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Abstract

Aim: To identify pleiotropic quantitative trait loci (QTL) influencing bone size
(BS) at different skeletal sites in Caucasians. Methods: In a sample containing
3899 Caucasians from 451 pedigrees, 410 microsatellite markers spaced ~8.9 cM
apart across the human genome were genotyped. Phenotypical and genetic corre-
lations of BS at lumbar spine, hip (femoral neck, trochanter, and intertrochanter
regions), and wrist (ultradistal, mid-distal, and one-third distal sites) were deter-
mined using bivariate quantitative genetic analysis. A principal component analy-
sis (PCA) was performed to obtain principal component (PC) factors that were
then subjected to variance components linkage analysis to identify regions linked
to the PC. Results: Genetic correlations of BS at different skeletal sites ranged
from 0.40t00.79 (P<0.001). The PCA yielded a PC named PC,,,;, which explained up
to 76% of the total (co)variation of all the BS at the 7 skeletal sites for the whole
sample. We identified a QTL influencing the BS of multiple skeletal sites on chromo-
some 7 at 140 cM [logarithm of odds (LOD)=2.85] in the overall sample. Sex-specific
evidence for linkage was observed on chromosome 11 at 53 ¢cM (LOD =2.82) in the
male-only data subset. Conclusion: Our study identified several genomic regions
that may have pleiotropic effects on different skeletal sites. These regions may
contain genes that play a critical role in overall bone development and osteoporo-
sis at multiple skeletal sites, hence are biologically and clinically important.
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Introduction tively few genetic studies on BS in humans, and the list of

Osteoporosis is a skeletal disorder characterized by com-
promised bone strength, which predisposes an individual to
an increased risk of fractures. Several categories of phenotypes,
including bone mineral density (BMD), bone size (BS),
geometry, and structure are considered determinants of bone
strength!" ). Numerous studies conducted over last 2 de-
cades have documented that BMD is highly heritable™ and
much effort has been done to identify the particular chromo-
somal loci and genes involved in the determination of BMD
variation'®. BS is also under strong genetic control, with
heritability of over 50%!*), In contrast, there has been rela-
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quantitative trait loci (QTL) and genes involved in the deter-
mination of BS is far from being complete.

Several candidate genes and allelic variants have been shown
to be associated with or linked to BS-related phenotypes, for
example, collagen type I alpha (COL1A4)1¥ and COL1A2",
low-density lipoprotein receptor-related protein 5", alpha2-HS
glycoprotein?, estrogen receptor alpha!'¥!, cytochrome
P450c17alpha"*. We previously identified several chromo-
somal regions for BS variation at individual skeletal sites!'>'",
However, it is unclear if BS variation at multiple skeletal sites
is governed by some shared genetic determination since BS
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at different sites are highly correlated™.

There is also a significant sex bias in the magnitude of BS
and incidence of osteoporotic fracture. Women generally
have smaller body size and skeletons than men" "', Furthermore,
females show a greater incidence of stress fractures early in
life!" and fragility fractures later in life, with a female-to-
male ratio of approximate 4:1%°?', Thus investigations into
the genetic basis underlying the sex effects in BS variation
are warranted.

Here, we present the results of genome-wide scan in a
large sample containing 3899 Caucasians from 451 pedigrees.
To examine the pleiotropic effects on BS at multiple skeletal
sites, we used the outcome of a principal component analy-
sis (PCA) conducted on 7 BS measurements. The notable
sex bias led us to investigate whether there are sex-specific
pleiotropic genes that underlie BS variation.

Materials and methods

Subjects The study was approved by the Creighton Uni-
versity Institutional Review Board (Omaha, NE, USA). All
the study subjects signed informed consent documents be-
fore entering the project. The sampling scheme and exclu-
sion criteria have been detailed elsewhere?”. Briefly, patients
with chronic diseases and conditions that might potentially
affect bone mass, structure, or metabolism were excluded.

