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ABSTRACT 
 

Introduction: Most large-scale genome-wide association studies of bone 

mineral density (BMD) have been focused on Caucasians. Caucasians and 

Asians are two distinct ethnic groups, with genetic background and 

osteoporosis phenotypes differences. To identify genetic variants that 

influence BMD in East Asians, we performed a quantitative trait analysis of 

lumbar spine, total hip and femoral neck BMD in a Korean population-based 

cohort and follow-up replication analysis.  

Methods: We performed stage 1 discovery analysis of lumbar spine, total hip 

and femoral neck BMD in 2,729 unrelated subjects from a Korean population-

based cohort (58.1% female). Stage 2 in silico replication was performed in a 

Chinese Han population and two Caucasian populations (1,547, 2,250 and 987 

subjects, respectively).  

Results: From stage 1 discovery analysis, 318 SNPs were selected for the 

stage 2 replication study. From the meta-analysis of the stage 1 discovery 

analysis and stage 2 replication analysis, we identified four BMD loci that 

reached genome-wide significance (P<5×10-7). One locus on 1q23 (UHMK1, 

rs16863247, P=4.1×10-7 for femoral neck BMD and P=3.2×10-6 for total hip 

BMD) was a novel BMD signal. Interestingly, variant rs16863247 was very 

rare in Caucasians (minor allele frequency<0.01), indicating that this 

association could be specific to East Asians. In gender specific analysis, one 

SNP (rs1160574) on 1q32 (KCNH1) was associated with femoral neck BMD 

(P=2.1×10-7) and total hip BMD (P=2.2×10-7) in female subjects. One SNP 
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(rs9371538) in the known BMD region on 6q25 (ESR1; estrogen receptor 1) 

were associated with lumbar spine BMD (P=5.6×10-9 and P=9.4×10-9, 

respectively). One SNP (rs7776725) in the known BMD region on 7q31 

(WTN16; wingless-type MMTV integration site family, member 16) was 

associated with total hip BMD (P=8.6×10-9) and femoral neck BMD 

(P=1.3×10-6). Endogenous UHMK1 expression was significantly increased 

during osteoblast differentiation and significantly decreased during osteoclast 

differentiation. Especially, osteoclast differentiation was significantly 

increased by UHMK1 knock down using shRNA plasmid. 

Conclusions: In conclusion, our genome-wide association study identified the 

UHMK1 gene as a novel BMD locus specific to East Asians. Application of 

our findings could lead to new strategies for improving osteoporosis 

management. 

 

 

Keywords: GWAS, osteoporosis, bone mineral density, SNP, genetic 

study 

Student Number: 2011-30618 
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INTRODUCTION 

 

1. Osteoporosis and bone mineral density (BMD) 

Osteoporosis is a common metabolic skeletal disease characterized by low 

bone mass and an increased propensity to fracture leading to morbidity, 

mortality, and decreased quality of life. Over 200 million people are affected 

by osteoporosis worldwide and the prevalence of osteoporosis is continuing to 

increase [1]. Therefore, osteoporosis is a major common illness that inflicts a 

substantial social and economic burden. 

 In clinical practice, osteoporosis is related to high risk of a fracture that has 

resulted from low-energy trauma (such as a fall from standing height or 

lower). Screening and diagnosis for osteoporosis by measuring BMD has 

become a major public health agenda since effective preventive therapies exist 

for fractures. Therefore, although low BMD is only one of the risk factors for 

fracture, a clinical decision of treating osteoporosis and preventing fractures is 

largely based on measurement of BMD. Due to these reasons, BMD has 

become the single most important parameter related to osteoporosis and 

fracture. 

 

2. Genetics of BMD 

 

2-1. Heritability of BMD 

BMD has a high heritability with estimates ranging between 0.5 and 0.9 

depending on skeletal sites and methods [2, 3]. Owing to this reasonably high 
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heritability, much effort has been made to identify the genetic determinants of 

BMD.  

 

2-2. Linkage study of BMD 

Linkage studies and candidate gene studies have uncovered several loci 

responsible for BMD [4]. However, most of the loci found from these linkage 

studies and candidate gene studies have failed to replicate in subsequent larger 

studies [5, 6]. For example, a meta-analysis of 9 genome-wide study involving 

over 11,000 subjects failed to detect any loci associated with BMD with 

genome-wide significance [6]. This failure is similar to the failures found in 

pursuit of genetic cause for other complex traits and disease, and probably 

reflects that genes regulating BMD have a modest effect size which is difficult 

to detect by conventional linkage study. Indeed, until now, only one candidate 

gene for osteoporosis has been discovered by genome-wide linkage study, 

which is BMP2. However, the association was not replicated in a large study 

with 6,353 individuals [7]. 

 

2-3. Genome-wide association study (GWAS) of BMD 

By contrast, GWASs have successfully identified numerous genetic 

determinants for BMD [8]. In 2008, two initial GWASs were published from 

the TwinsUK/Rotteredam[9] and deCODE Genetics [10]. These two 

independent studies discovered 5 loci (ZBTB40, ESR1, OPG, LRP5 and 

RANKL) associated with BMD at a genome-wide significance. Thereafter, 14 

GWASs have been performed for BMD and osteoporotic fracture discovering 
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62 genome-wide-significant loci [8]. Much of these efforts were successful 

through large meta-GWASs involving multi-ethnic cohorts, such as the 

Genetic Factors for Osteoporosis (GEFOS) consortium [7, 11]. In 2009, the 

first large-scale meta-analysis for BMD from GEFOS consortium was 

published, including 19,195 subjects of European descent from 5 GWASs 

[11]. More detail insights into the genetic determinants of BMD was 

uncovered by the second GEFOS meta-analysis, which included 83,894 

subjects with 32,961 individuals in the discovery phase and 50,933 

individuals in the replication phase [12]. This large scale meta-analysis 

discovered 32 novel loci for BMD. This study was the first study to include 

the X chromosome systematically in a large-scale analysis and identified one 

locus on the X chromosome to be associated with BMD at a genome-wide 

significance. Identification of these osteoporosis loci have provided 

pathophysiologic insights, novel drug targets and the means to identify 

subjects at risk of fracture through genetic profiling [8]. 

 

2-4. Effect size of genetic variants 

These large-scale GWASs have clarified that the effect sizes of these common 

variants are rather modest. Therefore, only 5.8% of the variance in femoral 

neck BMD could be explained by these numerous genetic variants, even in the 

largest meta-analysis to date [3, 7]. It should also be noted that the effect sizes 

of recently discovered loci are even smaller than previous GWASs (average 

allelic effect per risk allele was -0.09 standard deviations in the initial 

GWASs [13, 14], whereas in the recent large-scale GWAS, the average allelic 
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effect per risk allele was -0.04 standard deviations[7]) [3]. That is, as the field 

of BMD GWAS moves beyond the “low-hanging fruit” of common variants 

with large effect sizes, future GWASs are likely to detect genetic variants 

with smaller effect sizes or lower frequencies, even with much larger sample 

sizes. All these results suggest that a large number of variants with a small 

effect size contributes to genetic susceptibility to osteoporosis and fracture 

and there is no single common variants with a large effect size [3]. 

Indisputably, larger GWASs with better study designs will discover more and 

more novel loci for BMD, however, it is expected that these composite of 

common variants with small effect sizes, will explain only minor portion of 

the heritability found in BMD. Many researchers argue that this mystery of 

“missing heritability” could actually be a result from “phantom heritability” 

(overestimated heritability, ignoring the impacts of gene interactions and 

shared environment) [15] and one should be cautious about the “myth of 

predicting personalized patient risk”. 

 

2-5. Clinical meaning of variants related to BMD 

One of the general objectives of osteoporosis genetics is to identify a set of 

variants that predict groups at high risk for future osteoporosis and fracture. 

This is of particular relevance to managing osteoporosis and its related 

fractures since safe interventions exist for osteoporosis and have been proven 

to decrease deleterious health outcomes, such as hip fractures and spine 

compression fractures. 
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Since many genome-wide-significant alleles have been discovered, weighted 

allele score calculation strategy, which counts the number of the deleterious 

alleles per subject, weighting each allele by the effect size, can be applied. 

Subjects with more deleterious alleles would therefore harbor a higher risk 

score. Indeed, using 15 genome-wide-significant variants for lumbar spine 

BMD, 2.9% of the variance in lumbar spine BMD could be explained [11]. 

