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A Bivariate Whole Genome Linkage Study Identified Genomic
Regions Influencing Both BMD and Bone Structure
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ABSTRACT: Areal BMD (aBMD) and areal bone size (ABS) are biologically correlated traits and are each
important determinants of bone strength and risk of fractures. Studies showed that aBMD and ABS are
genetically correlated, indicating that they may share some common genetic factors, which, however, are
largely unknown. To study the genetic factors influencing both aBMD and ABS, bivariate whole genome
linkage analyses were conducted for aBMD-ABS at the femoral neck (FN), lumbar spine (LS), and ultradistal
(UD)-forearm in a large sample of 451 white pedigrees made up of 4498 individuals. We detected significant
linkage on chromosome Xq27 (LOD = 4.89) for LS aBMD-ABS. In addition, we detected suggestive linkages
at 20q11 (LOD = 3.65) and Xpll (LOD = 2.96) for FN aBMD-ABS; at 12p11 (LOD = 3.39) and 17q21
(LOD = 2.94) for LS aBMD-ABS; and at 5g23 (LOD = 3.54), 7p15 (LOD = 3.45), Xq27 (LOD = 2.93),
and 12p11 (LOD = 2.92) for UD-forearm aBMD-ABS. Subsequent discrimination analyses indicated that
quantitative trait loci (QTLs) at 12p11 and 17q21 may have pleiotropic effects on aBMD and ABS. This study
identified several genomic regions that may contain QTLs important for both aBMD and ABS. Further
endeavors are necessary to follow these regions to eventually pinpoint the genetic variants affecting bone
strength and risk of fractures.
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INTRODUCTION tic manner when adapting to the mechanical load in bone
development and turnover.'” In accordance with their
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is responsible for >2 million fractures and direct medi- measurements have significant genetic correlati ons, (1D
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BMD provides a useful evaluation of material property of .. . . . .

b dis th t inent risk fact £ ost " tified a number of genomic regions, respectively, important
one and 18 the most prominent risk tactor of osteoporotic for BMD and ABS?; however, the shared genetic factors

fractures,® but not the only one. From a biomechanical . . :
. . . underlying these two important osteoporosis-related phe-
viewpoint, the fracture risk depends on structural features .
notypes are still largely unknown.

of the bone as well (e.g., bone size, shape, and architecture), R . . . .
. L . . Bivariate linkage analysis provides a formal way to iden-
which may significantly influence stress or stress distribu- . . . . o .
tify genomic regions harboring quantitative trait locus

tion of the applied force.®*¥ Many studies have shown that . : . . .
areal bone size (ABS), which is derived from the projection (QTLs) influencing two correlated traits. By incorporating
’ correlation information, bivariate linkage analysis can im-

area of the interested region of a specific bone under the . . o
X-ray beam of DXA, is an independent determinant of prove the statistical power considerably and facilitate the
’ identification of QTLs whose effects are too small to be

bone strength and a major risk factor of fractures.*= L . .
& L . detected by univariate linkage analyses.('>'¥ An additional
Although BMD and ABS reflect different aspects of . . AT o .
. . . strength of bivariate linkage analysis is its ability to differ-
bone composition and structure, they are biologically . . . . . .
o . . entiate pleiotropic effects of a single locus influencing two
closely correlated. In ossification process, osteoid formation . S . .
. — . . . correlated traits from coincident linkage of tightly clustered
determines initial bone size and provides the matrix for . . . . - (15
loci each influencing different trait.

subsequent mineralization and bone maturation. Studies . . .
. . . Given the strong genetic correlation between BMD and
also showed that BMD and bone size change in a synergis- . .
ABS but the lack of studies to show the common genetic

effects underlying this correlation, in this study, we aimed
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TABLE 1. BASIC CHARACTERISTICS OF THE STUDY SUBJECTS

Total (n = 4498)

Female (n = 2682) Male (n = 1816)

Height (m) 1.70 £ 0.10
Weight (kg) 78.5+£182
Age (yr) 47.7 +16.0
Areal BMD (g/cm?)
Femoral neck 0.826 + 0.147
Lumbar spine 1.036 + 0.162
Ultradistal-forearm 0.467 + 0.085

Areal bone size (cm?)
Femoral neck
Lumbar spine
Ultradistal-forearm

16.193 + 1.835
63.384 + 8.341
3.892 +0.553

1.64 +0.07 1.78 = 0.07*
71.3 £16.0 89.4 +15.8*
47.6 £16.0 48.0 £ 16.1
0.797 £ 0.143 0.867 + 0.144*
1.011 = 0.163 1.072 + 0.153*
0.430 + 0.070 0.521 + 0.076*
5.042 +0.396 5.912 + 0.490%
58.588 + 5.843 70.375 + 6.475%
3.573 +0.373 4.341 + 0.441*

Values are means + SD of the raw data without adjustment for covariates.

