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Abstract Bone mineral density (BMD) is a major factor

for determining bone strength and osteoporotic fracture risk,

and is determined by environmental and multiple genetic

factors. KIT, which encodes a transmembrane receptor with

tyrosine kinase activity, plays an important role in the dif-

ferentiation of osteoclasts. We examined the associations

between KIT gene polymorphisms and BMD in postmeno-

pausal Korean women. All exons, their boundaries, and the

promoter region (approximately 1.5 kb) from 24 individuals

were directly sequenced. Eighteen polymorphisms were

identified, and three single-nucleotide polymorphisms

(SNPs) were genotyped in all study participants (n = 946).

BMD at the lumbar spine and femoral neck was measured

using dual-energy X-ray absorptiometry. The mean age of

the study subjects was 58.9 ± 7.5 years, and the mean

number of years since menopause was 9.6 ± 7.9 years. None

of the three SNPs (–1694G>T, +41894A>G, and

+49512G>A) was significantly associated with BMD value.

However, multivariate analysis showed that the ht3 (–1694T-

+41894A-+49512G) was significantly associated with lower

BMD at the femoral neck (P = 0.007 in the recessive model).

These findings indicate that KIT-ht3 may be a useful genetic

marker for osteoporosis and that KIT may have a role on bone

metabolism in humans.
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Introduction

Osteoporosis is a systemic bone disease that is charac-

terized by low bone mineral density (BMD) and increased
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risk of fractures. Among the multiple risk factors that

affect BMD, and thus the pathogenesis of osteoporosis,

genetic factors are most often involved and account for

about 50–86% of variance in BMD according to twin and

family studies (Arden and Spector 1997; Slemenda et al.

1991). Low BMD results from an imbalance between

osteoclastic bone resorption and osteoblastic bone for-

mation. Therefore, genes that are involved in osteoclast

differentiation and function are potentially candidate

genes for osteoporosis.

Osteoclast progenitors originate from hematopoietic

stem cells (Boyle et al. 2003). Although the discovery of

receptor activation of nuclear factor kappa B (NF-jB)

pathways has shifted interest away from tyrosine kinase

receptors (Lacey et al. 1998), the receptor tyrosine kinase

for macrophage colony-stimulating factor (M-CSF), which

is encoded by the FMS gene, is also important for

osteoclast differentiation (Suda et al. 1997), and the clo-

sely related tyrosine kinase receptors, including those

encoded by the KIT, MET, and FLT3 genes, which are

present on pre-osteoclasts, can augment activation of

these pathways (Gattei et al. 1996; Grano et al. 1996;

Lean et al. 2001).

KIT, which is located on 4q11-q12, is the human

homolog of the proto-oncogene c-kit, which encodes a

transmembrane receptor with tyrosine kinase activity

(Yarden et al. 1987), and its specific ligand has been

identified as a growth factor called stem-cell factor (SCF)

(Zsebo et al. 1990). It has been reported that KIT sig-

naling might have a role in bone metabolism. The KIT

gene has been found in human osteoclasts and pre-

osteoclast cell lines, and mediates cell-to-cell interactions

between osteoclasts and osteoblasts/stromal cells through

membrane-bound SCF (Gattei et al. 1996), allowing more

efficient and localized stimulation by specific cytokines

and growth factors such as M-CSF and interleukin-1,

which are key factors for osteoclastogenesis (Lowry et al.

1992). In addition, together with other factors, soluble

SCF can expand the pool of osteoclast precursors

(Demulder et al. 1992) and stimulate osteoclast formation

and activity (van’t Hof et al. 1997). Furthermore, an al-

tered response in tooth egression-induced bone remodel-

ing was observed in c-kit mutant mice with partial loss of

function (Silberstein et al. 1991). However, to our

knowledge, there is no clinical evidence that the KIT gene

has a role in regulation of bone metabolism. To investi-

gate its role in the determination of bone mass in humans,

we performed extensive screening of the KIT gene by

direct sequencing to detect its polymorphisms, and we

analyzed their associations with BMD in postmenopausal

women.