Furthermore, increasing the number of SNPs to 63 autosomal variants 

increased this gradation of effect and explained 5.8% of the total genetic 

variance in femoral neck BMD [12]. Analysis of the ability of genetic score to 

predict the risk for osteoporosis revealed that women in the highest bin had 

increased odds for osteoporosis (OR = 1.56, 95% CI = 1.12-2.18), whereas 

women in the lowest bin were protected from osteoporosis (OR = 0.38, 95% 

CI = 0.23-0.63) [12]. These results showed that the prediction ability of 

genetic score for osteoporosis was rather modest, in spite of the strong 

association between BMD related variants. Receiver operating characteristics 

(ROC) analysis revealed a significant but relatively modest discrimination 

ability of the genetic score alone, with an area under the curve (AUC) of 0.59 

(95% CI = 0.56–0.62) for osteoporosis [12], while clinical risk factors (such 

as age, sex and weight) alone without the genotype information have shown 

better predictive value [8]. These results suggest that increasing the number of 

risk alleles does not dramatically improve the ability of genetic risk score to 

predict future development of osteoporosis. Moreover, attempts to improve 

the predictive value of genetic score, by applying net reclassification index 

have failed in studies performed in type 2 diabetes [16].  
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It has been suggested that 150 genes with odds ratios of 1.5 or 250 genes with 

odds ratios of 1.25 will be required that to predict risk of disease [8]. The 

clinical efficacy of using these BMD related variants to predict future clinical 

outcomes may be improved in the future by identifying less common variants 

that have a large effect on BMD. However, the highly polygenic characteristic 

of BMD and the low variance explained of this trait suggest that the highly 

reliable prediction of individuals at risk of osteoporosis using genetic 

information is not feasible. 

 

2-6. Rare variants 

There is a possibility that rare variants with large effect size could contribute 

substantially to the pathogenesis of osteoporosis. However, these rare or 

private variants are, “by definition”, limited to the individual or the family 

members and are not of much importance to the general population or general 

clinical practice.  

 

2-7. Ethnic specific genetic loci and Asians 

Among ethnic groups, Asians have the most social and economic burden of 

osteoporosis. By 2050, more than half of all hip fractures worldwide will 

occur in Asia [17]. However, most large-scale GWASs of BMD have been 

focused on Caucasians [5, 8]. Caucasians and Asians are two distinct ethnic 

groups, with genetic background and osteoporosis phenotypes differences 

[18-20]. Owing to different allele frequencies and linkage disequilibrium (LD) 

structures between Caucasians and Asians, GWASs with Caucasians cannot 
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identify genetic determinants which are unique to Asians. One example was 

that a variant in ESR1 locus which was originally discovered to be associated 

with breast cancer risk in a GWAS of a Chinese population, does not confer 

substantial risk of breast cancer in Europeans [21]. And a recent study 

investigated heterogeneity of association signals between Europeans and East 

Asians regarding type 2 diabetes, systemic lupus erythematous, ulcerative 

colitis and height [22]. The authors observed that a significant part of the 

association signals seems to be independent between populations and have 

emphasized that the presence of “population-specific loci” should be taken 

into account [22]. Therefore, it is expected that a GWAS of Asian population 

could provide novel BMD loci which were unidentified by the previous 

GWASs with Caucasians.  

 

3. Aim of the study 

In this study a GWAS was performed to investigate genetic loci for BMD in a 

Korean cohort with follow-up replication analyses in Chinese and Caucasian 

cohorts.  
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METHODS 

 

1. Study design 

The genetic analysis of the present study comprised two stages. In the first 

stage, we performed a genome-wide association analysis of BMDs at the 

lumbar spine, total hip and femoral neck in a Korean cohort. And, we selected 

a set of SNPs for further analysis. In the second stage, we analyzed the 

selected set of SNPs in silico in three additional cohorts. Novel genes 

discovered by these two stages were selected for further functional study. The 

role of these genes in bone metabolism was investigated by in vitro 

experiments involving osteoblast differentiation and osteoclast differentiation. 

 

2. Study populations 

 

2-1. Stage 1 genome scan study subjects  

A total of 2,729 subjects were recruited for the stage 1 genome scan from 

Ansung cohort of Korean Genome Epidemiology Study (KoGES). KoGES is 

an ongoing prospective, community-based cohort study to investigate the 

frequency and determinants of chronic diseases in Korea. For this study, two 

communities, one from a rural Ansung and the other from an urban Ansan 

community, were selected. The baseline examination was performed in 

2001~2002, and biennial follow-up examinations were performed. The age 

range for eligibility was 40~69 years. Details of the design of this cohort and 
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the method used have been described previously [23]. The study protocol was 

approved by the ethics committee of the Korean Health and Genome Study.  

 

2-2. Stage 2 follow-up replication study subjects 

A total of 4,784 subjects were included for the stage 2 follow-up replication 

study from three cohorts. The first cohort was China osteoporosis study (COS) 

with 1,547 unrelated individuals of Chinese Han ancestry. The second and 

third cohorts were Omaha osteoporosis study (OOS) and Kansas-city 

osteoporosis study (KCOS) with 987 and 2,250 unrelated individuals, 

respectively, of Caucasian ancestry. 

 

2-3. Phenotype measurements 

BMD (g/cm²) was measured at lumbar spine (L1-L4, LS), total hip (TH) and 

femoral neck (FN), using X-ray absorptiometry (DXA, Prodigy; Lunar Corp., 

Madison, WI, USA) between 2007 and 2008.  

 

3. Genotyping and imputation 

Genotyping for the stage 1 genome scan was performed with the Affymetrix 

Genome-Wide Human SNP array 5.0. Genotypes were called using the 

Bayesian Robust Linear Modeling using Mahalanobis Distance (BRLMM) 

algorithm. Standard quality control procedures were adopted. Markers with 

significant deviation from Hardy-Weinberg equilibrium (P<1.0×10-7), 

genotype call rate < 95%, and minor allele frequency < 0.01 were excluded 

leaving 328,918 SNPs for subsequent analysis. For the stage 2 follow-up 
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replication study, the SNPs selected for replication were genotyped by high-

throughput SNP genotyping arrays (Affymetrix Inc., Santa Clara, CA; or 

Illumina Inc., San Diego, CA, USA) or imputed by a Markov Chain 

Haplotyping algorithm (MACH). 

 

4. Statistical analyses 

 

4-1. Phenotype and statistical modeling 

Standardized BMD were calculated by inverse-normal transformed scale after 

adjustments for age and weight, male and female separately. A linear 

regression analysis was performed for each SNP, with the genotype as an 

additive covariate and standardized BMD as the response variable using 

PLINK. For each SNP, its associations with BMD of three sites (LS, TH and 

FN) were tested separately. The threshold for genome-wide significance was 

P<5×10-7 as suggested by Wellcome Trust Case Control Consortium [13]. 

 

4-2. SNP selection for stage 2 replication 

For the stage 2 replication study we selected the top 100 most significantly 

associated SNPs from each three BMD sites in female and male combined 

samples, and the 10 most significantly associated SNPs from each three BMD 

sites in either female or male samples.  

 

5. Functional studies 
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5-1. Cell culture 

Mouse embryonic mesenchymal cells C3H10T1/2, NIH/3T3 Fibroblasts and 

C2C12 mouse myoblast cell line (American Type Culture Collection, 

Manassas, VA) were grown in Dulbecco's modified Eagle's medium (DMEM) 

containing 10% FBS. Mouse calvaria cells were isolated from mouse pups at 

4-day old age. Mice were sacrificed by decapitation and the calvariae were 

removed. After trimming soft tissues, calvariae were transferred to α-MEM 

media. Mouse MC3T3-E1 (RIKEN cell bank, Tsukuba, Japan) osteoblastic 

cells were derived from spontaneously immortalized calvarial cells and 

represent immature osteogenic cells. Total bone marrow cells from femurs 

and tibias were isolated by flushing with α-MEM from 6-8 week old mice. To 

generate bone marrow macrophages (BMMs), cells were cultured with 30 

ng/ml M-CSF for 3 days. 

 

5-2. Osteoblast differentiation and alkaline phosphatase (ALP) assay and 

staining 

During osteoblastic differentiation studies, C3H10T1/2 cells were cultured in 

osteogenic media (DMEM medium containing 10% FBS supplemented with 

50 μg/ml ascorbic acid and 10 mM β-glycerophosphate). For ALP activity 

assay, cells were washed with PBS and 0.5% triton X-100 was added. ALP 

enzyme activity assay was performed in assay buffer (10 mM MgCl2 and 0.1 

M alkaline buffer, pH 10.3) with 10 mM p-nitrophenylphosphate as a 

substrate. Relative ALP activity was defined as millimoles of p-nitrophenol 

phosphate hydrolyzed per minute per milligram of total protein. For ALP 
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staining, cells were fixed using 3.7% formaldehyde and treated for 1 hour 

with ALP staining solution (10 mM MgCl2 and 0.15 M NaCl, pH 8.8) 

including 5-bromo-4-chloro-3-indolyl-phosphate/nitro-blue tetrazolium color 

development substrate. 

 

5-3. Osteoclast differentiation and tartrate resistant acid phosphatase 

(TRAP) staining 

To examine osteoclast formation, BMMs were treated with M-CSF (30 ng/mL) 

and receptor activator of NF-kB ligand (RANKL; 100 ng/mL) for 9 days, and 

then cells were fixed and stained for TRAP.  

