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ABSTRACT. Many clinical conditions, including osteoporosis, are
associated with serum levels of sex steroids. Enzymes that regulate rate-
limiting steps of steroidogenic pathways, such as CYP17 and CYP19,
are also regarded as significant factors that may cause the development
of these conditions. We investigated the association of two common
polymorphisms, in the promoter region (T—C substitution) of CYP17 and
exon 3 (G—A) of CYP19, with bone mineral density (BMD) in the lumbar
spine and femoral neck and serum androgen/estradiol, in a case-control
study of 172 postmenopausal women aged 62.3 + 9.6 years (mean + SD).
The CYP17 TC genotype was significantly overrepresented in patients
compared to controls, and TC genotype neck T-score and lumbar T-score
values were significantly higher in patients compared to controls. CYP17
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TC and TT genotype testosterone and DHEA-SO, levels were lower in
patients compared to controls. All three genotypes of CYP19 had almost the
same distribution among patients. The CYP19 AG genotype, however, was
most frequent among controls. CYP19 lumbar BMD levels were close to
each other among the different genotypes; however, AA and AG genotypes
were significantly lower in patients. Testosterone and DHEA-SO, levels
in the CYP19 GG genotype were higher compared to those of the other
genotypes in patients but not in controls. CYP19 GA individuals had lower
E, levels and lower BMD in controls and patients. Femoral neck BMD and
lumbar T-score were also diminished with GA transition. In conclusion,
CYP17 and CYP19 gene polymorphisms were found to be associated with
osteoporosis in postmenopausal women in Turkey.
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INTRODUCTION

Osteoporosis, a common disease characterized by a generalized reduction in bone min-
eral density (BMD), disruption of bone architecture and increased fracture risk, is a very impor-
tant public health problem (Sipos et al., 2009; Compston, 2010). Bone mass peaks between ages
30 and 40 and then declines. There is an initial fast bone loss of 3% per year for the first few years
followed by a slower 1% loss of BMD per annum. This decrease can be accelerated by such
factors as menopause and insufficient dietary calcium. It has been estimated that approximately
50% of all women will have osteoporosis by the age of 80, although only a small proportion of
these individuals will suffer an osteoporosis-related fracture (Riggs et al., 2002; Waltman et al.,
2008; Rabaglio et al., 2009).

Sex steroids are important physiologic regulators of bone mass (Riggs et al., 2002).
In this regard, genes regulating sex steroid production and metabolism are possible candidates
leading to osteoporosis. Therefore, genetic polymorphisms seen in these genes are likely to af-
fect osteoporosis susceptibility in an individual (Eriksson et al., 2009; Sipos et al., 2009). Os-
teoporosis has a multi-factorial inheritance pattern. In rare instances, however, osteoporosis is
inherited in a simple Mendelian manner. Examples of this include osteogenesis imperfecta and
osteoporosis associated with inactivating mutations in the aromatase gene and estrogen recep-
tor gene (Ralston, 2003; Carbonell et al., 2005). Estrogen is essential for normal closure of the
growth plates in both genders; thus, estrogen resistance and aromatase deficiency in men are as-
sociated with delayed bone age and tall stature, despite normal or high circulating concentrations
of testosterone (Simpson, 2000).

The adrenal and gonadal steroid hormones are produced in a multistep process that
involves the participation of six P450 cytochromes: CYP11A1, CYP17, CYP21, CYP11B1,
CYP11B2, and CYP19. Of these enzymes, CYP17 and CYP19 catalyze the rate-limiting steps
of estrogen biosynthesis (Nelson and Bulun, 2001; Bulun et al., 2005). Estrogen biosynthesis
is dependent on the facilitation of the entry of cholesterol into mitochondria followed by six
enzymatic steps. Aromatase is the key enzyme and catalyzes the final step, i.e., the conversion
of C,, steroids to the biologically active estrogen, estradiol (E,). A single gene (Cyp19al) en-
codes aromatase, the inhibition of which effectively eliminates estrogen production in the entire
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body. Human aromatase gene is located on 15q11-q12, spanning a 130-kb region. Expression of
the aromatase gene is regulated by the tissue-specific activation of a number of promoters via
alternative splicing. Aromatase mRNA species contain promoter-specific 5'-UTRs. The coding
region and encoded protein, however, are identical, regardless of the promoter used (Nelson
and Bulun, 2001; Bulun et al., 2005). The occurrence of osteoporosis is closely related to serum
estradiol level. Therefore, any irregularities in aromatase gene, such as polymorphisms, will
in turn result in changes in estradiol concentrations in both genders (Khosla, 2010). Indeed, a
tetranucleotide simple tandem repeat polymorphism in intron 4 of the CYP19 gene has been
related to both female and male osteoporosis (Siegelmann-Danieli and Buetow, 1999). Further-
more, a G to A substitution polymorphism in exon 3 is thought to be related to serum estradiol
concentrations and BMD in postmenopausal women (Masi et al., 2001; Somner et al., 2004).