* Significant difference exists between males and females (p < 0.05).

linkage study for aBMD-ABS pairs at the femoral neck
(FN), lumbar spine (LS), and ultradistal (UD)-forearm in
the same sample used in our earlier univariate linkage scans
for aBBMD and ABS.*'7)

MATERIALS AND METHODS
Subjects

The study was approved by institutional review boards of
Creighton University and University of Missouri-Kansas
City. All subjects signed informed-consent documents be-
fore entering the study. All the study subjects were whites
of European origin and were recruited from the vicinity of
Creighton University. The sampling scheme and exclusion
criteria have been detailed previously."'® Briefly, individu-
als with chronic diseases and conditions that might affect
bone mass, structure, or metabolism were excluded. The
study sample contains a total of 4498 subjects from 451
pedigrees. The pedigrees vary in size from 4 to 416 indi-
viduals, with a mean (SD) of 11.6 (28.5). This large sample
size provides an exceedingly large number of relative pairs
(>150,000) informative for linkage analyses. The basic char-
acteristics of the study subjects are summarized in Table 1.

Measurements

Areal BMD (aBMD; g/cm?) and ABS (cm?) were mea-
sured by Hologic 1000, 2000+, or 4500 DXA machines (Ho-
logic, Bedford, MA, USA). The skeletal sites measured in-
clude the FN (the narrowest portion of the FN), LS 1-4,
and the UD-forearm region (including UD regions of the
ulna and radius). All measurements used posteroanterior
projection. ABS was derived from the projection area of
these regions under the X-ray beam of the DXA machines.
All machines were calibrated daily, and the long-term pre-
cision was monitored with external phantoms. aBMD mea-
sures obtained from different machines were transformed
into compatible ones using the formula proposed by
Genant et al.'"” and the algorithm that we developed in-
house and used extensively. The measurement precision, as
reflected by CVs for FN, LS, and UD-forearm, were 1.9%,
0.9%, and 2.3% for aBMD and 2.1%, 1.1%, and 2.9% for
ABS, respectively. Members of the same pedigree were

usually measured on the same type of machine, which en-
sured minimum or no effect on our linkage analyses be-
cause of phenotype measurements taken by different ma-
chines. Weight (kg) and height (m) were measured at the
same visit as the DXA measurement.

Genotyping

For each subject, DNA was extracted from peripheral
blood using the Puregene DNA isolation kit (Gentra Sys-
tems, Minneapolis, MN, USA). A total of 4126 subjects of
the entire sample were successfully genotyped for 410 mi-
crosatellite markers (including 392 markers for autosomes
and 18 markers for X chromosome) from the Marshfield
map data Set 14 by Marshfield Center for Medical Genetics
(Marshfield, WI, USA). These markers had an average
population heterozygosity of 0.75 and were spaced on an
average of 8.9 cM apart. Pedcheck®” was used to ensure
that the genotype data conformed to a Mendelian inheri-
tance pattern at all the marker loci. RELPAIR®" was run
to confirm the relatedness for each subject against the
claimed relationship. In addition, we used MERLIN®? to
detect genotyping errors through unlikely recombination
(e.g., double recombination) in our sample. The genotyping
error rate was shown to be on a very low level of ~0.3%.