 

5-4. Knock down experiments 

To achieve stable integration of shRNA expression cassettes into the genome 

of cells, UHMK1 shRNAplamid (OriGene Technologies, MD, USA) was 

delivery via retroviruses. Briefly, the target cells were cultured with the 

shRNA viral soup and 4 ug/ml polybrene. At 24 hours post-infection, the 

infected cells were selected with puromycin. After selection, cells were 

treated with differentiation medium for osteoblast or osteoclast formation. 
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RESULTS 

 

1. Stage 1 genome scan 

In the stage 1 genome scan, linear regression analysis using an additive 

genetic model was used to test for association between the genotypes and 

BMD. Stage 1 discovery GWAS was performed encompassing 2,729 

individuals of Korean ancestry (58.1% female) (table 1). The negative log10 

of the P values from the association test were plotted against their genomic 

position in Figure 1. The newly discovered and previously reported (known) 

loci associated with BMD are annotated in the plots. Overall genomic control 

inflation factors were small for each LS, TH and FN BMD traits (λ=0.996-

1.018), indicating limited effects of potential population stratification. For the 

stage 2 replication study we selected the top 100 most significantly associated 

SNPs from each three BMD sites in female and male combined samples, and 

the 10 most significantly associated SNPs from each three BMD sites in either 

female or male samples. There were some overlaps between the selected 

SNPs. In total, 318 SNPs were selected for the stage 2 replication study. The 

selected SNPs are listed in table 2-10. 

 

2. Stage 2 follow-up and meta-analysis 

For the stage 2 follow-up replication analysis, a total of 4,784 subjects from 3 

cohorts were included (Table 1) (Chinese Han ancestry cohort, COS, n=1,547; 

Caucasian ancestry cohort, OOS, n=987; Caucasian ancestry cohort, KCOS, 
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n=2,250). In meta-analysis of stages 1 and 2, 4 SNPs were associated with 

BMD at the genome-wide significance (P<5×10-7). Two of these 4 SNPs 

reside in genomic regions that had previously been reported to be associated 

BMD and the other 2 SNPs were novel findings.  

 

 

3. New loci associated with BMD at GWS level 

 

3-1. SNP rs16863247 on 1q23 UHMK1 

From the result of meta-analysis, one SNP rs16863247 was significantly 

associated with BMD at total hip and femoral neck (P=3.2×10-6 and 

P=4.1×10-7, respectively) (Table 11.). This SNP rs16863247 was associated 

with LS BMD, TH BMD and FN BMD in the stage 1 discovery cohort in the 

same direction (P=2.7×10-3, P=2.2×10-5 and P=1.2×10-5, respectively) 

(Table 11.). The SNP rs16863247 was located in a novel region on 1q23 

(UHMK1; U2AF homology motif (UHM) kinase 1) which was not reported 

by previous GWASs (Fig. 4.). The SNP rs16863247 is located about 6 kb 

downstream of UHMK1 gene and several SNPs in LD with SNP rs16863247 

showed moderate association with FN BMD (Fig. 4.). These results suggest 

that UHMK1 could be the causal gene responsible for this genetic association 

with FN BMD. 

Interestingly, variant rs16863247 was very rare in Caucasians (minor allele 

frequency of 0.0078 and 0.0075, OOS cohort and KCOS cohort, respectively), 

whereas the variant was common in East Asians (minor allele frequency of 
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0.1449 and 0.1275, Koreans and Han Chinese, respectively) indicating that 

this association could be specific to East Asians. Subjects harboring the rare 

allele of SNP rs16863247 had significantly lower BMD with a gene dose 

effect (Fig. 6.). 

 

3-2. SNP rs1160574 on 1q32 KCNH1 (Female specific) 

From gender specific analyses of meta-analysis, one SNP rs1160574 was 

associated with femoral neck BMD (P=2.1×10-7) and total hip BMD 

(P=2.2×10-7) in female subjects. This SNP rs1160574 was associated with 

TH BMD and FN BMD in the same direction (P=2.7×10-5 and P=8.4×10-6, 

respectively), however this SNP rs1160574 was not associated with LS MD 

(P=0.13) in the stage 1 discovery cohort. The SNP rs1160574 was located in a 

novel region on 1q32 (KCNH1; potassium voltage-gated channel, subfamily 

H (eag-related), member 1) which was not reported by previous GWASs (Fig. 

5.). The SNP rs1160574 is located in the intron region of KCNH1 gene and 

several SNPs in LD with SNP rs1160574 showed moderate association with 

FN BMD in female subjects (Fig. 5.). These results suggest that KCNH1 

could be the causal gene responsible for this genetic association with FN 

BMD. 

 

4. Known loci associated with BMD at GWS level 

One SNP (rs9371538) in the known BMD region on 6q25 (ESR1; estrogen 

receptor 1) were associated with lumbar spine BMD (P=5.6×10-9 and 

P=9.4×10-9, respectively). One SNP (rs7776725) in the known BMD region 
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on 7q31 (WTN16; wingless-type MMTV integration site family, member 16) 

was associated with total hip BMD (P=8.6×10-9) and femoral neck BMD 

(P=1.3×10-6). 

 

5. Endogenous expression of UHMK1 

 

5-1. Endogenous expression of UHMK1 in various cells (Fig. 7) 

UHMK1 was highly expressed in mouse embryonic mesenchymal cells 

(C3H10T1/2), primary mouse osteoblast cells (calvaria) and bone marrow 

macrophages.  

 

5-2. UHMK1 expression level during osteoblast differentiation (Fig. 8) 

To examine UHMK1 expression level during osteoblast differentiation, 

C3H10T1/2 cells were cultured with osteogenic media or Wnt3A containing 

media and measured ALP activity. UHMK1 expression was significantly 

increased during osteoblast differentiation induced by osteogenic media 

compared with control media (P<0.05). However, no significant change in 

UHMK1 expression was observed after osteoblast differentiation using 

Wnt3A. 

 

5-3. UHMK1 expression level during osteoclast differentiation (Fig. 9) 

To examine UHMK1 expression level during osteoclast differentiation, we 

checked UHMK1 expression in BM, BMM and mature osteoclast. UHMK1 
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expression was significantly decreased during osteoclast differentiation 

induced by RANKL compared with control media (P<0.05). 

 

6. Effect of UHMK1 knock down on bone metabolism 

 

6-1. Knock down effect of UHMK1 shRNA (Fig. 10) 

Among 4 kinds of UHMK1 shRNA, G8 and G9 decreased UHMK1 

expression about 3-40 % in C3H10T1/2 cells. For the following experiments 

shRNA G8 and shRNA G9 was used. 

 

6-2. Effect of UHMK1 knock down on osteoblast differentiation (Fig. 11) 

When the UHMK1 shRNA-infected C3H10T1/2 cells were cultured with 

osteogenic media, BMP-2, and Wnt3A for osteoblast differentiation, we were 

unable to observe significant effect of UHMK1 knock down on osteoblast 

differentiation using Wnt3A, BMP-2 and osteogenic media. 

 

6-3. Effect of UHMK1 knock down on osteoclast differentiation (Fig. 12) 

To confirm UHMK1 knock down using shRNA, BMMs were infected with 

UHMK1 shRNA and induced osteoclast formation. Osteoclast differentiation 

was significantly increased by UHMK1 knock down (P=0.0068). 
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DISCUSSION 

 

Our results identify the UHMK1 gene as a novel BMD locus specific to East 

Asians and suggest a novel functional role of UHMK1 in bone metabolism. A 

SNP (rs16863247) in the chromosome 1q23 near gene UHMK1 was 

associated BMD at a genome-wide significant level. In gender specific 

analysis, one SNP (rs1160574) on 1q32 (KCNH1) was associated with BMD 

in female subjects at a genome-wide significant level. 

 

The association between this variant (rs16863247 near UHMK1 gene) and 

BMD could be specific to Asian ethnic groups. The minor allele G of this 

SNP (rs16863247) is very rare among Caucasians (minor allele frequency < 

0.01), whereas many East Asians harbor this variant (minor allele frequency 

0.13-0.14). The successes of GWASs have mainly come from studies 

performed in Caucasians. Since complex traits, such as BMD, are 

characterized by marked genetic heterogeneity between ethnic groups, the 

discovered findings so far from Caucasians may only provide an incomplete 

grasp of the genetic architecture. Therefore, several recent studies have aimed 

to explore disease loci among Asians, the major ethnic group (Asians 

comprise more than half of the world’s total population) [22, 24-28]. These 

studies reported numerous population specific loci and considerable 

heterogeneity of association signals between Asians and Caucasians. Likewise, 

we believe that our discovery of novel BMD related locus (UHMK1) is 
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specific to Asian ethnic group, unidentified by previous GWASs performed in 

Caucasians. And two previously reported loci (ESR1 and WNT16) discovered 

by Caucasian GWASs were replicated in our results. These findings suggest 

that both shared and unique genetic backgrounds of BMD are present in 

different ethnic groups. To our knowledge, this is the first study to identify 

Asian specific BMD loci. 

 

Endogenous UHMK1 expression was significantly increased during 

osteoblast differentiation and significantly decreased during osteoclast 

differentiation. And, osteoclast differentiation was significantly increased by 

UHMK1 knock down using shRNA plasmid. These results suggest that 

UHMK1 regulate bone metabolism and bone mass through controlling 

osteoblast and osteoclast differentiation. 

 

The UHMK1 gene encodes a serine/threonine protein kinase with a U2AF 

Homology Motif. UHMK1 had originally been identified by a yeast two 

hybrid screen using stathmin as bait and was previously named as KIST 

(kinase interacting with stathmin) [29]. UHMK1 locus was discovered as a 

schizophrenia susceptibility gene by linkage studies and fine mapping [30]. 