Materials and methods

Subjects

The study population comprised 946 postmenopausal

women of Korean ethnicity who visited the Asan Medical

Center (AMC, Seoul, Korea). Menopause was defined as

the absence of menstruation for at least 6 months and was

confirmed by measurement of the serum levels of follicle-

stimulating hormone (FSH). Women with premature

menopause (before the age of 40 years) were excluded

from the study. Women who had taken drugs that could

affect bone metabolism for more than 6 months or within

the previous 12 months were also excluded. Subjects were

excluded if they had suffered from any disease that might

affect bone metabolism. Women with previous stroke or

dementia were also excluded because of concerns regard-

ing their limited physical activity. Women were also ex-

cluded if they had osteophyte formation above the fourth

grade of the Nathan classification (Nathan et al. 1994) and/

or severe facet joint osteoarthritis in the lumbar spine that

was diagnosed using conventional spine radiographs. The

study was approved by the AMC ethics review committee,

and written informed consent was obtained from all

subjects.

BMD measurement

The BMD (g/cm2) of the anterior–posterior lumbar spine

(L2–L4) and femoral neck was measured using dual-energy

X-ray absorptiometry. A Lunar Expert XL scanner with

software version 1.90 (Madison, WI) was used in 637 wo-

men, and a Hologic QDR 4500-A scanner with software

version 4.84 (Waltham, MA) was used in 309 women.

Owing to upper-extremity dominance, the BMD at the

proximal femur was measured at non-dominant sites. The

short-term in-vivo measurement precisions, expressed as the

coefficient of variation, for the Lunar and Hologic machines,

respectively, were 0.82 and 0.85% for the lumbar spine and

1.12 and 1.20% for the femoral neck. These values were

obtained by scanning 17 volunteers who were not part of the

study; each volunteer underwent five scans on the same day,

getting on and off the table between examinations. To derive

cross-calibration equations between the two systems, BMD

values were measured at the lumbar and femoral neck by the

two machines in 109 healthy Korean women (55 ± 11 years,

range 31–75 years), and cross-calibration equations were

calculated as follows (Jo et al. 1999):

L2� L4 BMD g=cm2
� �

: Lunar ¼ 1:1287

� Hologic� 0:0027
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Femoral neck BMD g=cm2
� �

: Lunar ¼ 1:1556

� Hologicþ 0:0182

Detection of vertebral and non-vertebral fractures

The assessment of vertebral fractures was made in

accordance with the recommendations of the Working

Group on Vertebral Fractures (Kiel 1995; Orimo et al.

2001). A vertebral fracture was defined quantitatively as a

loss of 15% (for vertebrae that were intact at the previous

examination) or a reduction of 4 mm in any of the

measured vertebral dimensions (anterior, middle, or pos-

terior) in subjects without previous history of major

trauma such as a traffic accident. In addition, a history of

non-vertebral fracture, such as fractures of the hip and

wrist, was obtained by self-administered questionnaires

from subjects who had no previous history of major

trauma.

Sequencing analysis of the KIT gene

Genomic DNA was extracted from peripheral blood

leukocytes using a commercial kit (Wizard Genomic

DNA purification kit; Promega, Madison, WI). We se-

quenced the exons and their boundaries of the KIT gene,

including the promoter region (�1.5 kb), to discover

genetic variants in 24 DNA samples from Korean women

using a DNA analyzer (ABI PRISM 3700; Applied

Biosystems, Foster City, CA). GenBank sequences were

used to design 23 primer sets for the KIT gene for

amplification and sequencing analysis (reference genomic

sequence for KIT: accession number NT_022853)

(Supplementary Table 1).

