stro-
mal cells and bone marrow osteoblasts [9,11]. OPG gene 
polymorphisms are studied in relation to bone mineral 
density and the development of osteoporosis [16].

The first association study was performed by Lang-
dahl et al, who found a  correlation between 163A/G, 
245T/G and 1181C/G OPG gene polymorphisms and the 
risk of spinal fractures [17,18]. Mydlárová Blaščáková et 
al [19] based on molecular-genetic analysis of the A163G 
OPG gene polymorphism found significant differences in 
genotype frequencies when comparing the control and 
osteoporotic groups of Slovak postmenopausal women. 
The authors state that the presence of the G-allele of 
the investigated polymorphism has a different effect on 
bone metabolism in two ethnically different groups  – 
Roma and non-Roma [19].

Lipoprotein receptor-related protein 5 
(LRP5)
The low-density lipoprotein receptor-related protein 5 
(LRP5 gene) is a gene encoding a low-density transmem-
brane lipoprotein receptor. It is located on chromosome 
11q12–13. It is a member of the LDL receptor family. This 
gene encodes a 1615 amino acid transmembrane pro-
tein and contains 23 exons. In bone, the LRP5 gene is ex-
pressed mainly in osteoblasts on endosteal and trabecu-
lar bone surfaces, but not in osteoclasts that do not lead 
to bone repair. It has been discovered as a key regulator 
of bone formation and its association with fractures has 
also been observed [20,21,23].

LRP5  gene is important in regulating the amount of 
minerals in bone, regulating the proliferation and differ-

entiation of osteoblasts (the cells that make up bone 
tissue) during bone development, thereby affecting bone 
density, which gives bones overall strength and reduces 
the risk of fractures. Therefore, it plays an important role 
in diseases related to changes in bone density caused by 
mutations in this gene [22].

Mydlárová Blaščáková et al [24] conducted a  study 
to evaluate selected anthropometric parameters (body 
weight, body height, waist circumference and hip circum-
ference), densitometric parameters (BMD and T-score in 
the left hip, vertebrae L1-L4) and molecular genetic anal-
ysis of polymorphism rs599083  LRP5  gene. The re-
search group consisted of 96 postmenopausal women 
(osteoporotic women 31, osteopenic women 50, con-
trol groups 15) aged 38–86  years. Based on molecu-
lar genetic analysis of the investigated polymorphism 
of the rs599083 LRP5 gene, the authors found that the 
lowest percentage in the whole group had the risk gen-
otype GG, while calculating the relative risk did not con-
firm a possible association between the G-allele and in-
creasing risk of osteoporosis [24].

Park et al [25] in their study focused on monitor-
ing the association of ten single nucleotide polymor-
phisms/SNPs (ZBTB40 rs6426749, MEF2C rs1366594, 
ESR1 rs2941740, TNFRSF11B rs3134070, TNFRSF11B 
rs2073617, SOX6 rs711785, TNFSF11 rs227438, TNFSF11 
rs9594782, FOXL1 rs10048146 and LRP5 rs599083) and 
bone mineral density (BMD). The study involved 494 men 
and 493 postmenopausal women from Korea. A significant 
association of the rs599083 LRP5 gene polymorphism 
with BMD values in the femoral neck region was demon-
strated, but the association of the rs599083 LRP5 gene 
polymorphism with BMD in the lumbar spine was not sta-
tistically significant [25].

Horváth et al [26] examined 932 Hungarian postmeno-
pausal women in their scientific study (osteoporotic n = 90, 
osteopenic n = 455, control group n = 344). The authors of 
this study found a significant association between the 
SNR rs4988300  of the LRP5  gene and total hip BMD 
values ​​in the largest cohort in the largest homogeneous 
postmenopausal study group to date [26].

Dominant mutations causing loss of function in the 
LRP5 protein are among the most common causes of fa-
milial exudative vitreoretinopathy (FEVR), with low BMD. 
Norwitz et al [20] emphasize the possible finding that 
LRP5 haploinsufficiency affects BMD in men to a greater 
extent than in women.