And a subsequent replication study confirmed the association of 

schizophrenia [31]. Several studies have confirmed the role of UHMK1 and 

stathmin in brain and schizophrenia [32, 33]. Other independent studies have 

shown that UHMK1 phosphorylates PAM-CD (cytosolic domain of 

peptidylglycine α-amidatingmonooxygenase) and named this gene as P-CIP2 
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(PAM-CD interacting protein 2) [34]. Recent studies have discovered the role 

of UHMK1 in secretory granules of endocrine cells through the interaction 

with PAM [35].  Another possible role of UHMK1 in vascular diseases was 

discovered by a recent study [36]. Ablation of UHMK1 led increased 

stathmin levels, resulting in increased microtubule turnover and 

augmented migration of vascular smooth muscle cells [36]. The most 

important discovery linking the role of UHMK1 in bone metabolism was 

reported recently which showed that stathmin, the well-known substrate of 

UHMK1, plays an essential role in bone metabolism by regulating both 

osteoblast and osteoclast functions [37]. These previous studies provide the 

plausible mechanisms linking UHMK1 to bone metabolism. 

 

In female specific analyses, a SNP near KCNH1 (rs1160574) was associated 

with total hip BMD and femoral neck BMD with genome-wide significance. 

KCNH1 is a voltage-gated potassium channel expressed mainly in the 

mammalian central nervous system, with unknown functions [38]. 

Considering the contribution of gender-specific genetic factors [39] and recent 

confirmations of gender specific BMD loci [12], the observed association 

between KCNH1 SNP rs1160574 and BMD could be a true female specific 

BMD locus. However, further replication and confirmation of the functional 

role of KCNH1 in bone metabolism is required. 

 

Our study provides indication that there is site specificity underlying BMD 

susceptibility loci. It is well known that different skeletal sites have different 



21 

 

types of bone composition (predominantly cortical at the femoral and 

predominantly trabecular at the lumbar spine). We observed considerable site 

specificity in all BMD loci, suggesting differential genetic role on BMD 

determination across skeletal sites. This site specificity in BMD genetics has 

been observed in the recent largest meat-GWAS for osteoporosis traits to date 

[12].  

 

The mechanisms by which certain genes exert differential effects on BMD at 

different skeletal sites and different sexes is currently not well understood, but 

environmental interactions, such as mechanical and hormonal stimulus, might 

provide a possible explanation. For the site- and sex-specific genetic effects 

found in the present study, future research will be required to clarify this issue. 

 

There are strong evidences supporting that peak bone mass is a highly 

heritable trait,[40] however the evidences for heritability on age-related bone 

loss is rather weak [41]. The stage 1 discovery cohort consists of elder 

subjects (mean age 61.3 yrs). Therefore, the discovery scan from these elder 

subjects reflects the genetic determinants of both peak bone mass and age-

related bone loss. However, the Han Chinese ancestry follow-up replication 

cohort (COS) consists of younger subjects (mean age 34.8 yrs). Therefore, the 

findings form the younger cohort (COS) reflects mostly the genetic 

determinants of only peak bone mass. This discrepancy could have attenuated 

the statistical power. Future studies specifically designed to investigate the 

genetic effect of peak bone mass and age-related bone loss separately could 
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uncover the mechanisms governing peak bone mass accruement and age-

related bone loss. 

 

The threshold for genome-wide significance for the present study was 

P<5×10-7. The theoretically true genome-wide significance level could be 

significantly lower than 5×10-7 which is derived from a Bayesian argument 

rather than a frequentist argument. Some researchers argues that more 

rigorous statistical threshold should be applied (P<5×10-8) to avoid reporting 

false positive results [8]. Considering this arguments, the probability of our 

results being false positives would be greater. However, there are several 

important GWAS that have applied the genome-wide significance of P<5×10-

7 [42], including Wellcome Trust Case Control Consortium [13, 43]. 

Therefore, we believe our findings could be true findings worth reporting, 

considering the thorough confirmation of biologic role of UHMK1 in bone 

metabolism. 
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CONCLUSION 

In conclusion, our GWAS identified the UHMK1 gene as a novel BMD locus 

specific to East Asians. Application of our findings could lead to new 

strategies for improving osteoporosis management.  
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Table 1. Basic Characteristics of the Studied Samples 

 
Stage 1 

Discovery  
Stage 2 

Replication 

Cohort KoGES 
 

COS OOS KCOS 

Sample size 2729 
 

1547 987 2250 

Ancestry Korean 
 

Han Chinese Caucasian Caucasian 

Female (%) 58.1 
 

50.7 49.6 75.9 

Age (yrs) 61.3 (8.6) 
 

34.8 (13.4) 50.3 (18.3) 51.4 (13.8) 

Height (m) 1.58 (0.09) 
 

1.64 (0.08) 1.71 (0.10) 1.66 (0.08) 

Weight (kg) 
60.95 
(8.93)  

60.27  
(10.54) 

80.10 
(17.72) 

75.16 
(17.47) 

LS BMD (g/cm2) 1.01 (0.19) 
 

0.95(0.13) 1.03(0.16) 1.02(0.16) 

TH BMD (g/cm2) 0.91 (0.15) 
 

0.92(0.13) 0.97(0.16) 0.97(0.17) 

FN BMD (g/cm2) 0.84 (0.14) 
 

0.81(0.13) 0.81(0.14) 0.80(0.15) 

 
Data were presented as mean (SD).  
Abbreviations: KoGES, Korean Genome Epidemiology Study; COS, China 

osteoporosis study ; OOS, Omaha osteoporosis study; KCOS, Kansas-city 
osteoporosis study; LS, lumbar spine; TH, total hip; FN, femoral neck. 
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Table 2. Top 100 signals in lumbar spine BMD analysis in combined 
subjects 

SNP ID 
Ch
r 

Position Gene Region Beta P value 
Effect 
allele 

rs10225262 7 78887925 MAGI2 intron 0.1225 1.29E-05 C 

rs6464720 7 145752465 
  

-0.1393 1.50E-05 A 

rs8055817 16 76021509 
  

0.2578 2.64E-05 G 

rs12532467 7 78884853 MAGI2 intron 0.1165 3.45E-05 G 

rs6641482 23 148080095 AFF2 UTR-3 0.3615 3.54E-05 G 

rs7802176 7 145747458 
  

-0.1316 3.99E-05 G 

rs41350847 4 36732290 
  

-0.1191 4.48E-05 G 

rs11694911 2 10573198 
  

-0.12 4.54E-05 T 

rs16914146 9 112201603 PTPN3 intron -0.2206 4.93E-05 T 

rs4862810 4 188398695 
  

0.1156 5.60E-05 T 

rs17241389 7 83764309 
SEMA
3A 

intron -0.1215 6.22E-05 C 

rs1998004 23 145391196 
  

0.126 6.85E-05 A 

rs2683321 8 19150829 
  

-0.1914 7.03E-05 C 

rs2595647 7 43976634 
UBE2
D4 

intron 0.1931 8.04E-05 T 

rs10169949 2 70833018 
  

-0.1222 8.34E-05 G 

rs7296288 12 49479968 
  

0.1173 8.43E-05 C 

rs317838 18 55338656 
ATP8B
1 

intron -0.1136 8.86E-05 G 

rs1656221 4 37309893 
KIAA1
239 

intron 0.1852 8.96E-05 C 

rs6055266 20 7688952 
  

-0.1175 9.17E-05 C 

rs16940623 18 21850617 
OSBPL
1A 

intron 0.2147 9.20E-05 C 

rs10808859 8 85085400 
  

0.1186 9.51E-05 T 

rs11168839 12 49457635 
  

0.1179 9.74E-05 A 

rs6845962 4 36789707 
  

-0.1135 1.04E-04 C 

rs4687889 3 117537439 
LOC28
5194,I
GSF11 

downstream,intron -0.2257 1.08E-04 C 

rs6953771 7 78885581 MAGI2 intron -0.1085 1.09E-04 G 

rs1339482 23 145386224 
  

0.1225 1.10E-04 C 

rs2623438 2 183096746 PDE1A intron 0.1148 1.11E-04 C 

rs10759345 9 112279045 
  

-0.1588 1.15E-04 A 

rs175731 18 21850321 
OSBPL
1A 

intron 0.186 1.18E-04 A 

rs7123220 11 122508163 
  

0.1184 1.22E-04 T 

rs12079178 1 18691614 IGSF21 intron 0.1359 1.23E-04 C 

rs11589239 1 228037278 
  

-0.1198 1.28E-04 T 
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rs13230579 7 78947104 MAGI2 intron 0.1087 1.29E-04 A 