Statistical analysis

We adopted variance component analysis method imple-
mented in SOLAR (sequential oligogenic linkage analysis
routines)®® to conduct the bivariate whole genome linkage
scans for aBMD-ABS pairs at the FN, LS, and UD-
forearm. In the framework of variance component analysis,
the phenotypic variance is dissected into components at-
tributable to different resource, including major QTLs, re-
sidual genetic factors, environmental factors, covariates,
etc. LOD score was computed to test the linkage by com-
paring the maximum likelihood of the model in which the
genetic variance attributable to the major QTL under scru-
tiny is estimated to that in which the major QTL effect is
constrained to 0. The bivariate test statistic (2 x Lnl0 x
LOD) follows an asymptotic mixture of 1/4x,* :1/2x,>
:1/4x,2.@% Multipoint LOD scores were calculated for chro-
mosomes 1 through 22. Two-point LOD scores were com-
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TABLE 2. HERITABILITY AND CORRELATIONS OF THE STUDIED PHENOTYPE PAIRS
Heritability
Skeletal sites aBMD ABS p; (SE) pr (SE) pp
Femoral neck 0.61 0.40 -0.31 (0.04) 0.001 (0.05) -0.15
Lumbar spine 0.61 0.69 0.46 (0.03) 0.24 (0.04) 0.38
Ultradistal-forearm 0.48 0.66 -0.12 (0.04) -0.21 (0.04) -0.16

pg. genetic correlation; pg, environmental correlation; pp, phenotypic correlation.

puted for the X chromosome, because SOLAR cannot
handle multipoint linkage analysis for the X chromosome.
Some other software, such as GENEHUNTER and
MERLIN, may have options of multipoint linkage analysis
for the X chromosome, but they cannot handle large pedi-
grees as used in this study. Because of 2 degrees of freedom
involved, the LOD score in bivariate linkage analysis is not
directly comparable to the classical LOD score of linkage
analysis. Adopting the p value matching method described
elsewhere, !> the threshold for “suggestive” linkage is
LOD score of 237 (p = 1.7 x 107°) and 3.85 (p = 4.9 x
107°) for “significant” linkage. We further adjusted the
threshold to account for the multiple testing problem
caused by joint analyses for three skeletal sites, yielding the
LOD scores of 2.83 (p = 5.7 x 10™*) for “suggestive” link-
age and 4.32 (p = 1.6 x 107°) for “significant” linkage.

When bivariate linkage was found, we used a likelihood-
based test!> to differentiate pleiotropy from coincident
linkage. The likelihood for the fitted model in which rhoq,
a measure of shared genetic effects due to the major QTL,
was compared with the likelihood of a model in which rhog
was constrained to 1 (complete pleiotropy), and the likeli-
hood of a model in which rhog was constrained to 0 (com-
plete coincident linkage). Twice the difference between the
likelihoods follows a 1/2x,? :1/2x,> mixture distribution un-
der the null hypothesis of complete pleiotropy. For the test
of coincident linkage, twice the difference follows a y,”
distribution. When p value is less than a specific threshold,
we statistically reject the corresponding null hypothesis.
The test was conducted only at the location showing at least
suggestive linkage in bivariate analysis. The pleiotropic test
is currently not applicable for X chromosome in present
version of SOLAR.

Before linkage analyses, aBMD and ABS measurements
were adjusted for covariates including age, sex, age-by-sex
interaction, height, and weight. A Box-Cox transformation
was applied to ensure both traits followed normal distribu-
tions. Finally, data for both traits were standardized to the
N(0, 1) distribution such that phenotypic distributions of
both traits were transformed into comparable.

We further used six bioinformatics tools (i.e.,
DGP,?® Endeavour,?” GeneSeeker,?® Prioritizer,*”
PROSPECTR,®? and SUSPECTS®"Y) to identify promis-
ing candidate genes in the linkage regions. These bioinfor-
matics tools may search and/or predict candidate genes
based on multiple lines of evidence, such as sequence, ex-
pression, phenotype, functional annotation, protein inter-
actions, pathways, and literature mining. Following previ-
ously reported methods,®>*% all genes pinpointed by

GeneSeeker or DGP were considered as “suggested,”
whereas only top-ranked 25 genes were considered as “sug-
gested” for the other four methods. Genes that were sug-
gested by at least three applications were considered as
promising candidate genes.

RESULTS

The genotyping error rate was ~0.3%. About 4.8% of the
subjects do not conform to the claimed relatedness accord-
ing to RELPAIR. These markers and subjects were ex-
cluded from further linkage analyses. Table 2 presents the
heritability estimates for aBMD and ABS, as well as the
genetic and environmental correlations between them. It
was shown that genetic correlations of aBMD and ABS
were substantial at the FN and LS but relatively modest at
the UD-forearm, although still significant (p < 0.01).