Collagen gene (COLIA1 and COLIA2)
The basic protein in connective tissue – bones and skin – is 
collagen type 1. Collagen 1 forms a heterotrimer consisting 
of protein chains α1 and α2, which are respectively encoded 
by the genes COL1A1 and COL1A2. In type 1 collagen, the 
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α1 chain synthesizes the COLIA1 gene and the α2 chain 
synthesizes the COLIA2 gene. C-propeptides are import-
ant during heterotrimer formation because they are re-
sponsible for the correct folding of the chains. Levels of 
its serum propeptides N and C are thought to be involved 
in bone matrix synthesis. The COLIA1 and COLIA2 genes 
are one of the major candidate genes for osteoporosis 
and their polymorphisms have been studied in relation 
to BMD and osteoporotic fractures [27]. The gene for 
type 1 collagen (COLIA1) is located on chromosome 17 
of the long arm (q) – 17q21.33 [28].

The most studied polymorphism of the COLIA1 gene 
is the Sp1 polymorphism. This polymorphism binds to 
the binding site of specific protein 1 and is involved in 
the regulation of COL1A1  transcription and bone bio-
chemical processes. It leads to a  reduction in bone 
mass by changing the normal 2  : 1  ratio between the 
collagen chains α1 and α2, which in turn disrupts bone 
mineralization and increases the risk of fractures. The 
polymorphism of the Sp1 COL1A1 gene is based on the 
genetic substitution of nitrogenous bases  – guanine 
with thymine. The S-allele corresponds to guanine and 
the thymine allele, which has a higher binding affinity 
for the SP1 transcription factor than S. Carriers of the 
ss genotype have a  2.7  times higher risk of fractures 
than carriers of the S-allele [29].

Chen et al [30] analyzed risk factors determining the 
incidence of fractures in postmenopausal Taiwanese 
women. The research focused on association studies 
comparing mean values (age, age of onset of menopause, 
body height, body weight, and BMI) between a group of 
osteoporotic postmenopausal women (n = 50) and a con-
trol group of postmenopausal women (n = 50). They re-
corded statistical significance in the study results in as-
sociation with the onset of menopause and height [30].

The significant association of GG, GT genotypes of 
the rs1107946 polymorphism of the COLIA1 gene with 
BMD in the lumbar vertebrae and hip region in the pop-
ulation of postmenopausal Caucasian women was also 
confirmed by Xie et al [31]. However, in their study, they 
found no significant correlation between SNS rs1107946 
of the COLIA1  gene and the risk of osteoporotic frac-
tures in the hip, femoral neck and lumbar vertebrae [31], 
in contrast to Ramirez et al [32], who in their study in Mexi
can postmenopausal women found an association of 
this polymorphism rs1107946 COLIA1 gene (specifically 
the G-allele) with an increased risk of hip fracture [32]. Yu 
et al [33] also analyzed the distribution of individual SNP 
genotypes rs1107946 of the COLIA1 gene, with no statis-
tically significant difference [33]. Majchrzycki et al [34] 
conducted a  study in Polish postmenopausal women 
diagnosed with osteoporosis (n = 90) and osteopenia 
(n = 90), in which they analyzed two polymorphisms of 

the COLIA1  gene: rs1800012  and rs1107946, but also 
did not record statistical significance [34].

In the Caucasian population, the Sp1 COLIA1 gene poly-
morphism may be important in identifying individuals at 
risk for osteoporosis and an increased risk of osteopo-
rotic fractures (particularly of the spine) in postmeno-
pausal women. In this group of women, the presence of 
the SS genotype in the Sp1 polymorphism was found to 
be associated with decreased BMD in puberty – juve-
nile idiopathic arthritis [7].

In a study of the interaction of COLIA1 and VDR gene 
polymorphisms with osteoporotic fractures, the risk hap-
lotype of the baT (Bsml-Apal-Taql) VDR gene was evalu-
ated in association with the genotype of the ss and Ss 
COLIA1 genes. The authors found a significant interac-
tion between the genotypes of the VDR and the COLIA1 
gene. In individuals with the SS genotype, the risk of frac-
ture was independent of the VDR gene genotype, but in 
individuals with the ss and Ss genotypes, the co-pres-
ence of the baT haplotype was associated with a higher 
risk of fracture [7].