rs1891410 1 228045748 
  

-0.1188 1.31E-04 C 

rs4129689 7 78935481 MAGI2 intron -0.1077 1.35E-04 A 

rs1342996 4 37311702 
KIAA1
239 

intron 0.1802 1.37E-04 A 

rs4240057 23 145387321 
  

0.1212 1.46E-04 T 

rs8017303 14 34243248 NPAS3 intron 0.2313 1.48E-04 A 

rs6953483 7 78890691 MAGI2 intron -0.1066 1.50E-04 C 

rs476578 9 32060229 
  

0.1108 1.52E-04 A 

rs16900667 8 126526834 
TRIB1,
FAM84
B 

downstream,intron 0.1624 1.54E-04 G 

rs16999344 21 41498623 
DSCA
M 

intron -0.1935 1.57E-04 C 

rs2601188 15 90929563 
  

0.1621 1.60E-04 C 

rs10492199 12 68487099 
  

-0.1175 1.71E-04 C 

rs8177431 5 150403996 GPX3 intron 0.1068 1.71E-04 A 

rs9619167 22 31472504 
TUG1,
SMTN 

downstream,upstrea
m,intron 

0.1825 1.78E-04 G 

rs273944 7 137583206 
CREB3
L2 

intron 0.1157 1.80E-04 T 

rs319460 18 55350688 
ATP8B
1 

intron -0.1079 1.85E-04 G 

rs6838531 4 53627606 
  

-0.1313 1.87E-04 C 

rs7798316 7 47626397 
  

0.1087 1.97E-04 T 

rs9362426 6 88089874 
C6orf1
63,C6o
rf164 

downstream,upstrea
m,intron 

0.119 1.99E-04 A 

rs1517753 1 71838498 
  

0.1088 2.02E-04 G 

rs1419347 10 92441854 
  

-0.2465 2.06E-04 A 

rs6038931 20 7688018 
  

-0.1125 2.06E-04 C 

rs4666828 2 183113151 PDE1A intron 0.1087 2.08E-04 A 

rs1419348 10 92441668 
  

-0.2471 2.09E-04 A 

rs10232808 7 145764847 
  

-0.1274 2.10E-04 T 

rs10504550 8 74329884 
  

-0.1151 2.12E-04 G 

rs920636 15 58210855 
  

0.1122 2.16E-04 C 

rs4130864 1 162183793 
NOS1
AP 

intron -0.3504 2.22E-04 G 

rs242291 6 88077083 
  

0.1178 2.28E-04 T 

rs961630 8 118236010 
  

0.104 2.30E-04 T 

rs7558951 2 37818450 
  

-0.1789 2.31E-04 G 

rs2822832 21 16054693 
  

0.1373 2.33E-04 T 

rs9957976 18 30844313 
C18orf
34 

intron -0.1549 2.46E-04 T 

rs35162092 2 34319094 
MYAD
ML 

upstream,downstrea
m,intron 

-0.1222 2.47E-04 T 
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rs1321473 6 137158764 PEX7 intron -0.1058 2.47E-04 G 

rs10176316 2 43199311 
  

-0.1112 2.47E-04 T 

rs1203156 6 88079694 
  

0.117 2.56E-04 T 

rs16960147 13 103080052 
  

0.322 2.58E-04 G 

rs6675857 1 8652154 RERE intron -0.1202 2.59E-04 A 

rs780240 1 233680563 
  

-0.1052 2.64E-04 C 

rs1563148 8 144664319 EEF1D exon,intron -0.1075 2.66E-04 G 

rs7189839 16 63534723 
  

0.1795 2.67E-04 T 

rs17014719 2 34327267 
MYAD
ML 

upstream,downstrea
m,intron 

-0.1203 2.70E-04 G 

rs17705372 7 151016875 
  

-0.324 2.79E-04 G 

rs10964234 9 19600362 
SLC24
A2 

intron -0.108 2.82E-04 T 

rs2853066 11 75189157 
GDPD
5 

intron -0.2739 2.84E-04 T 

rs956958 2 142701852 LRP1B intron -0.1177 2.87E-04 C 

rs6466790 7 121108696 
FAM3
C,PTP
RZ1 

upstream,intron 0.1477 2.90E-04 A 

rs1978150 15 91037041 
IQGAP
1 

intron 0.158 2.91E-04 C 

rs10512682 5 38191698 
  

0.111 2.93E-04 G 

rs10790519 11 122535408 
UBAS
H3B 

intron 0.1104 2.94E-04 C 

rs9853460 3 25408451 
THRB,
RARB 

upstream,intron 0.1158 2.98E-04 G 

rs12089315 1 5318552 
  

0.2227 3.01E-04 T 

rs17796512 7 144831545 
  

0.1252 3.05E-04 T 

rs4242262 5 36346808 
  

-0.2023 3.10E-04 C 

rs3899034 2 36717819 CRIM1 intron -0.1496 3.19E-04 A 

rs1508733 3 3409961 
CRBN,
LRRN1 

upstream,intron 0.1347 3.20E-04 A 

rs7817744 8 65594917 
CYP7B
1 

intron -0.09964 3.23E-04 T 

rs1978151 15 91037300 
IQGAP
1 

intron 0.1566 3.25E-04 G 

rs2243595 9 99007907 
HSD17
B3 

intron 0.1375 3.27E-04 G 

rs454100 8 17555736 
MTUS
1 

intron -0.1035 3.27E-04 G 

rs1897199 10 122757071 
  

0.1557 3.30E-04 T 

rs10492935 1 5341232 
  

0.2352 3.33E-04 G 

rs761005 20 7687483 
  

-0.1186 3.35E-04 C 

rs761007 20 7687324 
  

-0.118 3.48E-04 C 

rs9860987 3 25411443 
THRB,
RARB 

upstream,intron 0.1136 3.48E-04 T 

rs9992287 4 53611902 
KIAA0
114,RA
SL11B 

downstream,upstrea
m,exon,intron 

-0.1315 3.51E-04 G 



28 

 

rs1561036 12 43418420 
  

-0.1402 3.52E-04 T 

 



29 

 

Table 3. Top 100 signals in total hip BMD analysis in combined 
subjects 

SNP ID Chr Position Gene Region Beta P value 
Effect 
allele 

rs6128850 20 59116581 
C20orf197,
CDH4 

downstream,up
stream,intron 

0.1657 3.33E-06 T 

rs902658 4 32221085 
  

0.122 5.27E-06 T 

rs2404759 4 32221272 
  

0.1206 7.69E-06 A 

rs874498 4 32222002 
  

0.1189 1.16E-05 T 

rs2153670 10 124513753 
C10orf120,F
LJ46361 

upstream,intron -0.1958 1.55E-05 G 

rs9693033 8 19121924 
  

0.1198 2.03E-05 A 

rs16863247 1 162505496 
  

-0.1625 2.18E-05 G 

rs10808859 8 85085400 
  

0.1221 2.86E-05 T 

rs8026340 15 61377680 RORA intron -0.1165 4.49E-05 C 

rs17006281 3 69692934 
  

-0.1111 4.89E-05 A 

rs2961883 5 38411118 EGFLAM intron 0.1725 5.21E-05 C 

rs16956124 15 72023634 THSD4 intron -0.246 7.29E-05 T 

rs4749963 10 10573261 
  

0.1406 9.02E-05 T 

rs41431749 13 49208920 
  

0.3683 9.39E-05 G 

rs1127931 1 54317485 YIPF1 exon,UTR-3 -0.1579 9.50E-05 A 

rs6576940 1 84220236 
LPHN2,TT
LL7 

downstream,int
ron 

0.5046 1.02E-04 A 

rs161702 5 55210440 IL31RA intron -0.156 1.02E-04 G 

rs1559257 5 64418383 
  

0.1087 1.03E-04 G 

rs11602521 11 15717287 INSC,SOX6 
downstream,int
ron 

-0.1092 1.07E-04 C 

rs4700665 5 64428569 
  

0.1116 1.19E-04 C 

rs2662337 5 71102112 
  

0.1387 1.21E-04 A 

rs7784881 7 137765427 AKR1D1 intron 0.1095 1.23E-04 G 

rs11780748 8 9872782 
  

-0.1129 1.31E-04 C 

rs1326698 13 49189523 
  

0.3635 1.32E-04 A 

rs7784959 7 38060543 
EPDR1,ST
ARD3NL,S
FRP4 

downstream,up
stream,intron 

-0.1415 1.38E-04 C 

rs2637762 3 73144758 
PPP4R2,PD
ZRN3 

downstream,int
ron 

-0.104 1.41E-04 T 

rs7818368 8 19439548 
CSGALNA
CT1 

intron 0.3022 1.42E-04 T 

rs2630629 3 73149443 
PPP4R2,PD
ZRN3 

downstream,int
ron 

-0.1073 1.49E-04 T 

rs6860382 5 160347654 
  

0.2065 1.52E-04 G 

rs2594250 3 60421119 FHIT intron -0.1064 1.54E-04 G 

rs1060559 5 32735408 NPR3 intron -0.3847 1.57E-04 T 

rs2086408 6 130156975 C6orf191 intron -0.1471 1.57E-04 A 
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rs4444654 3 73616465 PDZRN3 intron -0.1628 1.58E-04 A 