In this context, the other rate-limiting enzyme, CYP17, whose gene is located on 10q
24-q25, spanning a 1870-bp region, is also important in estrogen formation. CYP17, encoded by
the CYP17 gene, catalyzes the conversion of progesterone and pregnenolone into precursors of
potent androgens (Sharp et al., 2004). CYP17 is predominantly expressed in the adrenal gland,
testicular Leydig cells, and ovarian theca cells. In the 5' promoter region of the CYP17 gene, a T
(ALl allele) to C substitution (A2 allele) has been hypothesized to alter CYP17 gene expression
(Zmuda et al., 2001). Loss of function mutations in the CYP17 gene results in reduced growth and
osteoporosis. A common polymorphic variant in the CYP17 gene has recently been shown to be
associated with femoral size and biologically available testosterone concentration in men (Ye and
Parry, 2002; Sharp et al., 2004).

In the present study, we investigated the association of CYP17 and CYP19 polymor-
phisms with BMD in a group of postmenopausal women with osteoporosis. This is the first
study in Turkey examining the possible effects of these polymorphisms on BMD.

MATERIAL AND METHODS
Subjects

One hundred and thirty-six postmenopausal women with osteoporosis and 36 postmenopausal
women without osteoporosis (control group) were recruited for our study. Ages of the participants varied
between 46 and 80 years. This study was approved by the local Research Ethics Committee of Cukurova
University School of Medicine and informed consent was obtained from each participant.

One hundred and thirty-six women with osteoporosis, defined by a T-score of -2.5 or less at
the lumbar spine and/or hip sites, using the NHANES 111 study reference range, were consecutively
recruited during their attendance at the Osteoporosis Screening Unit at Cukurova Univesity Hospital
between April 2006 and October 2009. Individuals with secondary causes of osteoporosis or bone
loss, such as inflammatory diseases (e.g., rheumatoid arthritis), malignancy, chronic renal failure,
immobilization, hyperparathyroidism, thyrotoxicosis, and corticosteroid use, were excluded.

For all study subjects, clinical information including age at menarche and menopause,
years since menopause, history of fractures, intake of dairy products, alcohol intake, smoking
habits, degree of exercise, and family history of osteoporosis were obtained through a question-
naire. Blood was obtained from all study participants for DNA extraction and for the measure-
ment of sex steroids. For the hormone determinations, blood was centrifuged, and the serum
samples were stored at -20°C until analysis.
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Bone densitometry and hormone measurement

BMD of the patients was measured from the lumbar vertebrae and femoral neck using
the dual-energy X-ray absorbtiometry (DEXA) method (Norland Bone Densitometer, Medical
Systems, Inc.). All subjects underwent DXA screening of lumbar vertebrae 2 to 4 (L2-L4). DXA
screenings were performed by the Department of Radiology at the Cukurova University Hospital
(GE Healthcare, Lunar Densitometry, Madison, WI, USA) in the anteroposterior position with
a precision error of +1.5%. According to the reference population of the scanner manufacturers,
T-scores were obtained for each subject. Subjects were classified as normal (T-score of >-1.0),
osteopenic (T-score of -1 to -2.5) or osteoporotic (T-score of <-2.5), according to the World Health
Organization classification. Subjects who were osteopenic or osteoporotic, thus indicating low
skeletal BMD, were classified into the “reduced bone density group”, and all the other subjects
were classified into the “normal group”. Circulating blood levels of testosterone-estradiol and
DHEAS were measured using Immunotec immunoradiometric and radioimmunoassay Kkits, re-
spectively. The testosterone assays had a sensitivity of 0.069 nM (0.02ng/mL).