CER1 gene
Another candidate gene for osteoporosis is the cerberus 1 
gene, referred to as the CER1 gene. The CER1 gene, oth-
erwise called DAND4, is a protein encoding a cytokine. 
This cytokine encoded by the CER1  gene belongs to 
the group of cysteine genes. The CER1 gene, together 
with DAN and DRM/Gremlin, belongs to a group of bone 
morphogenetic protein (BMP) antagonists that are as-
sociated with bone mineral density (BMD), early onset 
menopause and are important for proper skeletal devel-
opment and bone turnover in patients with osteoporo-
sis. The CER1 gene is located on the short arm of chro-
mosome 9  at position 9p22.3  and has described five 
polymorphisms (rs1494360, rs17289263, rs3747532, 
rs7022304 and rs74434454) [35,36].

These polymorphisms were investigated by Koromila 
et al [37], who in their study examined the association 
of the CER1  gene in connection with osteoporosis in 
300 postmenopausal Greek women (200 osteoporotic 
and 100 control groups). In the investigated polymorphism 
of the rs74434454 CER1 gene, the distribution of geno-
types in women diagnosed with osteoporosis was as fol-
lows – TT (65.60%), TC (34.40%), CC (0%) and in the con-
trol group of postmenopausal women: TT (90.10%) , TC 
(9.90%), CC (0.0). In the group of osteoporotic women 
with the TT genotype, women had a confirmed risk of 
spinal fractures and women with the TC genotype are 
expected to have an increased risk of femoral neck frac-
ture [37].

Koromila et al. 2013 examined the effect of all 5 poly-
morphisms of the CER1 gene and examined the correla-
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tions between these polymorphisms and BMD, early onset 
of menopause, and bone turnover markers in 607 Greek 
women (457 postmenopausal and 150 healthy women). 
They state that osteoporostic women start menopause 
2 years earlier than in the control group of healthy wo
men. In addition, postmenopausal women in the research 
group who overcame a femoral neck fracture had meno-
pause significantly earlier than healthy control women 
who did not overcome the fracture. All 5 polymorphisms 
of the CER1 gene were significantly associated with BMD, 
which means that not only homozygotes but also het-
erozygotes have a significantly higher potential risk of frac-
tures. The increased risk of lumbar fracture is mainly asso-
ciated with the rs1494360 CER1 gene polymorphism. For 
polymorphisms rs7022304 (AA, AG, GG), rs3747535 (CC, 
CG, GG) of the CER1  gene, the authors report higher 
serum values of calcitonin (CT) and parathyroid hormone 
(PTH) in the group of postmenopausal women with osteo
porosis. On the other hand, decreased levels of osteo-
calcin (OC) and insulin-like growth factor 1 (IGF1). Koromila 
et al [38] confirmed a statistically significant association 
between decreased osteocalcin (OC) levels and femoral 
neck fractures in this study in women diagnosed with 
osteoporosis. CER1  gene polymorphisms play an im-
portant role in the determination of osteoporosis, and the 
authors also report a potential predictive role along with 
bone markers in postmenopausal osteoporotic women 
[38].

Huang, Ng and You-Qiang [3] examined 1,083  indi-
viduals associating the rs3747532 CER1 gene polymor-
phism with an increased risk of low BMD and vertebral 
fractures [3].

Mydlárová Blaščáková et al [39] focused on the deter-
mination of the rs74434454 CER1 gene polymorphism 
in 101 Slovak postmenopausal women, while they did 
not record statistical significance in the genotypes of 
this polymorphism between the osteoporotic and con-
trol groups [39].