Genotyping using fluorescence polarization detection

For genotyping of three polymorphic sites, which were

selected based on minor allele frequency (MAF > 0.1)

and linkage disequilibrium (LD), amplifying primers and

probes were designed for TaqMan (Livak 1999). Primer

Express (Applied Biosystems) was used to design both

the PCR primers and the MGB TaqMan probes (Sup-

plementary Table 2). One allelic probe was labeled with

FAM dye and the other with the fluorescent dye VIC.

PCR was performed using TaqMan Universal Master

mix without uracil DNA glycosylase (UNG) (Applied

Biosystems), with PCR primer concentrations of 900 nM

and TaqMan MGB-probe concentrations of 200 nM.

Reactions were performed in a 384-well format in a total

reaction volume of 5 ll using 20 ng genomic DNA. The

plates then were placed in a thermal cycler (PE 9700,

Applied Biosystems) and heated at 50�C for 2 min, then

95�C for 10 min, followed by 40 cycles of 95�C for 15 s

and 60�C for 1 min. The TaqMan assay plates were

transferred to a Prism 7900HT instrument (Applied

Biosystems), and the fluorescence intensity in each well

of the plate was measured. Fluorescence data files from

each plate were analyzed using automated software (SDS

2.1, Applied Biosystems).

Statistics

To determine whether individual variants were in equilib-

rium at each locus in the population, Hardy–Weinberg

equilibriums (HWE) were calculated using v2 tests. In case

of SNPs that were genotyped only by re-sequencing

(n = 24), Fisher’s exact tests for HWE (Wigginton et al.

2005) were used. We examined Lewontin’s D¢ (|D¢|) and the

LD coefficient (r2) between all pairs of biallelic loci. Hapl-

otypes (ht) of each individual were inferred using the algo-

rithm developed by Stephens et al. (2001), which uses a

Bayesian approach incorporating a priori expectations of

haplotype structure based on population genetics and coa-

lescent theory. Phase probabilities of all polymorphic sites

for haplotypes were calculated for each individual using this

software. Individuals with phase probabilities less than 97%

were excluded from the analysis. The genetic effects of in-

ferred haplotypes were analyzed in the same way as poly-

morphisms. Multiple regression analyses were performed

for BMD, controlling for age (continuous variable), years

since menopause (YSM; continuous variable), and patient

weight and height as covariates. The genotype and haplotype

distributions between the subjects with and without vertebral

and non-vertebral fractures were also analyzed by a logistic

regression model controlling for age, YSM, weight, and

height. Akaike information criterion (AIC) for all possible

models were estimated to select the adequate model for this

study using stepwise model selection (SAS) (Akaike 1974).

The effective number of independent marker loci was cal-

culated to correct for multiple testing, using the software

SNPSpD (http://www.genepi.qimr.edu.au/general/daleN/

SNPSpD/), which is based on the spectral decomposition

(SpD) of matrices of pair-wise LD between SNPs (Nyholt

2004). The resulting number of independent marker loci

(6.9477) was applied to correct for multiple testing.

Results

The mean age of the participants was 58.9 ± 7.5 years

(range 46–83 years), and the mean YSM was

9.6 ± 7.9 years (range 1–35 years) (Table 1). BMD values
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measured with the Lunar equipment (0.887 ± 0.145 and

0.734 ± 0.105 g/cm2 at the lumbar spine and femoral neck,

respectively) were significantly greater than those measured

with the Hologic equipment (0.785 ± 0.092 and

0.608 ± 0.067 g/cm2, respectively; P < 0.0001 for both).

However, the values were not significantly different after

application of cross-calibration equations (data not shown).

Thus, the equipment used was not included as a covariate in

multiple regression analyses for associations between the

BMD values and polymorphisms. As expected, age and

YSM were negatively correlated with BMD, and weight was

positively correlated with BMD (Table 1). Height was sig-

nificantly associated with lumbar BMD.

Through the direct sequencing of all exons and their

boundaries of KIT, including 1,500 bp of the 5¢-flanking

region, 18 SNPs were identified in this study. Four were lo-

cated in the promoter region, three in coding regions of exons

(one non-synonymous and two synonymous), two in the 3¢
untranslated regions (UTRs), and nine in the introns (Fig. 1).