Applying LOD scores of 2.83 and 4.32 as the thresholds
for “suggestive” and “significant” linkages, respectively, we
identified significant linkage for LS aBMD-ABS at Xq27
(LOD = 4.89). We also detected suggestive linkages for FN
aBMD-ABS at 20q11 (LOD = 3.65) and Xpl1l (LOD =
2.96), for LS aBMD-ABS at 12p11 (LOD = 3.39) and
17q21 (LOD = 2.94), and for UD-forearm aBMD-ABS at
5923 (LOD = 3.54), 7p15 (LOD = 3.45), Xq27 (LOD =
2.93), and 12p11 (LOD = 2.92). The results are plotted in
Figs. 1 and 2.

Table 3 summarizes the results of bivariate linkage analy-
sis and subsequent discrimination tests of pleiotropy versus
coincident linkage. The probabilities of pleiotropy and co-
incident linkage are denoted by p, and p,, respectively.
Using the threshold of p < 0.10 for rejection of the corre-
sponding null hypothesis, we detected significant pleiotro-
pic effects at 12p11 (p, = 0.13, p, = 0.07) and 17q21 (p, =
0.50, p, = 0.02) for LS aBMD-ABS, coincident linkage at
20q11 (p, = 0.07, p, = 019) for FN aBMD-ABS, and at
7p15 (p; = 0.001, py = 0.17) for UD-forearm aBMD-ABS.
For ease of comparison of the results with classical LOD
scores, we also present the equivalent LOD scores. We did
not detect any significant linkage signals in sex-stratified
bivariate linkage analyses.

A total of 280, 272,279, 500, 211, 575, and 399 genes were
suggested by at least one tool for the loci 5923, 7p15, 12p11,
17921, 20q11, Xpl1, and Xq27, respectively. For ease of
presentation, we only list in Table 4 the most promising
candidate genes, the genes that were suggested by at least
three bioinformatics tools.
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Results of bivariate multipoint linkage scans on autosomes. The vertical lines are the borders of chromosomes. The horizontal

dash-dotted line indicates the suggestive threshold (LOD = 2.83). The top, middle, and the bottom charts summary the results of
bivariate linkage scans for aBMD-ABS at femoral neck, lumbar spine, and UD-forearm, respectively.

DISCUSSION

This is the first bivariate linkage study to search for QTLs
important for both aBMD and ABS at three important
skeletal sites. In this study, the most significant linkage was
found at Xq27 for LS aBMD-ABS (LOD = 4.89). This
region also showed suggestive linkage to UD-forearm
aBMD-ABS (LOD = 2.93). Linkage of Xq27 to aBMD
was repeatedly observed in previous studies (e.g., for UD-
forearm aBMD [LOD = 2.78,' LOD = 4.30“*%] and hip
aBMD [LOD = 2.57]).¢% Potential candidate genes in the
vicinity of this region include biglycan (BGN) and interleu-
kin-1 receptor-associated kinase 1 (IRAKI). Bgn (homolo-
gous to human Xq27)-deficient mice was reported to ex-
hibit an osteoporosis-like phenotype at the femora.*>
Ishida et al.®® detected significant association of haplo-
types in the JRAKI gene with low radial aBMD in two
independent populations.

Chromosome 12pl1 achieved suggestive linkage for
aBMD-ABS at the LS (LOD = 3.39) and UD-forearm
(LOD = 2.92). The subsequent pleiotropic test showed this
region may contain a QTL that has pleiotropic effects on LS
aBMD-ABS. To our knowledge, this is the first study show-
ing the importance of this region to bone. Previous studies
failed to detect that linkage of either BMD or bone size to

12p11 may be partially caused by the limited power of uni-
variate linkage analysis. At 12p11, low-density lipoprotein
receptor-related protein 6 (LRP6) is a candidate gene that
has been associated with vertebral body size and fracture
risk.®” LRP6 plays a broad role in the transduction of Wnt
signals, which actively involve in osteoblast and chondro-
cyte differentiation.®® In ringelschwanz mutant mice,
LRP6 was shown to be necessary for proper osteogen-
esis.