DNA extraction and analysis

Genomic DNA was extracted from peripheral blood leukocytes using a salting-out
extraction method. A 459-bp fragment of genomic DNA containing the T to C substitution at -34
bp in the CYP17 gene was amplified by polymerase chain reaction (PCR) as previously described
by Somner et al. (2004) with minor modifications. PCR was carried out in a 25-pL reaction
mixture containing 200 ng genomic DNA, 2.0 mM magnesium chloride, 250 uM dNTPs, 0.5
UM of each primer,and 0.5 U Taq DNA polymerase. Primer sequences were as follows: forward,
5'-CATTCGCACTCTGGAGTC-3', and reverse, 5-AGGCTCTTGGGGTACTTG-3". After an
initial denaturation at 95°C for 3 min, 35 cycles of amplification with denaturation at 95°C for 30
s, annealing at 58°C for 45 s, and extension at 72°C for 45 s were performed, followed by a final
extension step of 7 min at 72°C. The T to C substitution creates a recognition site for the restriction
enzyme MspAl. After amplification, all samples were digested overnight with 5 U MspAl. In
subjects with the C allele, two smaller fragments of 335 and 124 bp were obtained, as shown in
Figure 1. For determination of the G—A substitution at position Val* in CYP19, a 188-bp PCR
product was generated. PCR was carried out in a 25-pLreaction mixture containing 200 ng genomic
DNA, 2.0 mM magnesium chloride, 250 pM dNTPs, 0.5 uM of each primer,and 0.5 U Taqg DNA
polymerase. Primer sequences were as follows: forward, 5'-~AGTAACACAGAACAGTTGCA-3',
reverse, 5-TCCAGACTCGCATGAATTCTCCGTA-3'. A mismatch (G instead of A) was
introduced in the reverse primer to create a restriction site for the enzyme Rsal. The presence of
the G variant in CYP19 resulted in digestion of the 188-bp amplicon to two smaller fragments of
164 and 24 bp. The fragments were separated on a 3% agarose gel containing ethidium bromide
and viewed by UV illumination. Only one 188-bp fragment was seen in subjects with the AA
genotype. In subjects with the GA genotype, two bands of 188 and 164 bp were seen, whereas
in those subjects homozygous for the G variant (GG), only one 164-bp PCR fragment was seen.
All PCR amplifications were carried out using a DNA thermocycler (Mastercycler, Eppendorf,
Hamburg, Germany). After an initial denaturation at 95°C for 3 min, 35 cycles of amplification
with denaturation at 95°C for 30 s, annealing at 57°C for 1 min, and extension at 72°C for 45
s were performed, followed by a final extension step of 7 min at 72°C. The PCR product was
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digested overnight with 5 U Rsal. PCRs were performed in triplicate to check the reproducibility
of the experiments. A representative experiment showing the different genotypes of CYP19 and
CYP17 are shown in Figure 1A and B, respectively.

A Marker GA GG GA GA GA GA AA GA GA  AA GG

200bp —» 158 bp
164bp
100bp —»
B Marker TC TE €& TR B TR e 1 g TG TT
=
ek <« 419bp
309 Lp 205bp
200bp
124b
100 bp o

Figure 1. A. CYP19 amplification-RSA41 digestion. B. CYP17 amplification-MSPA1 digestion.