Gene encoding vitamin D receptor 
(VDR)
The vitamin D receptor (VDR) is one of the transcriptional 
regulatory factors. These factors regulate the proteins that 
participate in the acquisition of bone mass and the main-
tenance of bone homeostasis. The vitamin D receptor gene 
was the first candidate gene to investigate the molecu-
lar genetic basis of osteoporosis. VDR gene polymor-
phism may be affected by individual predisposition to 
OP and response to vitamin D supplementation [7,40].

The human VDR gene is located on chromosome 12 
(12q12–14) and consists of 14 exons approximately 75 kb 
in size. Even a small modification in the gene can affect the 
structure and functional activity of the receptor. Common 

single nucleotide variations (SNVs) in the VDR gene may be 
associated with various biological responses to vitamin D – 
VDR ApaI (rs7975232, c.1025–49C>A), BsmI (rs1544410, 
1024 + 443C>T) and TaqI (rs731236, c.1056A>G). Scientific 
studies indicate a significant association (up to 75 %) 
of the third region polymorphism in the VDR gene with 
BMD. Mutations in the VDR gene cause recessive inher-
ited disease with severe hypophosphatemia and bone 
ossification disorder with rickets, hypocalcemia, vita-
min D deficiency. VDR gene ApaI, BsmI and TaqI polymor-
phisms may be risk factors for rheumatoid arthritis [3,7].

Marozik [40] conducted a study to reveal the effect 
of Apa gene VDR polymorphisms rs7975232, BsmI 
rs1544410, TaqI rs731236, FokI rs2228570  and Cdx2 
rs11568820 with BMD, 25-hydroxyvitamin D levels and 
the risk of osteoporosis in 355  osteoporotic and 247 
healthy Belarusian women. VDR gene polymorphisms 
rs7975232 A/A, rs1544410 T/T and individual variants 
rs731236 G/G and their ATG haplotype showed a sig-
nificant association with an increased risk of osteo-
porosis (for ATG, OR = 1.8, p = 0.0001) and a decrease 
in BMD (ATG, −0.09 g/cm2, p = 0.0001). Allele A of the 
rs11568820 polymorphism showed a protective effect 
on BMD (+ 0.22 g/cm2, p = 0.027). The AA genotype of 
the rs731236 polymorphism was associated with a re-
duced level of 25 (OH) D. These results emphasize the 
importance of investigating genetic markers for a per-
sonalized medicine strategy [40].

Meta-analyzes of 16  studies looking at the effect 
of the Bsm I VDR gene polymorphism with BMD con-
cluded that BMD was 2.5 % lower in the spine and 2.4 % 
lower in the femoral neck in subjects with BB genotype 
compared to subjects with genotype bb. These findings 
suggest that homozygotes with the bb genotype had 
a  statistically higher BMD value than individuals with 
the Bb/BB genotype [16].

Boroňová et al [41] found in Slovak postmenopausal 
women that the Fok I  and Cdx-2  VDR gene polymor-
phisms are related to osteoporotic fractures [41].

PRDM16 gene
The PRDM16 gene is located on chromosome 1, posi-
tion 1p36.3 and contains 17 exons. The full name is PR/
SET domain 16, other designations MEL1; KMT8F; LVNC8; 
PFM13; CMD1LL. The molecular weight of the PRDM16 
protein is 140 kDa. Reciprocal translocation of t  (1; 3) 
(p36; q21) occurs in a subset of myelodysplastic syn-
drome (MDS) and acute myeloid leukemia (AML). This 
gene is located near the 1p36.3 breakpoint and has been 
shown to be specifically expressed in t  (1:3) (p36, q21) 
-positive MDS/AML. The protein encoded by this gene 
is a zinc finger transcription factor and contains an N-ter-
minal PR domain. Translocation leads to overexpression 
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of a truncated version of this protein, which lacks a PR 
domain, which may play an important role in the patho-
genesis of MDS and AML. Alternatively, spliced tran-
scription variants encoding different isoforms have 
been described [42]. The PRDM16  gene is a  histone 
H3K4 methyltransferase on chromatin [43]. It encodes 
a protein of 1,247 amino acids (AMA). Translocation leads 
to overexpression of a  truncated version of this protein, 
which lacks a PR domain and may play an important role 
in the pathogenesis of myelodysplastic syndrome (MDS) 
and acute myeloid leukemia (AML) [44]. PRDM16 gene is 
mainly known to regulate the differentiation of brown adi-
pocytes (brown adipose tissue), platelet production, the 
preservation of nerve and hematopoietic stem cells, and 
its role in osteogenesis is little known [43,45]. The PRDM16 
gene is required for cardiac development, so loss of 
gene expression leads to the development of cardiomy-
opathy of the deletion syndrome 1p36, and changes in 
gene expression are also related to the development of 
migraine [44].