rs6928716 6 130149786 
  

-0.1455 1.60E-04 G 

rs8108751 19 28322648 
  

-0.382 1.62E-04 T 

rs4980250 10 124456562 
  

-0.1952 1.66E-04 T 

rs6913564 6 130142501 
  

-0.168 1.72E-04 C 

rs1189136 14 56884403 
  

-0.1109 1.73E-04 C 

rs1160574 1 211085410 KCNH1 intron 0.1178 1.74E-04 T 

rs6849318 4 85449323 
  

0.1444 1.78E-04 T 

rs17028 10 43623812 RET UTR-3 -0.126 1.79E-04 T 

rs7116939 11 83204454 DLG2 intron -0.1121 1.80E-04 C 

rs2597312 3 70938609 
  

-0.1058 1.85E-04 C 

rs13132502 4 137335075 
  

0.1092 1.87E-04 C 

rs35175011 8 89352411 
MMP16,RIP
K2 

upstream,intron -0.1546 1.88E-04 A 

rs41332747 8 19409791 
CSGALNA
CT1 

intron 0.3011 1.88E-04 C 

rs4234177 3 73619762 PDZRN3 intron -0.161 1.90E-04 A 

rs4342050 3 73620180 PDZRN3 intron -0.161 1.94E-04 A 

rs11051298 12 31332905 
DDX11,FA
M60A 

downstream,int
ron 

0.2201 1.99E-04 C 

rs6436555 2 157488277 
  

-0.1181 2.12E-04 C 

rs968351 13 35323551 
  

0.1346 2.16E-04 C 

rs3745971 19 33795226 LOC80054 
exon,downstrea
m,upstream 

0.1645 2.20E-04 T 

rs17080915 4 32201220 
  

0.1006 2.21E-04 T 

rs17206779 5 64447777 ADAMTS6 intron 0.1028 2.21E-04 T 

rs12096668 1 246476860 SMYD3 intron 0.1022 2.24E-04 G 

rs9860595 3 73616433 PDZRN3 intron -0.1596 2.24E-04 G 

rs9291832 5 64541034 ADAMTS6 intron -0.1038 2.27E-04 A 

rs3901412 20 23812545 
  

0.09885 2.27E-04 G 

rs719382 4 73454114 
  

-0.121 2.27E-04 T 

rs6578916 11 7989181 
  

0.1064 2.31E-04 A 

rs11994538 8 89415262 
MMP16,RIP
K2 

upstream,intron -0.1535 2.35E-04 A 

rs12637709 3 69715453 
  

-0.1032 2.38E-04 A 

rs6826780 4 85479990 
  

0.1419 2.43E-04 G 

rs17638575 13 42963350 
  

-0.429 2.51E-04 G 

rs772021 10 104036449 GBF1 intron 0.129 2.57E-04 A 

rs17009114 4 85468070 
  

0.1407 2.65E-04 T 

rs1373666 4 85468897 
  

0.1407 2.65E-04 T 
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rs1373668 4 85468682 
  

0.1407 2.65E-04 G 

rs4369037 8 89397431 
MMP16,RIP
K2 

upstream,intron -0.1499 2.67E-04 T 

rs7942222 11 15725398 INSC,SOX6 
downstream,int
ron 

-0.1021 2.68E-04 C 

rs270542 5 38052071 
GDNF,EGF
LAM 

upstream,intron 0.1671 2.77E-04 T 

rs11206227 1 54323368 YIPF1 intron -0.1447 2.81E-04 C 

rs1216526 11 100493240 
  

-0.2574 2.86E-04 G 

rs16874676 7 28796256 CREB5 intron -0.2689 2.86E-04 G 

rs16840623 2 157506111 
  

-0.1156 2.86E-04 A 

rs653064 1 39882001 
KIAA0754,
MACF1 

intron,UTR-3 0.1307 2.90E-04 G 

rs16969649 18 35657401 
  

-0.1007 2.91E-04 T 

rs1404259 2 5477721 
  

0.1534 2.94E-04 A 

rs17048684 4 137382142 
  

0.1107 2.98E-04 A 

rs6693617 1 104846483 
  

-0.194 2.99E-04 G 

rs10161275 12 2771018 CACNA1C intron -0.1006 3.03E-04 T 

rs12022704 1 54323891 YIPF1 intron -0.1438 3.03E-04 C 

rs12868874 13 59232274 
  

-0.1059 3.07E-04 C 

rs4829780 23 134549860 
  

0.1109 3.11E-04 C 

rs657086 8 9888973 
  

-0.1014 3.11E-04 A 

rs12410416 1 172193820 DNM3 intron 0.1092 3.12E-04 C 

rs10148050 14 71155984 
  

0.1008 3.13E-04 G 

rs8091939 18 35660513 
  

-0.1002 3.17E-04 T 

rs10862685 12 83903035 
  

0.1229 3.18E-04 C 

rs10740288 10 53301690 PRKG1 intron -0.2913 3.21E-04 A 

rs10898133 11 83232532 DLG2 intron -0.1007 3.36E-04 A 

rs6565973 18 75178072 
  

0.1171 3.36E-04 G 

rs6083281 20 23814432 
  

0.09627 3.37E-04 C 

rs11891594 2 195857383 
  

-0.2255 3.39E-04 G 

rs3134095 8 119886101 
  

-0.1489 3.40E-04 T 

rs10019942 4 101853794 
  

0.16 3.41E-04 C 

rs16876575 6 15525157 DTNBP1 intron -0.1269 3.41E-04 T 

rs7921346 10 53322055 PRKG1 intron -0.3071 3.49E-04 A 

rs12402966 1 172203894 DNM3 intron 0.1026 3.52E-04 A 

rs8087286 18 75163224 
  

0.1141 3.53E-04 T 
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Table 4. Top 100 signals in femoral neck BMD analysis in combined 
subjects 

SNP ID Chr Position Gene Region Beta P value 
Effect 
allele 

rs17006281 3 69692934 
  

-0.121 9.71E-06 A 

rs611263 18 61290257 
  

-0.1809 1.05E-05 C 

rs12596105 16 79249765 
  

-0.1215 1.16E-05 G 

rs16863247 1 162505496 
  

-0.1676 1.19E-05 G 

rs6501495 17 69570803 
  

-0.1163 1.66E-05 T 

rs1189136 14 56884403 
  

-0.1248 2.36E-05 C 

rs10808859 8 85085400 
  

0.1232 2.41E-05 T 

rs2637762 3 73144758 
PPP4R2,P
DZRN3 

downstream,intro
n 

-0.1148 2.59E-05 T 

rs17041251 3 15547310 COLQ intron -0.1612 3.11E-05 T 

rs6578916 11 7989181 
  

0.12 3.21E-05 A 

rs17070716 13 65872831 
  

-0.1129 4.37E-05 C 

rs9564235 13 65888213 
  

-0.1124 4.74E-05 G 

rs4884611 13 65897061 
  

-0.1124 4.75E-05 C 

rs1408729 13 65881899 
  

-0.1121 5.07E-05 G 

rs12637709 3 69715453 
  

-0.1135 5.29E-05 A 

rs2163482 13 65905024 
  

-0.1113 5.42E-05 A 

rs10917742 1 163364436 
  

-0.3711 5.47E-05 T 

rs1160574 1 211085410 KCNH1 intron 0.1265 5.53E-05 T 

rs1814211 13 65883830 
  

-0.1109 5.76E-05 A 

rs11263931 1 37117650 
  

-0.1128 6.62E-05 A 

rs7600508 2 14332903 
TRIB2,F
AM84A 

downstream,upstr
eam,intron 

-0.107 7.92E-05 G 

rs9288916 3 110493206 
  

0.1653 8.10E-05 C 

rs7143288 14 92337877 FBLN5 intron -0.1504 8.25E-05 T 

rs2980222 8 76307872 
  

0.1109 8.45E-05 T 

rs16956124 15 72023634 THSD4 intron -0.2421 9.49E-05 T 

rs17152880 7 25924084 
  

-0.1125 1.13E-04 C 

rs401994 16 79247488 
  

-0.1095 1.16E-04 A 

rs270422 16 79252651 
  

-0.1042 1.27E-04 G 

rs5929429 23 113310348 
  

-0.2029 1.27E-04 G 

rs902658 4 32221085 
  

0.1026 1.29E-04 T 

rs12136201 1 211152017 KCNH1 intron 0.139 1.38E-04 C 

rs1003980 2 14332527 
TRIB2,F
AM84A 

downstream,upstr
eam,intron 

-0.1157 1.43E-04 T 

rs7503210 17 69578693 
  

0.1022 1.44E-04 T 
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rs17308909 5 67381530 
  