Statistical analysis

Statistical analyses for comparing individual allele and genotype frequencies were
carried out using the chi-square test (two-sided asymptotic P values) with the SPSS ver. 11.0
(SPSS, Chicago, IL, USA) software. P < 0.05 was considered to be statistically significant.
ANOVA was used to identify any potential association between phenotypes and genotypes.
The association between genetic findings and osteoporosis was evaluated by multiple regres-
sion analysis.
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RESULTS

Clinical and biochemical findings of the whole study population are shown in Table 1.
There was a significant difference in estradiol and testosterone levels between controls and pa-
tients. We found, however, that the CYP17 TC genotype was overrepresented in patients compared
to controls, which was statistically significant (Table 2). CYP17 TC genotype frequency, femoral
neck T-score and lumbar T-score were also higher in patients compared to controls (Table 3). We
did not observe the CYP17 CC genotype among controls; however, 18% of the patients had this
genotype. We also did not observe any statistically significant difference between CYP17 geno-
types in terms of lumbar BMD, femoral neck BMD, neck T-score, and lumbar T-score (Table 3). In
CYP17 TC and TT genotypes, testosterone and DHEA-SO, levels were lower in patients compared
to controls; E, levels of controls, however, were not statistically different from patients (Table 4).

Table 1. Clinical and biochemical findings of the whole study group.

Parameter measured Mean and median Controls Patients P

Height (cm) Mean 159.53 £5.16 156.06 = 5.94 0.03
Median (Min-Max) 160 (149-172) 156 (130-165)

Weight (kg) Mean 76.62 +13.70 63.29 +11.77 0.01
Median (Min-Max) 74.5 (46-110) 62 (45-90)

Body mass index (kg/m?) Mean 30.20 +£5.32 26.01 +4.87 0.005
Median (Min-Max) 29.2 (18-43) 25.6 (16.5-38.7)

Age at presentation (years) Mean 58.88 £8.72 63.32+9.91 0.006
Median (Min-Max) 56.60 (47-90) 61 (44-84)

Age at menarche (years) Mean 13+0.92 13.49+1.29 0.03
Median (Min-Max) 13 (11-15) 13 (11-15)

Age at menopause (years) Mean 49.03 +3.80 45.79 + 4.88 0.001
Median (Min-Max) 48.5 (40-55) 46 (35-55)

Years since menopause (years) Mean 9.85+1.70 17.52 +10.85 0.003
Median (Min-Max) 7 (1-42) 15 (1-40)

Calcium (mg/dL) Mean 9.39+0.37 9.74+£0.42 0.00
Median (Min-Max) 9.3 (8.8-10.4) 9.8 (8.9-10.6)

Phosphate (mg/dL) Mean 3.79+£0.57 3.58+£0.52 0.17
Median (Min-Max) 3.7 (2.8-5.3) 3.6 (2.3-4.6)

ALP (U/L) Mean 195.41 +40.57 180.17 £72.72 0.02
Median (Min-Max) 189.5 (115-310) 166 (73-496)

Osteocalcin (ng/mL) Mean 19.90 £ 6.32 21.05+16.56 0.68
Median (Min-Max) 18.6 (7.3-41.49) 18.8 (6.6-136.9)

f-crosslaps (ng/mL) Mean 0.25+0.12 0.29+0.21 0.84
Median (Min-Max) 0.24 (0.07-0.65) 0.23 (0.03-0.96)

Vit D3 Mean 19.68 £ 11.69 35.01 £18.80 0.00
Median (Min-Max) 19 (4-49) 32 (5-98)

PTH (pg/mL) Mean 4488 +£14.19 59.39 +24.08 0.002
Median (Min-Max) 44 (18.8-79.2) 57.5(20.4-164.7)

Estradiol Mean 13.44 +12.60 16.59 +9.04 0.01
Median (Min-Max) 12.06 (5-68.17) 16.56 (4.74-56.31)

Testosterone Mean 0.20+0.31 0.2477+0.21 0.01
Median (Min-Max) 0.12 (0.02-1.92) 0.1970 (0.02-1.71)

DHEA-SO, Mean 83.66 = 47.40 79.91 +£49.62 0.85
Median (Min-Max) 69.21 (22.60-186) 67.64 (7.05-229.80)

Lumbar spine BMD Mean 0.93721 +0.081197 0.72900 + 0.114438 0.001
Median (Min-Max) 0.93050 (0.787-1.14) 0.74000 (0.400-1.07)

Femoral neck BMD Mean 0.85997 £ 0.097459 0.66412 = 0.097047 0.004
Median (Min-Max) 0.87050 (0.650-1.0) 0.66700 (0.390-0.860)