Zhou [43] states that the PRDM16 gene is a transcrip-
tional cofactor that plays a crucial role in the develop-
ment of brown adipose tissue as well as in the mainte-
nance of adult hematopoietic and neural stem cells in 
adults [43].

Zeng et al [45] discussed the expression of the PRDM16 
gene in the differentiation of osteoblasts into osteocytes 
in their study. The authors found that the PRDM16 gene 
is a negative regulator of TGFβ signaling. This inhibition 
of the signal, together with the partial suppression of 
the expression of the SOST gene, which is specific for 
osteocytes, prevents the terminal differentiation of os-
teoblasts into osteocytes [45].

Estrogen receptor 1 – ESR1 gene
The hormone estrogen is a  female sex hormone that 
plays an important role in maintaining bone mass and 
regulating skeletal growth. In addition to its direct effect 
on bone cells, estrogen also has an indirect effect on 
parathyroid hormone and the active form of vitamin D. 
These functions are performed by estrogen through 
a major receptor called the estrogen receptor 1/alpha 
(ESR1α), which is secreted in osteoblasts, osteoclasts 
and chondrocytes. The ESR1 gene is located on the long 
arm of chromosome 6  (6q25.1-q25.2) and consists of 
8 exons separated by 7 introns (longer than 140 kb). The 
ESR1 gene is an important candidate gene for genetic 
regulation of bone mass, due to its association with 
bone mineral density values [46,47].

In postmenopausal women, serum estrogen levels are 
reduced, producing pro-inflammatory cytokines (IL1 and 
TNFα) in the body, which contribute to increased osteo-
clast function and consequent bone resorption [46].

Among the most important and most studied poly-
morphisms of the ESR1  gene are rs9340799  (Xba I) 
and rs2234693 (Pvu II) located in intron 1 [47]. Zhu et al 
[48] report that the Xba I polymorphism in postmeno-
pausal women is associated with lumbar spine BMD. 
Research shows that the X-allele, unlike the x allele, has 
a protective effect. Genotype Xx is associated with ele-
vated lumbar spine BMD in the Caucasus population. In 
women diagnosed with postmenopausal osteoporosis 
in the femoral neck, they reported higher BMD values 
associated with genotype XX, in contrast to women 
with genotype xx. In a study of the Pvu II polymorphism 
of the ESR1 gene, they found that women with the Pp gen-
otype had lower lumbar spine BMD values than women 
with the pp genotype. Zhu et al [48] report that PP and 
Pp genotypes are associated with decreased BMD in the 
femoral neck region in both caucasoid and mongoloid 
populations [48].

A meta-analysis of the association between ESR1 and 
BMD genotypes in 5,000 Asian and Caucasian women 
concluded that homozygotes of genotype XX, Xba I poly-
morphism (rs9340799) had higher lumbar spine BMD 
values compared to genotype xx [49].

Mondockova et al [50] conducted a study in Slovak 
postmenopausal women in which they studied the asso-
ciation of the rs9340799 ESR1 gene polymorphism with 
BMD. The results of the study show that individuals with 
the AA genotype had higher BMD values (especially in 
the femoral neck and lumbar spine) than in individuals 
with the AG and GG genotypes [50].