Pair-wise comparisons among all 18 polymorphisms

Table 1 Clinical profiles in postmenopausal Korean women (n = 946)

Clinical profiles Mean ± SD Bone mineral density (g/cm2)

Lumbar spine Femoral neck

b SE P b SE P

Age (years) 58.9 ± 7.5 –0.005 0.001 <0.001 –0.003 0.001 0.01

Weight (kg) 56.3 ± 7.2 0.005 0.001 <0.00001 0.003 0.001 <0.00001

Height (cm) 155.0 ± 5.3 0.003 0.001 0.02 0.001 0.001 0.28

Years since menopause (years) 9.6 ± 7.9 –0.003 0.001 0.01 –0.004 0.001 <0.001

Adjusted R2 = 0.2313 Adjusted R2 = 0.2004

Ex1 Ex2 Ex3,4 Ex5 Ex 6 Ex7 Ex8 Ex9   Ex14  Ex17 Ex18 Ex21

A Map of KIT (v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog) on chromosome 4q11-q12 (82.7 kb)

B Haplotypes in KIT C LDs among KIT polymorphisms
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Fig. 1 Gene maps and haplotypes of KIT. Coding exons are marked

by black blocks, and 5¢ and 3¢ UTRs are indicated by white blocks.

The first base of the translational start site is denoted as nucleotide +1.

Asterisks indicate the SNPs genotyped in a larger population.

a Polymorphisms identified in KIT on chromosome 4q11-q12

(reference genotype sequence: NT_022853). b Haplotypes of KIT.
Only those with frequencies >0.05 are shown. c Linkage disequilib-

rium coefficients (|D¢| and r2) among KIT polymorphisms
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revealed one set of markers in absolute LD (|D¢| = 1 and

r2 = 1, Fig. 1a). Of these 18 variants, three common poly-

morphisms (–1694G>T, +41894A>G, and +49512G

>A) were selected for larger-scale genotyping (n = 946)

based on minor allele frequency (MAF > 0.1) and LD. The

MAFs of the three genotyped polymorphisms were 0.446 (–

1694G>T), 0.258 (+41894A>G), and 0.217 (+49512G>A)

(Fig. 1a). There were no significant deviations from the

HWE for any of the polymorphisms (P > 0.05; Table 2). Of

the three different polymorphisms, we identified five

common haplotypes (frequency > 0.05) that account for

96.1% of observed haplotypes (Fig. 1b).