Lumbar spine T-score Mean -0.9706 + 0.73465 -2.9056 + 1.05842 0.004
Median (Min-Max) -1.0500 (-2.0-0.90) -2.8000 (-7.0-20)

Femoral neck T-score Mean -0.6697 + 0.80155 -2.0143 +0.84485 0.003

Median (Min-Max)

-0.8000 (-2.0-0.50)

-2.1000 (-4.0-0.10)

ALP = alkaline phosphatase; PTH = parathyroid hormone; DHEA-SO, = dehydroepiandrosterone sulfate;
BMD = bone mineral density.
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Table 2. CYP17 and CYP19 genotype distribution among controls and patients.

Controls (N = 36) Patients (N = 136)

CYP17

TT 13 (36%) 53 (38%)

TC 23 (64%) 61 (44%)

cC 0 (0%) 22 (18%)
CYP19

AA 10 (27%) 57 (41%)

AG 23 (63%) 34 (25%)

GG 3 (10%) 45 (34%)

Table 3. CYP17 genotype values in lumbar and femoral neck BMD and lumbar and femoral neck T-score of
controls and patients.

TT TC cC
Controls Patients Controls Patients Controls Patients
Lumbar BMD 0.95627 +0.073 0.73633 +0,122  0.92809+0,084  0.71766 £ 0,118 - 0.74356 + 0.092
Femoral neck BMD 0.86045 +0.114 0.65930+0.103 0.85974+ 0911  0.65766 +0.118 - 0.68763 + 0.069
Lumbar T-score -0.7636 £ 0.6 -2.8767 +1.990 -1.0696 + 0.780 -2.9945 +1.052 - -2.7431 +0.837
Neck T-score -0.7018 +0.903 -2.0533+£0.772 -0.6543 +0.769 -2.0058 +0.970 - -1.9688 + 0.667

Table 4. Serum androgen and estradiol concentrations according to CYP17 genotypes in controls and patients.

TT TC cC
Controls Patients Controls Patients Controls Patients
Testosterone 0.3055 + 0.491 0.253 +0.261 0.1500 +0.133 0.2360 +0.177 - 0.2661 +0.153
E, 16.34 £ 19.414 15.615+9.383 11.972 + 6.801 16.558 + 8.747 - 18.973 +8.981
DHEA-SO, 72.66 + 42.663 71.30 +45.517 96.62 + 53.428 84.511 +47.542 - 87.93 + 62.883

E, = estradiol; DHEA-SO, = dehydroepiandrosterone sulfate.

As for CYP19, all genotypes showed almost the same distribution among patients;
however, the CYP19 AG genotype was the most frequent among controls (Table 2). CYP19
lumbar BMD levels were close to each other in different genotypes; however, AA and AG gen-
otypes were significantly less frequent in patients. Femoral neck BMD and lumbar T-scores
were also diminished with GA transition (Table 5). E, levels in CYP19 AA and AG genotypes
were lower in patients compared to controls. Testosterone and DHEA-SO, levels in the CYP19
GG genotype were higher compared to other genotypes in patients but not in controls (Table
6). BMD, hormonal levels and genotypes showed a significant correlation among each other.

Table 5. CYP19 genotype values in lumbar and femoral neck BMD and lumbar and femoral neck T-score of
controls and patients.

AA AG GG
Controls Patients Controls Patients Controls Patients
Lumbar BMD 0.9558 +0.098 0.74124 + 0.09 0.9376 £0.075  0.6295+0.154  0.8856 + 0.084 1.710 +0.121
Femoral neck BMD 0.868 +0.813 0.6566 + 0.091 0.8546+0.104  0.5957+0.134  -1.199+0.108 0.678 + 0.097
Lumbar T-score -0.825 +0.901 -2.816 +0.871 -0.956 +0.674 -3.774 +1.367  -1.466 +0.776 -2.90+1.176
Neck T-score -0.587 + 0.683 -2.054 +0.828 -0.720 + 0.855 -2.425+1.004  -0.500 + 0.906 -1.93 £ 0.853
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Table 6. Serum androgen and estradiol concentrations according to CYP19 genotypes in controls and patients.