Conclusion
Osteoporosis is currently the most common disease 
of the musculoskeletal system and represents a serious 
health and socio-economic problem. Positive family his-
tory, increasing average age of the population, female 
gender, low bone mineral density are important deter-
minants of fracture risk. Scientific studies conducted on 
twins, family studies, suggest that genetic factors play 
an important role in regulating bone mineral density 
and other risk determinants of osteoporotic fractures, 
such as ultrasound properties of bone, skeletal geome-
try and bone turnover. Osteoporosis is a polygenic dis-
order determined by the effects of several genes, each 
of which has relatively weak effects on bone mass, the 
risk of fractures. The association studies performed so 
far with candidate genes associated with osteoporosis 
have yielded conflicting results. Therefore, the identifi-
cation of genes and their polymorphisms that contrib-
ute to the study of pathogenesis is the subject of further 
molecular genetic research and is of great importance 
for public health, clinics and therapeutics. Molecular ge-
netic analysis of osteoporosis is not commonly per-
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formed in practice, but these analyzes could contrib-
ute to the elucidation of the metabolic processes of this 
disease, to the improvement of therapeutic therapies 
and to the early prevention of osteoporosis.
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Table | �Major candidate osteoporosis genes. Adapted from [51]

candidate genes protein chromosome location

bone matrix proteins

COL1A1 collagen type I α-1 17q21.33

COL1A2 collagen type I α-2 7q22.1

ITGA1 integrin, α 1 5q11.2

MMP2 matrix metallopeptidase 2 16q13-q21

OCIL osteoclast inhibitory lectin 12p13

SPARC osteonectin 5q31.3-q32

miscellaneous

ADCY10 adenylate cyclase 10 1q24

ALOX15 arachidonate 15-lipoxygenase 17p13.3

ALOX5 arachidonate 5-lipoxygenase 10q11.2

ALPL alkaline phosphatase 1p36.12

ANXA6 annexin A6 5q32-q34

APC adenomatous polyposis coli 5q21-q22

ARHGEF3 rho guanine nucleotide exchange factor 3 3p21-p13

BMPR1B bone morphogenetic protein receptor, type IB 4q22-q24

CA10 carbonic anhydrase X 17q21.33

CA8 carbonic anhydrase VIII 8q11-q12

CALM1 calmodulin 1 14q24-q31

CLCN7 chloride channel 7 16p13

COMT catechol-O-methyltransferase 22q11.21

CRTAP cartilage-associated protein 3p22.3

DMP1 dentin matrix acidic phosphoprotein 1 4q21

ENPP1 ectonucleotide pyrophosphatase/phosphodiesterase 1 6q22-q23

FABP3 fatty acid-binding protein 3 1p33-p32

FLNB filamin β 3p14.3

FLT1 fms-related tyrosine kinase 1 13q12

FOXC2 forkhead box C2 16q22-q24

FZD1 frizzled homolog 1 7q21

FZD6 frizzled homolog 6 8q22.3-q23.1

HMGA2 high mobility group AT-hook 2 12q15

HOXA homeobox A cluster 7p15-p14

HSD11B1 hydroxysteroid (11-β) dehydrogenase 1 1q32-q41

MDR1 multidrug resistance 1 7q21.1
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Table | �Major candidate osteoporosis genes. Adapted from [51]