In this study, 20q11 achieved a LOD score of 3.65 for FN
aBMD-ABS. Our earlier univariate linkage scan also de-
tected the linkage of hip ABS to this region (LOD =
2.18).'” Consistently, Beamer et al.*” found femoral
volumetric BMD (vBMD; LOD = 3.14) of mice was linked
to a homologous region of human chromosome 20q11. In
this region, growth differentiation factor 5 (GDFY), also
known as cartilage-derived morphogenetic protein 1
(CDMPI), is an important candidate gene. The protein
product of GDF5 is a member of the bone morphogenetic
protein (BMP) family, which plays an important role in
skeletal development and metabolism.“"

Suggestive linkage at 17q21 was observed for LS aBMD-
ABS (LOD = 2.94), with potential pleiotropic effects. Our
results are in accordance with previously reported linkages
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FIG. 2. Results of bivariate two-point linkage scans on X chromosome. The two dash-dotted horizontal lines indicate the suggestive
threshold (LOD = 2.83) and the significant threshold (LOD = 4.32), respectively.

TABLE 3. RESULTS OF THE BIVARIATE LINKAGE ANALYSIS

Skeletal sites LOD LOD.* p p,’ Po’ Location Nearest marker

Femoral neck 3.65% 3.11 7.64 E7% 0.07 0.19 20q11.23 (57) GATA42A03
2.96 2.46 379E ™ — — Xpl1.4 (58) GATGO11

Lumbar spine 4.89% 4.30 425 B — — Xq27.3 (166) TATC043
3.39 2.86 141 E% 0.13 0.07 12p11.23 (39) GATA6CO1
2.94 2.44 398 B~ 0.50 0.02 17q21.2 (64) GATA25A04

Ultradistal-forearm 3.54%% 3.01 9.76 E7%° 0.001 0.002 5q23.1 (127) GATA62A04
3.45% 2.92 122 % 0.001 0.17 7p15.1 (35) GATA41G07
2.93% 2.43 408 B~ — — Xq27.3 (166) TATCO043
2.92 2.42 419E ™ 0.13 0.47 12p11.23 (39) GATA6C01

Here we only present the highest LOD scores in Figs. 1 and 2.

* LODg, indicates the equivalent LOD scores comparable to traditional univariate ones.
 p, and p, indicate the probabilities of complete pleiotropy and complete coincident linkage, respectively. The concordant p, and p, are shown in bold

italics, which means one of them is <0.1 and the other is >0.1.

# The locus linked to bone size in our previous univariate linkage study.(!”’

¥ The locus linked to BMD in our previous univariate linkage study.('®

—, pleiotropic tests on X chromosome are not supported by the current version of SOLAR.

at 17q21 to aBMD“**® and femur head width.*¥ As a
strong candidate gene in this region, collagen, type I, o 1
(COLI1AT) was associated with bone-related phenotypes in
multiple studies.!® In particular, our previous studies
showed that the COLIAI gene is important for both LS
aBMD (p = 0.027)“> and UD-forearm ABS,“® partially
in agreement with the observed bivariate linkage of 17q21
to LS aBMD-ABS in this study. In addition, chondroad-
herin (CHAD), homeobox B cluster (HOXB@), and
sclerosteosis (SOST) are among the promising candidate
genes for this region. CHAD has been reported to promote
attachment of osteoblastic cells to solid-state substrates and
to bind chondrocytes through their integrin a2f1 recep-
tors.*” The importance of HOXB (homeobox B cluster)
for regulation of skeletal patterning has been shown in nu-
merous animal systems.“® The SOST gene polymorphisms
were associated with aBMD in elderly whites.*”

We found suggestive linkage at 5923 for UD-forearm

aBMD-ABS. Interestingly, 5923 was linked to UD-forearm
aBMD (LOD = 3.39)® and LS ABS"” (LOD = 1.78) in
our previous univariate linkage studies using the same
sample, further supporting the existence of a QTL with dual
effects on aBMD and ABS in this region. Interleukin 4
(IL4) is a potential candidate gene for this region, which
was associated with human bone resorption and aBMD.®?
Lysyl oxidase (LOX) is another interesting gene in this
region. Hong et al.®» showed that regulation of lysyl oxi-
dase activity plays a key role in the control of collagen
deposition by osteoblast cultures.