None of the SNPs and haplotypes was significantly

associated with BMD at the lumbar spine (Supplementary

Table 2 Frequencies of KIT polymorphisms in Korean postmenopausal women

Loci Position Amino acid change rs# Genotype Frequency HWE*

–1694G>T Promoter rs6554199 G GT T N 0.446 0.991

287 458 186 931

–1655T>C Promoter Novel T CT C N 0.087 0.868

19 4 0 23

–904G>A Promoter rs17084602 G AG A N 0.042 0.979

22 2 0 24

–244G>A Promoter rs1005438 G AG A N 0.109 0.786

18 5 0 23

+41894A>G Intron4 rs11947763 A AG G N 0.258 0.814

520 351 66 937

+49512G>A Intron6 rs17240054 G AG A N 0.217 0.117

562 338 33 933

+65850G>C Intron8 Novel G GC C N 0.021 1.000

23 1 0 24

+67726T>C Intron8 Novel T CT C N 0.021 1.000

23 1 0 24

+68144T>C Intron9 rs17084694 T CT C N 0.083 0.874

20 4 0 24

+69283A>C Exon10 Met541Leu Novel A AC C N 0.083 0.874

20 4 0 24

+69300A>G Exon10 Lys546Lys Novel A AG G N 0.021 1.000

23 1 0 24

+69684G>A Intron11 rs2276949 G AG A N 0.083 0.874

20 4 0 24

+71149G>T Intron13 Novel G GT T N 0.021 1.000

23 1 0 24

+73492A>C Intron15 Novel A AC C N 0.021 1.000

23 1 0 24

+75475A>G Intron17 rs1124007 A AG A N 0.065 0.933

20 3 0 23

+79036A>G Exon18 Leu862Leu rs3733542 A AG A N 0.104 0.794

19 5 0 24

+80691C>T Exon21 rs2213181 C CT T N 0.063 0.936

21 3 0 24

+80759G>A Exon21 rs17084733 G AG A N 0.083 0.874

20 4 0 24

Boldface type indicates SNPs that have been genotyped in a larger population (n = 946)

*P values of deviation from Hardy–Weinberg Equilibrium (HWE) among postmenopausal Korean subjects calculated using v2 tests. In case of

SNPs that were genotyped only by re-sequencing (n = 24), Fisher’s exact tests for HWE (Wigginton et al. 2005) were used
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Table 3). In association analysis of the BMD of the femoral

neck, three SNPs of the KIT gene also showed no associ-

ation; however, haplotype analyses showed that the ht3

haplotype (–1694T -+41894A -+49512G) was marginally

or significantly associated with BMD values at either the

lumbar spine or femoral neck in the recessive model after

adjustments for covariates (P = 0.07 and 0.007, respec-

tively; Table 3). Although only 22 of the total 946 indi-

viduals were ht3 homozygote (2.3%), the ht3 homozygote

subjects had lower BMD than ht3 non-homozygote indi-

viduals. Even after correction for multiple testing, the

significance in the femoral neck persisted (P = 0.05). The

effects of KIT polymorphism on the risk of vertebral and

non-vertebral fractures were also analyzed. Vertebral and

non-vertebral fractures were noted in 126 and 107 subjects,

respectively. None of the polymorphisms and haplotypes

were associated with increased risk of fracture, although

the ht3 haplotype tended to show increased risk of fracture

in the recessive model [odds ratio (OR) = 2.21, 95% con-

fidence interval (CI) = 0.60–8.22 for vertebral fracture, and

OR = 2.07, 95% CI = 0.68–6.34 for non-vertebral frac-

ture] (data not shown).

In addition to multiple regression analyses for all the

polymorphisms with BMD of the femoral neck, AIC values

for all possible subsets of multiple regression models were

also estimated to select the adequate model for this study

using SAS (Akaike 1974). The results of AIC revealed that

the recessive model of KIT-ht3 and covariates was the most

adequate model (data not shown). The genetic effect of

KIT-ht3/ht3 on femoral BMD along with other covariates

(height, weight, age and year since menopause) was shown

in Supplementary Table 4.

Discussion

In the present study, we focused on the role of KIT poly-

morphisms on bone mass and the risk of osteoporotic

fracture. In this study, we identified three polymorphisms

of KIT in the Korean population, and none of these poly-

morphisms were associated with BMD. However, the ht3

homozygote subjects had significantly lower BMD at the

femoral neck (P = 0.007). These results indicate that KIT-

associated signaling may affect BMD. To our knowledge,

this is the first clinical report of the effects of KIT on bone

metabolism. However, 22 of the total of 946 subjects were

ht3 homozygote (2.3%), and these subjects were shown to

have BMD values about 3% lower than ht3 non-homozy-

gote subjects. These results indicate that ht3 has only a

small effect on the development of osteoporosis in the

postmenopausal general population.