AA AG GG
Controls Patients Controls Patients Controls Patients
Testosterone 0. 150 £ 0.07 0.2276 + 0.238 0.228 + 0.40 0.264 + 0.245 0.335+0.018 0.260 + 0.142
E, 11.32+7.59 14.982 +9.131 15.58 +15.45 14.812 + 8.097 18.885 + 7.347 19.982 + 8.832
DHEA-SO, 95.11 +£37.31 76.12 +£42.72 74.93 +47.82 96.375 +52.578 174.7 £ 15.98 72.285 + 53.599

E, = estradiol; DHEA-SO, = dehydroepiandrosterone sulfate.

DISCUSSION

Estrogens and androgens have a significant impact on bone development (Sipos et
al., 2009). In this regard, enzymes that function in steroidogenesis pathways are substan-
tial candidates for androgen- and estrogen-associated disorders such as osteoporosis (Riggs
et al., 2002; Khosla, 2010). In these pathways, CYP17 and CYP19 enzymes, which cata-
lyze the rate-limiting steps, play critical roles in estrogen and androgen synthesis (Sharp et
al., 2004; Bulun et al., 2005). Of these two enzymes, CYP17 T to C polymorphic variant
is implicated in osteoporotic predisposition. Most studies, however, could not establish a
relationship between CYP17 TC polymorphism and circulating estrogen-androgen levels
(Berstein et al., 2002; Feigelson et al., 2002; Kado et al., 2002; Ye and Parry, 2002; Som-
ner et al., 2004). We also did not observe a statistically significant association between
CYP17 TC polymorphism and sex steroid levels; however, there was a tendency of higher
testosterone levels in osteoporotic patients compared to controls in the CYP17 TC geno-
type. Interestingly, we could not detect the CYP17 CC genotype in the control group. The
CYP17 CC genotype was also found to show a very low frequency, probably because it is
more pronounced in osteoporotic phenotypes as suggested by Somner et al. (2004). CYP17
polymorphism could also play significant roles in testosterone synthesis, which functions in
bone physiology, and therefore, it is possible that CYP17 is a strong candidate that functions
in bone metabolism even though this gene has gender-specific effects on steroid metabolism
(Zmuda et al., 2001; Ye and Parry, 2002; Sharp et al., 2004).

Some studies have postulated that polymorphisms in CYP19, a rate-limiting en-
zyme for biologically active estradiol synthesis, are also important for osteoporotic pathol-
ogy (Bulun et al., 2005; Sipos et al., 2009). In contrast to some previous studies, we found
that both CYP19 AA and GG but not AG genotypes are associated with increased risk of
osteoporosis (Langdahl et al., 2000; Somner et al., 2004; Tofteng et al., 2004; Riancho
et al., 2005). Interestingly, lumbar BMD values in patients were significantly increased
compared to controls in CYP19 GG genotypes, which also had the highest increase in
prevalence in patients compared to other genotypes. As in previous research on this is-
sue, we could not detect a direct association between CYP17-CYP19 polymorphisms and
hormonal levels possibly due to the medication taken by osteroporotic patients (Langdahl
et al., 2000; Gennari et al., 2002; Riancho et al., 2005; Lorentzon et al., 2006; Waltman et
al., 2008).

At the molecular level, it is unclear how CYP17 and CYP19 SNPs alter their own
transcriptional regulation. It is possible that the CYP17 T—C substitution bears a differ-
ent binding site for transcription factors, which in turn upregulate or downregulate its
expression. Deletion construct transfection and ChIP assays with human cell lines may be
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helpful to delineate their function in the hormonal regulation. Likewise, the CYP19 A—G
substitution could also be important in its own transcriptional regulation.

In summary, our findings and previous ones suggest that both CYP17 and CYP19
polymorphisms could be related to osteoporosis in the Cukurova region in Turkey. Moreover,
of these polymorphisms, CYP17 TC polymorphism is associated with lumbar BMD in post-
menopausal women. CYP19 GA polymorphism, on the other hand, is associated with estradiol
synthesis, which in turn affects the prevalence of osteoporosis. In conclusion, both CYP17 and
CYP19 are useful markers for the occurrence and progression of osteoporosis.
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