The importance of chromosome 7pl5, linked to UD-
forearm aBMD-ABS in this study, was also suggested in an
earlier univariate linkage scan for hip ABS (LOD =
2.53)2) and cortical thickness at the FN (LOD = 1.86).C%
Potential candidate genes at 7pl5 include interleukin 6
(IL6),Y neuropeptide Y (NPY),*> and homeobox A
cluster (HOXA@),°® a gene cluster homologous to fore-
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TABLE 4. MOST PROMISING CANDIDATE GENES SUGGESTED BY BIOINFORMATICS TOOLS

Gene
symbol* Linkage signal in this study DGP Endeavour GeneSeeker Prioritizer PROSPECTR SUSPECTS Total
COLIAI LOD = 2.94 for LS at 17q21 [ [ J [ [ [ J [ ] 6
LBP LOD = 3.65 for FN at 20q11 [ ] [ ] [ [ ] [ ] 5
CCR7 LOD = 2.94 for LS at 17q21 [ [ J [ [ [ ] 5
HSD17B4 LOD = 3.54 for UD-forearm at 5q23 @ [ J [ J [ J 4
KRTI3 LOD = 2.94 for LS at 17q21 [ [ [ J ([ 4
KRTI5 LOD = 2.94 for LS at 17q21 [ [ [ J [ ] 4
KRTI9 LOD = 2.94 for LS at 17q21 [ ] [ ] [ ] [ ] 4
KRTI0 LOD = 2.94 for LS at 17q21 [ [ [ J [ ] 4
FKBPI10 LOD = 2.94 for LS at 17q21 [ [ ] [ [ ] 4
ATP6VOAI LOD = 2.94 for LS at 17q21 [ [ J [ [ 4
IGFBP4 LOD = 2.94 for LS at 17q21 [ ] [ J ® o 4
KRTI17 LOD = 2.94 for LS at 17q21 [ J [ [ J [ 4
FMRI LOD = 2.93 for UD-forearm at Xq27 [ [ [ J 3
USP9X LOD = 2.96 for FN at Xp11 [ ] [ ] [ ] 3
SEMA6A  LOD = 3.54 for UD-forearm at 523 @ [ [ J 3
EPB41L1 LOD = 3.65 for FN at 20q11 [ ] [ ] [ ] 3
NNAT LOD = 3.65 for FN at 20q11 [ [ J [ 3
CTNNBLI LOD = 3.65 for FN at 20q11 [ [ J [ 3
TGIF2 LOD = 3.65 for FN at 20q11 [ ] ([ ] [ 3
RBLI LOD = 3.65 for FN at 20q11 [ [ [ ] 3
SLA2 LOD = 3.65 for FN at 20q11 [ ] [ ] [ ] 3
NDRG3 LOD = 3.65 for FN at 20q11 [ [ J [ 3
GHRH LOD = 3.65 for FN at 20q11 [ [ [ 3
SCANDI  LOD = 3.65 for FN at 20q11 [ J [ [ 3
KRTI6 LOD = 2.94 for LS at 17q21 [ [ J [ ] 3
ACLY LOD = 2.94 for LS at 17q21 [ ] [ ] ([ ] 3
KCNH4 LOD = 2.94 for LS at 17q21 [ [ [ J 3
CNTNAPI LOD = 2.94 for LS at 17q21 [ ] [ ] [ ] 3
HCRT LOD = 2.94 for LS at 17q21 [ [ [ J 3
KRTI14 LOD = 2.94 for LS at 17q21 [ [ J [ ] 3
KRT35 LOD = 2.94 for LS at 17q21 [ J [ [ ] 3
NAGLU  LOD = 294 for LS at 17q21 [ [ ] [ 3
ARNTL2 LOD = 3.39 for LS at 12pl11 [ ] [ ] [ ] 3
MED21 LOD = 3.39 for LS at 12p11 [ [ [ ] 3

Solid circles in this table indicate the corresponding genes were suggested by this method. All genes pinpointed by Geneseeker or DGP were considered
“suggested,” whereas only the top-ranked 25 genes were considered “suggested” for the other four methods. Here we only listed the most interesting

candidate genes that were suggested by at least three tools.
* Gene symbol according to HUGO Gene Nomenclature Committee.