MTHFR methylenetetrahydrofolate reductase 1p36.3

NFATC1 nuclear  factor  of activated T-cells, cytoplasmic, calcineurin 18q23

NOG noggin 17q21-q22

NOS3 endothelial nitric oxidase synthase 7q36

NR1I3 constitutive androstane receptor 1q23.3

P2X 7 purinergic receptor P2X, ligand-gated ion channel, 7 12q24

PBX1 pre-B-cell leukemia homeobox 1 1q23

PIR pirin Xp22.2

PLOD procollagen-lysine 1, 2-oxoglutarate 5-dioxygenase 1 1p36.22

PPAR-g peroxisome proliferator-activated receptor γ 3p25

PTN pleiotrophin 7q33-q34

RIZ1 retinoblastoma protein-interacting zinc finger protein 1p36.21

ROR2 receptor tyrosine kinase-like orphan receptor 2 9q22

RUNX2 runt-related transcription factor 2 6p21

SFRP1 secreted frizzled-related protein 1 8p12-p11.1

SFRP2 secreted frizzled-related protein 2 4q31.3

SOST sclerostin 17q11.2

SREBF1 sterol regulatory element binding transcription factor 1 17p11.2

THSD4 thrombospondin, type I, domain containing 4 15q23

THSD7 thrombospondin, type I, domain containing 7A 7p21.3

TIMP2 tissue inhibitor of metalloproteinase 2 17q25

TWIST1 twist homolog 1 7p21.2

WISP3 WNT1 inducible signaling pathway protein 3 6q21

WNT10B wingless-type MMTV integration site family, member 10B 12q13

WNT3A wingless-type MMTV integration site family, member 3A 1q42

WNT7B wingless-type MMTV integration site family, member 7B 22q13

calciotropic  hormones and receptors

AR androgen receptor Xq11.2-q12

CASR calcium-sensing receptor 3q13

CRHR1 corticotropin-releasing hormone receptor 1 17q12-q22

CTR calcitonin receptor 7q21.3

CYP17A1 steroid 17-α-hydroxylase 10q24.3

CYP19 cytochrome P450, family XIX 10q26

CYP19A1 aromatase 15q21.1

CYP1B1 aryl hydrocarbon hydroxylase 2p21

DBP vitamin D-binding protein 4q12-q13

ER-a estrogen receptor-a 6q25.1

ER-b estrogen receptor-b 14q23.2

ESRRA estrogen-related receptor α 11q13

GR glucocorticoid receptor 5q31.3

LHB luteinizing hormone β polypeptide 19q13.32
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LHCGR luteinizing hormone-choriogonadotropin receptor 2p21

PRL prolactin 6p22.2-p21.3

PTH parathyroid hormone 11p15.3-p15.1

PTHLH parathyroid hormone-like hormone 12p12.1-p11.2

PTHR1 parathyroid hormone receptor 1 3p22-p21.1

PTHR2 parathyroid hormone receptor 2 2q33

SHBG sex hormone-binding globulin 17p13-p12

SRD5A2 steroid-5-α-reductase, α polypeptide 2 2p23

TSHR thyroid-stimulating hormone receptor 14q31

VDR vitamin-D receptor 12q13.11

cytokines, growth factors and receptors

BMP2 bone morphogenetic protein 2 20p12

BMP7 bone morphogenetic protein 7 20q13

CD40 tumor necrosis factor receptor superfamily member 5 20q12-q13.2

CNR2 cannabinoid receptor 2 1p36.11

DKK2 dickkopf homolog 2 4q25

FGFR1 fibroblast growth factor receptor 1 8p11.2-p11.1

FGFR2 fibroblast growth factor receptor 2 10q26

GDF5 growth differentiation factor 5 20q11.2

GHRH growth hormone-releasing hormone 20q11.2

IGFBP2 insulin-like growth factor binding protein 2 2q33-q34

IL-23 interleukin 23 12q13.2

IL-23R interleukin 23 receptor 1p31.3

IL-6 interleukin 6 7p21

IL-6R interleukin 6 receptor 1q21

IL-15 interleukin 15 4q31

LEPR leptin receptor 1p31

LRP1 low-density lipoprotein receptor-related protein 1 12q13-q14

LRP5 low-density lipoprotein receptor-related protein 5 11q13.4

LRP6 low-density lipoprotein receptor-related protein 6 12p11-p13

LTBP2 latent transforming growth factor β binding protein 2 14q24

MSTN myostatin 2q32.2

NPY neuropeptide Y 7p15.1

OPG osteoprotegerin 8q24

RANK receptor activator of nuclear factor κ-β 18q22.1

RANKL receptor activator of nuclear factor κ-β ligand 13q14

TGF-b1 transforming growth factor b-1 19q13.1

TNF-a tumor necrosis factor a 6p21.3

TNFRSF1B tumor necrosis factor receptor superfamily, member 1B 1p36.3-p36.2

TNF-β lymphotoxin α 6p21.3

VEGF vascular endothelial growth factor A 6p12
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