0.1756 1.45E-04 C 

rs7240708 18 47518417 MYO5B intron 0.2625 1.48E-04 T 

rs12124842 1 211115109 KCNH1 intron 0.1384 1.49E-04 C 

rs966286 8 85068865 
  

0.1104 1.59E-04 A 

rs9645356 1 211191623 KCNH1 intron 0.1369 1.59E-04 T 

rs4980250 10 124456562 
  

-0.1949 1.72E-04 T 

rs3777498 6 131601825 AKAP7 intron 0.1264 1.74E-04 T 

rs17424935 8 77137533 
  

0.15 1.75E-04 T 

rs2003372 18 47505450 MYO5B intron 0.2798 1.78E-04 A 

rs10262537 7 82115240 
  

0.1493 1.79E-04 T 

rs7547566 1 203012705 
TMEM18
3A,PPFIA
4 

downstream,upstr
eam,intron 

0.1051 1.81E-04 G 

rs1160445 13 65883403 
  

-0.1058 1.87E-04 G 

rs6899059 5 67383931 
  

0.174 1.96E-04 T 

rs3860757 5 169822004 KCNIP1 intron 0.1031 1.96E-04 C 

rs1189138 14 56886179 
  

-0.1108 2.02E-04 C 

rs6128850 20 59116581 
C20orf19
7,CDH4 

downstream,upstr
eam,intron 

0.1325 2.06E-04 T 

rs10983357 9 119572218 ASTN2 intron -0.1508 2.10E-04 G 

rs4475681 23 150233056 
  

0.1601 2.13E-04 C 

rs11077325 16 3277251 ZNF200 intron 0.2927 2.15E-04 A 

rs7778127 7 88919393 ZNF804B intron 0.1795 2.17E-04 T 

rs7906077 10 81199376 
ZCCHC2
4 

intron -0.1151 2.20E-04 G 

rs1556195 20 56415211 
  

0.09995 2.35E-04 A 

rs6441129 3 157125828 VEPH1 intron -0.1343 2.37E-04 C 

rs7839360 8 85069719 
  

0.1069 2.39E-04 C 

rs3131621 6 31425499 
MICA,HC
P5 

downstream,upstr
eam,intron 

-0.1314 2.40E-04 G 

rs2662337 5 71102112 
  

0.1325 2.43E-04 A 

rs2210370 6 1154945 
  

0.1403 2.58E-04 C 

rs242028 12 3786715 
EFCAB4
B 

intron -0.1044 2.63E-04 G 

rs653064 1 39882001 
KIAA075
4,MACF1 

intron,UTR-3 0.1316 2.64E-04 G 

rs382888 16 79229823 WWOX intron -0.09789 2.65E-04 C 

rs533846 18 47399541 MYO5B intron 0.3078 2.66E-04 T 

rs10044036 5 142238119 
ARHGAP
26 

intron -0.1051 2.67E-04 T 

rs1333169 13 65907951 
  

-0.1049 2.68E-04 A 

rs7893619 10 81198221 
ZCCHC2
4 

intron -0.1136 2.72E-04 G 

rs11239323 10 45514951 ZNF22,L downstream,intro 0.1821 2.73E-04 G 
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OC10013
3308 

n 

rs12144657 1 37117448 
  

-0.1114 2.73E-04 C 

rs6575317 14 93784292 BTBD7 intron -0.09744 2.78E-04 A 

rs2404759 4 32221272 
  

0.09802 2.79E-04 A 

rs2630629 3 73149443 
PPP4R2,P
DZRN3 

downstream,intro
n 

-0.1028 2.81E-04 T 

rs874498 4 32222002 
  

0.09843 2.82E-04 T 

rs6575315 14 93737676 BTBD7 intron -0.09706 2.84E-04 A 

rs16948053 18 28011290 
  

-0.103 2.85E-04 T 

rs10503802 8 26743306 
  

0.1006 2.86E-04 C 

rs6780338 3 71029408 FOXP1 intron -0.09975 2.94E-04 T 

rs7639254 3 157141041 VEPH1 intron -0.1404 2.94E-04 A 

rs10120692 9 135352846 C9orf171 intron -0.1011 2.95E-04 T 

rs395050 16 79247062 
  

-0.1008 2.97E-04 A 

rs3756773 6 131569838 AKAP7 intron 0.122 2.99E-04 C 

rs6982508 8 26742950 
  

0.1003 3.00E-04 C 

rs526798 12 130511513 
  

-0.1645 3.06E-04 A 

rs1870821 16 51743055 
  

-0.131 3.07E-04 A 

rs6596396 5 136921616 
SPOCK1,
KLHL3 

upstream,downstr
eam,intron 

-0.1433 3.11E-04 G 

rs1840558 18 61276414 
  

-0.1489 3.12E-04 G 

rs16829623 1 43009319 CCDC30 intron -0.1192 3.16E-04 C 

rs6926388 6 21204796 CDKAL1 intron 0.1117 3.16E-04 A 

rs10148050 14 71155984 
  

0.1007 3.20E-04 G 

rs1404259 2 5477721 
  

0.1525 3.22E-04 A 

rs7776725 7 121033121 FAM3C intron 0.1432 3.23E-04 C 

rs6921264 6 21204474 CDKAL1 intron 0.1113 3.26E-04 T 

rs12052673 2 14325551 
TRIB2,F
AM84A 

downstream,upstr
eam,intron 

-0.1096 3.28E-04 T 

rs697793 12 130511806 
  

-0.1638 3.29E-04 G 

rs17056257 8 26775379 
  

0.1059 3.29E-04 C 

rs6009006 22 47260154 
TBC1D22
A 

intron 0.1044 3.37E-04 T 

rs10512682 5 38191698 
  

0.106 3.39E-04 G 

rs12868874 13 59232274 
  

-0.105 3.42E-04 C 

rs11780748 8 9872782 
  

-0.1057 3.43E-04 C 

rs6861333 5 50703933 
  

-0.1316 3.44E-04 G 
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Table 5. Top 10 signals in lumbar spine BMD analysis in female 
subjects 

SNP ID Chr Position Gene Region Beta P value 
Effect 
allele 

rs3886351 10 25786177 GPR158 intron 0.2083 
1.50E-

05 
T 

rs11253543 10 1017325 

LARP4
B,GTPB
P4, 
LOC100
288619 

upstream,UTR-3 -0.1707 
2.24E-

05 
A 

rs7090929 10 25788433 GPR158 intron 0.2216 
2.65E-

05 
C 

rs10758477 9 38179054 
  

-0.1696 
2.81E-

05 
G 

rs11599792 10 1017914 

LARP4
B,GTPB
P4, 
LOC100
288619 

upstream,UTR-3 -0.1567 
3.65E-

05 
G 

rs9362426 6 88089874 
C6orf16
3,C6orf1
64 

downstream,upstre
am,intron 

0.1714 
4.17E-

05 
A 

rs16860529 3 185900369 DGKG intron -0.1688 
4.19E-

05 
G 

rs317838 18 55338656 ATP8B1 intron -0.1551 
4.34E-

05 
G 

rs319407 18 55376554 ATP8B1 intron -0.388 
4.42E-

05 
G 

rs10161783 13 111009055 
COL4A
2 

intron 0.1707 
4.67E-

05 
C 

 

Table 6. Top 10 signals in lumbar spine BMD analysis in male 
subjects 

SNP ID Chr Position Gene Region Beta P value Effect allele 

rs1856859 6 151860110 C6orf97 intron -0.1981 6.02E-06 G 

rs9371538 6 151872963 C6orf97 intron -0.1986 6.14E-06 T 

rs13248311 8 129070559 PVT1 intron -0.2428 6.35E-06 A 

rs13250078 8 129070428 PVT1 intron -0.2428 6.35E-06 C 

rs13254990 8 129076451 PVT1 intron -0.2401 1.17E-05 T 

rs7200438 16 26042104 HS3ST4 intron -0.2318 1.50E-05 T 

rs17037739 2 49110303 
  

0.2241 1.58E-05 G 

rs12619514 2 49033183 
  

0.2164 2.03E-05 G 

rs17027744 3 31509996 
  

0.2915 3.50E-05 G 

rs1687652 16 86434308 
  

0.1834 3.68E-05 G 
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Table 7. Top 10 signals in total hip BMD analysis in female subjects 

SNP ID Chr Position Gene Region Beta P value 
Effect 
allele 

rs7784959 7 38060543 
EPDR1,STA
RD3NL,SF
RP4 

downstream,
upstream,intr
on 

-0.2267 3.14E-06 C 

rs17086414 18 70502862 NETO1 intron -0.2779 1.17E-05 A 

rs6128850 20 59116581 
C20orf197,
CDH4 

downstream,
upstream,intr
on 

0.2051 1.28E-05 T 

rs2104792 9 91177018 NXNL2 intron 0.1783 1.74E-05 C 

rs1160574 1 211085410 KCNH1 intron 0.1692 2.74E-05 T 

rs5012630 9 91182487 NXNL2 intron 0.1694 3.14E-05 A 

rs4876660 8 117542160 
  

0.1542 3.73E-05 A 

rs9472138 6 43811762 
  

-0.2503 4.37E-05 T 

rs2285086 4 3089259 HTT intron -0.1432 4.78E-05 G 

rs2467774 8 80675246 
  

0.1484 4.83E-05 A 

 
Table 8. Top 10 signals in total hip BMD analysis in male subjects 

SNP ID Chr Position Gene Region Beta P value 
Effect 
allele 

rs17055062 13 
3778524

8   
-0.2865 4.91E-07 C 

rs3733503 4 
5361170

1 

KIAA01
14,RASL
11B 

downstream,upstr
eam,exon,intron 

-0.2545 2.89E-06 C 

rs4865408 4 
5361936

7   
-0.2541 3.67E-06 T 

rs7690219 4 
5361604

8 

KIAA01
14,RASL
11B 

downstream,upstr
eam,intron 

-0.2492 4.48E-06 C 

rs9992287 4 
5361190

2 

KIAA01
14,RASL
11B 

downstream,upstr
eam,exon,intron 

-0.2474 4.73E-06 G 

rs17027744 3 
3150999

6   
0.2995 7.83E-06 G 

rs362540 6 
2951032

5   
-0.1802 1.60E-05 G 

rs17028 10 
4362381

2 
RET UTR-3 -0.2213 2.31E-05 T 

rs10161275 12 2771018 
CACNA
1C 

intron -0.1758 3.24E-05 T 

rs1630278 18 
3332603

6   
-0.1922 4.06E-05 C 
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Table 9. Top 10 signals in femoral neck BMD analysis in female 
subjects 