"The times of the corresponding gene getting suggested by these six software applications.

going HOXB@. HOX genes are important transcriptional
regulator of embryonic development in development of
skeletal structure on the anterior—posterior axis.” In this
study, we concurrently detected linkage of UD-forearm
aBMD-ABS to HOXA@ locus (7pl5) and linkage of LS
aBMD-ABS to HOXB@ locus (17q21). This is consistent
with the observation that HOX genes express and function
in a position-specific manner.®® We also obtained a LOD
score of 2.96 at Xp11 for FN aBMD-ABS. Bone morpho-
genetic protein 15 (BMPI5) is a promising candidate gene
in this region. In Table 5, we provide a brief summary of
previous linkage studies for bone phenotypes at the loci
detected in this study.

This study has several strengths. First, compared with
traditional univariate analyses, bivariate linkage analyses
use more information and considerably improve the power
to detect QTLs with modest effects on correlated
traits.1*>? This power advantage in this study is reflected
by (1) our previous univariate whole genome linkage scans

for aBMD"® and ABS"” failed to disclose the common
QTLs important to both traits and (2) the higher LOD
scores achieved at 5q23, 7p15, and Xq27 for UD-forearm
aBMD-ABS in this study compared with those achieved in
univariate linkage analysis for UD-forearm aBMD in the
same sample.""® Second, bivariate linkage analysis can im-
prove precision of parameter estimation, including QTL
position and effect size,**°? which may greatly facilitate
subsequent fine mapping and functional studies. Third,
genes are sometimes tightly clustered. When a specific ge-
nomic region is shown to harbor QTLs affecting multiple
phenotypes, it is still important to differentiate pleiotropic
effects (i.e., a single locus influencing both traits) from co-
incident linkage (i.e., separate tightly clustered loci each
influencing a single trait). The bivariate linkage analysis
adopted in this study is able to fulfill this purpose in a high
power.""> Fourth, given the close biological correlation be-
tween BMD and ABS, knowledge about genes with dual
effects on BMD and ABS may provide additional clues to
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TABLE 5. BRIEF SUMMARY OF PREVIOUS LINKAGE STUDIES FOR BONE PHENOTYPES AT THE LoCI DETECTED IN THIS STUDY

Current results for aBMD-ABS

Previous linkage evidence

Region LOD* Sites Phenotypes LOD or p values References
20ql1 3.11 FN FN vBMD in mice LOD = 3.14 (40)
Peak whole body aBMD in mice p < 0.0020 (43)
UD ABS LOD = 224 (52)
Whole body vBMD in mice LOD = 6.6 (61)
Xpll 2.46 FN Hip aBMD LOD = 2.15 (34)
Cross-sectional area at FN LOD = 223 (53)
Cortical thickness at FN LOD = 238
Cortical thickness at FN LOD = 3.45 (62)
Xq27 430 LS UD aBMD LOD = 2.78 (16)
243 UD UD aBMD LOD = 430 (34)
Hip aBMD LOD = 2.57
17q21 2.44 LS LS aBMD in mice p < 0.0001 (42)
Femur head width LOD = 3.6 (44)
Peak bone mass in mice LOD = 108 (63)
5q23 3.01 UD UD aBMD LOD = 3.39 (16)
UD aBMD in females LOD = 282
7p1S 2.92 UD Hip ABS LOD = 2.53 (52)
Cortical thickness at FN in females LOD = 1.86 (53)
LS aBMD LOD = 2.15 (64)

* LODy, indicates the equivalent LOD scores comparable to traditional univariate ones.
FN, femoral neck; LS, lumbar spine; UD, ultradistal forearm; aBMD, areal BMD; vBMD, volumetric BMD.

our understanding on bone metabolism. Linkages observed
in univariate linkage scans but not in this study imply that
these regions may harbor QTLs affecting either aBMD or
ABS, but not both.

In practice, promising candidate genes can usually be se-
lected from the linkage regions. However, precise and re-
liable inference of candidate genes remains a challenge in
the field. Recent advancement in using bioinformatics tools
to prioritize causative genes for diabetes and obesity®***
exemplified the usefulness of computational biology meth-
ods in gene discovery. In this study, we adopted six bioin-
formatics tools to search or predict the candidate genes in
the linkage regions. These genes deserve further studies to
testify their potential roles in determination of BMD and
ABS.

In summary, this study, for the first time, identified sev-
eral genomic regions that may contain QTLs influencing
both aBMD and ABS. Further follow-up studies for these
regions are needed to eventually pinpoint the genes con-
tributing to bone strength and risk of osteoporotic frac-
tures.
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