The ht3 haplotype, which consisted of one SNP at the

putative promoter region (–1694T) and two at intronic sites

(+41894G and +49512A), was significantly associated

with BMD. However, no SNPs had a significant association

with BMD, and the +41894A>G and +49512G>A poly-

morphisms are located in introns and do not cause an

amino acid change. Therefore, for now, it seems sensible to

interpret ht3 as a marker rather than a direct contributor to

genetic function. However, it has been speculated that the –

1694 site is a putative C/EBPa-binding site. C/EBPa has a

significant role in hematopoietic differentiation (Camm-

enga et al. 2003), which indicates that –1694G>T may

affect promoter activity due to changes to the C/EBPa
binding site. Furthermore, it has been suggested that in-

tronic polymorphisms may affect genetic function via the

Table 3 The association of KIT polymorphisms and haplotypes with bone mineral density (BMD) at the femoral neck in postmenopausal

Korean women

Loci C/Ca C/R R/R Pab PaCorrc Pb PbCorr Pc PcCorr

–1694G>T 287(0.74 ± 0.13) 458(0.73 ± 0.12) 186(0.72 ± 0.12) 0.13 0.90 0.34 1 0.12 0.83

+41894A>G 520(0.73 ± 0.12) 351(0.73 ± 0.13) 66(0.73 ± 0.13) 0.98 1 0.99 1 0.98 1

+49512G>A 562(0.73 ± 0.12) 338(0.72 ± 0.12) 33(0.73 ± 0.15) 0.2 1 0.1 0.69 0.67 1

ht1 358(0.72 ± 0.13) 434(0.73 ± 0.12) 135(0.74 ± 0.12) 0.14 0.97 0.13 0.90 0.42 1

ht2 616(0.73 ± 0.12) 290(0.72 ± 0.12) 21(0.74 ± 0.16) 0.13 0.90 0.06 0.42 0.57 1

ht3 678(0.73 ± 0.12) 227(0.73 ± 0.12) 22(0.71 ± 0.10) 0.56 1 0.8 1 0.007 0.05

ht4 700(0.73 ± 0.12) 203(0.73 ± 0.13) 24(0.74 ± 0.17) 0.77 1 0.75 1 0.95 1

ht5 718(0.73 ± 0.12) 193(0.74 ± 0.12) 16(0.69 ± 0.09) 0.82 1 0.67 1 0.57 1

a C/C, C/R, and R/R represent homozygotes for the common allele, heterozygotes, and homozygotes for the rarer allele, respectively
b Pa, Pb, and Pc are P values of co-dominant, dominant, and recessive models for multiple regression analysis, respectively, controlling for age,

years since menopause, weight, and height
c To achieve the optimal correction for multiple testing of single-nucleotide polymorphisms (SNPs) and haplotypes in linkage disequilibrium

(LD) with each other, the effective number of independent marker loci (6.9477) was calculated using the software SNPSpD (http://

www.genepi.qimr.edu.au/general/daleN/SNPSpD/), on the basis of the spectral decomposition (SpD) of matrices of pair-wise LD between SNPs
§ Presented as subject number (mean ± SD values of BMD)
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change in alternative splicing (Ast 2004). Therefore, the

combined effects of these genetic variations may have a

functional relevance.

There were several possible limitations to this study.

First, the study population comprised women who visited a

university hospital and who may not be representative of

the general population residing in a community, thereby

resulting in possible selection bias. Second, despite the

significant associations of ht3 with lower BMD at the

femoral neck, the ht3 was not associated with increased

risk of osteoporotic fracture. This indicates that many

environmental factors other than BMD play important roles

in determining the fracture risk. In fact, the heritability of

fracture risk has been estimated as 25–35% (Deng et al.

2000; MacGregor et al. 2000), which is much lower than

the heritability of the BMD values (Eisman 1999; Peacock

et al. 2002). Therefore, the fact that there was no associ-

ation between the ht3 and fracture risk cannot exclude a

possible role of ht3 as a genetic marker for bone metabo-

lism. Therefore, it might be worthwhile to follow up on the

signals of this gene through larger cohort studies.

In summary, to examine the possible involvement of

genetic polymorphism of KIT in osteoporosis, three poly-

morphisms in KIT were identified and genotyped in post-

menopausal Korean women (n = 946). Logistic and

regression analyses found genetic linkage of ht3 with re-

duced BMD in Korean postmenopausal women. These data

suggest that the KIT gene is likely to contribute, in part, to

genetic susceptibility to osteoporosis in postmenopausal

women.
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