SNP ID 
Ch
r 

Position Gene Region Beta P value 
Effect 
allele 

rs1686324
7 

1 
16250549

6   
-0.229 

3.33E-
06 

G 

rs1687654
2 

4 25000006 
  

-
0.1986 

3.38E-
06 

T 

rs1312532
5 

4 24998752 
  

-
0.1968 

4.39E-
06 

A 

rs6575317 14 93784292 BTBD7 intron 0.1584 
4.96E-

06 
C 

rs6575315 14 93737676 BTBD7 intron 
-

0.1556 
6.76E-

06 
A 

rs1160574 1 
21108541

0 
KCNH1 intron 0.1796 

8.46E-
06 

T 

rs9472138 6 43811762 
  

-
0.2689 

1.13E-
05 

T 

rs2104792 9 91177018 NXNL2 intron 0.1775 
1.90E-

05 
C 

rs1560417 3 
15848978

2 
RARRES1,MFSD
1 

upstream,intro
n 

0.2934 
1.93E-

05 
A 

rs5012630 9 91182487 NXNL2 intron 0.1729 
2.14E-

05 
A 

 
Table 10. Top 10 signals in femoral neck BMD analysis in male 
subjects 

SNP ID Chr Position Gene Region Beta P value Effect allele 

rs17441242 2 50237902 NRXN1 intron -0.2126 3.66E-06 G 

rs130396 22 43092851 A4GALT intron 0.1945 4.64E-06 A 

rs10495993 2 50238115 NRXN1 intron -0.2085 6.02E-06 G 

rs1159137 2 50233541 NRXN1 intron -0.2067 6.44E-06 C 

rs17003208 22 43073031 
  

0.1909 7.28E-06 C 

rs17055062 13 37785248 
  

-0.2554 7.50E-06 C 

rs6710767 2 50238480 NRXN1 intron -0.2082 8.48E-06 A 

rs4980250 10 124456562 
  

-0.3441 9.28E-06 T 

rs17027744 3 31509996 
  

0.2834 2.42E-05 G 

rs10901803 10 126362648 FAM53B intron -0.2631 2.90E-05 G 
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Figure 1.Manhattan plot depicting the significance of the association 
results of the stage 1 genome scan of lumbar spine BMD. SNP 
locations are plotted on the x-axis according to their chromosomal 
position, The negative log10 of P-values derived from the logistic 
regression analysis under the additive model are plotted on the y-axis. 
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Figure 2.Manhattan plot depicting the significance of the association 
results of the stage 1 genome scan of total hip BMD. SNP locations are 
plotted on the x-axis according to their chromosomal position, The 
negative log10 of P-values derived from the logistic regression analysis 
under the additive model are plotted on the y-axis. 
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Figure 3.Manhattan plot depicting the significance of the association 
results of the stage 1 genome scan of femoral neck BMD. SNP 
locations are plotted on the x-axis according to their chromosomal 
position, The negative log10 of P-values derived from the logistic 
regression analysis under the additive model are plotted on the y-axis. 
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Figure 4.Dense regional association plot near UHMK1. The negative 
log10 of P values from logistic regression are shown in the panel. The 
purple diamond indicates the SNP with most significant association in 
the stage 1 genome scan. The red diamond indicates the result of the 
combined analysis of stage 1 and stage 2. Estimated recombination 
rates are plotted to reflect recombination hot spots. The SNPs in LD 
with the most significant SNP are color-coded to represent their 
strength of LD. The locations of genes, exons and introns are shown in 
the lower panel. 
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Figure 5.Dense regional association plot near KCNH1. The negative 
log10 of P values from logistic regression are shown in the panel. The 
purple diamond indicates the SNP with most significant association in 
the stage 1 genome scan. The red diamond indicates the result of the 
combined analysis of stage 1 and stage 2. Estimated recombination 
rates are plotted to reflect recombination hot spots. The SNPs in LD 
with the most significant SNP are color-coded to represent their 
strength of LD. The locations of genes, exons and introns are shown in 
the lower panel. 
 

  



49 

 

BMD distribution according to genotypes of SNP rs16863247 (1q23; 
UHMK1) are depicted. Number of subjects in each genotype subgroups 
are shown. Mean±95%CI is shown. 
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RT-PCR analysis of UHMK1in mouse tissues and mouse cell lines. mRNA 
coding for mouse UHMK1 was detected by RT-PCR analysis from totalRNA 
prepared from mouse osteoblastic MC3T3-E1, myoblastic C2C12, pluripotent 
mesenchymal C3H10T1/2 cells, fibroblasts NIH 3T3, bone marrow-derived 
macrophages (BMM), primary calvarial osteoblasts and various mouse tissues. 
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Change in UHMK1 expression was analyzed during osteoblastic 
differentiation.  C3H10T1/2 cells were cultured in osteogenic media 
(DMEM medium containing 10% FBS supplemented with 50 μg/ml ascorbic 
acid and 10 mM β-glycerophosphate) or Wnt3A treatment. 
  



52 

 

 
Change in UHMK1 expression was analyzed during osteoclast differentiation. 
BMMs were treated with M-CSF (30 ng/mL) and receptor activator of NF-kB 
ligand (RANKL; 100 ng/mL) for 9 days. 
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To achieve stable integration of shRNA expression cassettes into the genome 
of cells, UHMK1shRNAplamid (OriGene Technologies, MD, USA) was 
delivery via retroviruses. Briefly, the target cells were cultured with the 
shRNA viral soup and 4 ug/ml polybrene. At 24 hours post-infection, the 
infected cells were selected with puromycin. 
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To achieve stable integration of shRNA expression cassettes into the genome 
of cells, UHMK1shRNAplamid (OriGene Technologies, MD, USA) was 
delivery via retroviruses. Briefly, the target cells were cultured with the 
shRNA viral soup and 4 ug/ml polybrene. At 24 hours post-infection, the 
infected cells were selected with puromycin.After selection, cells were treated 
with differentiation medium for osteoblast formation using Wnt3A, BMP2 or 
osteogenicmedia(OM). 
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To achieve stable integration of shRNA expression cassettes into the genome 
of cells, UHMK1shRNAplamid (OriGene Technologies, MD, USA) was 
delivery via retroviruses. Briefly, the target cells were cultured with the 
shRNA viral soup and 4 ug/ml polybrene. At 24 hours post-infection, the 
infected cells were selected with puromycin.After selection, cells were treated 
with differentiation medium for osteocalst formation using M-CSF (30 ng/mL) 
and receptor activator of NF-kB ligand (RANKL; 100 ng/mL) for 9 days, and 
then cells were fixed and stained for TRAP. 
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국  

 

: 재 지  골 도    소인  굴하는 장 

체 연  분  연구는 주  양인종  상  시행 었다. 

양인과 동양인   경과 골다공증 이 상당히 다르다. 

라 , 본 연구에 는 동아시아 인종에 하여 골 도에 향  주

는  소인  히고자, 한국인  상  하는 지역사회 

코 트  추가 코 트들에 해 장 체 연  분  시행하

다. 

 

법: 본 연구에 는 한국인 지역 사회  코 트 2,729 명 피험

자(58.1% 여 )를 상  시행 었다. 요추, 퇴, 퇴골 경부 

골 도에 하여  1 단계 장 체 연  분  행하 다. 

2 단계 in silico replication 분  국인 코 트  2 개  양인 

코 트(각각 1,547, 2,250, 987 명)  상  행하 다. 굴  

자에 해 는 추가 실험  실시하 다. 

 

결과:  1 단계 장 체 연  분  통해  318 개  자

변이가 어,  2 단계 분  행하 다. 1 단계   2 단

계  타분  결과 4 개  골 도  연  자 변이를 견하

다(P<5×10-7). 이 1q23UHMK1 자 주변  자 변이
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(rs16863247)는 이 에 골 도  연 이 지 않았  새 운 

견이었다 ( 퇴골경부골 도 P=4.1×10-7, 퇴골 도 P=3.2×10-6). 

미롭게도 이 자 변이는 양인에게  매우 드 게 견 었다 

(MAF<0.01). 여 만  상  한 분 에 1q32KCNH1 자 주

변  자 변이(rs1160574)가 골 도  연 어 있었다. 이외에도 

2 개  이미 골 도  연  것  보고 었  자 부 가 

견 었다(6q25; ESR1, 7q31; WTN16). 이번에 굴  UHMK1 자

에  추가 실험에  UHMK1  조골 포 분 과 에  

증가 었고, 골 포 분 과 에  감소하 다. 또한, UHMK1  

shRNA plasmid 사용한 억  실험에 , 골 포  분 가 증가

하 다. 

 

결 : 본 연구결과 UHMK1 자가 동아시아인에 특이 인 골 도 

  소인임  다.  

 

 

주요어: 장 체 연  분 , 골다공증, 골 도, 자 변이, 

자 연구 

학번: 2011-30618 
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