All the study subjects were Caucasians of European
origin. The sample contained a total of 4256 phenotyped
subjects from 451 pedigrees (see Table 1 for their basic
characteristics), of whom 3899 subjects were genotyped. The
pedigree size varied from 4 to 416 individuals, with a mean
(SD) of 11.6 (28.5), providing us an exceedingly large number

Table 1. Basic characteristics of the study subjects.

of relative pairs (>150 000) informative for the linkage analysis.

Measurements BS (cm?) at lumbar spine (L1-4), hip
(femoral neck, trochanter and intertrochanter), and forearm
(ultradistal, mid-distal, and one-third distal) were measured
by Hologic 1000, 2000+, or 4500 dual-energy X-ray
absorptiometry scanners (Hologic, Waltham, MA, USA). All
scanners are calibrated daily, and long-term precision is
monitored with external phantoms. The short-term BS mea-
surement precision on the Hologic 4500 is reflected by a
coefficient of variation (CV) of 1.11%, 3.25%, 4.37%, 6.42%,
2.36%, 1.29%, and 1.88%, respectively, at the spine, femoral
neck, trochanter and intertrochanter regions at the hip, as
well as ultradistal radius, mid-distal, and one-third distal ar-
eas at the forearm. A similar CV was obtained on the Hologic
1000 and 2000+ scanners. BS measurements by different scan-
ners at our center are highly compatible with one another
and are well within the precision limits™ . In particular, mem-
bers of the same pedigree were usually measured on the
same type of machine, which ensured minimum or no effect
on our linkage analyses due to measurements by different
scanners. Weight (kg) and height (m) were measured at the
same visit of the BS measurement.

Genotyping For each patient, DNA was extracted from
peripheral blood using the Puregene DNA isolation kit
(Gentra Systems, Minneapolis, MN, USA). Among all the
subjects, 3899 individuals were genotyped with 410
microsatellite markers (including 393 markers for 22 auto-
somes and 17 markers for the X chromosome) from the
Marshfield screening set 14 by the Marshfield Center for
Medical Genetics. The markers had an average population
heterozygosity of 0.75 and were spaced on average 8.9 cM

Females (n=2520)

Males (n=1736) Total (n=4256)

Age (years) 47.57+15.98
Height (m) 1.64+0.07
Weight (kg) 71.3£16.0
Body mass index (kg/cm?) 26.59+5.80
BS (cm?)

Spine 58.58+5.84
Femoral neck 5.04+0.40
Trochanter 11.74+2.13
Intertrochanter 18.28+2.33
Ultradistal site 3.57+0.37
1/3 distal site 2.61+£0.41
mid-distal site 6.80+£1.02

47.95+16.12 47.72+16.04
1.78+0.07 1.70+0.10
89.4+15.8 78.5+18.2
28.04+4.45 27.18+5.38
70.38+6.47 63.38+8.41
5.91+0.49 5.40+0.61
13.67+1.59 11.72+2.11
25.04+3.30 21.04+4.32
4.34+0.44 3.89+0.55
3.19+0.31 2.85+0.47
9.79+1.47 8.04+1.92

Note: BS values are mean+SD of the raw data without adjustment for covariates.
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apart. The detailed genotyping protocol is available at http:/
/research.marshfieldclinic.org/genetics/Lab_Methods/
methods.html. A database management system, including
GenoDB™, was employed to manage the phenotype and
genotype data for the linkage analysis. GenoDB was also
used for allele bining (including setting up allele bining crite-
ria and converting allele sizes to distinct allele numbers),
data quality control, and data formatting for PedCheck™
and linkage analysis. PedCheck was performed to ensure
that the genotype data conform to the Mendelian inherit-
ance pattern at all the marker loci. In addition, we used MER-
LIN® to detect genotyping errors of unlikely recombination
(eg double recombination) in our sample. The genotyping
error rate of ~0.03% was determined.

Statistical analyses

Correlation analyses Prior to the genetic analysis, de-
scriptive statistics of the sample were analyzed using SPSS
version 11.0 software (SPSS, Chicago, IL, USA). We performed
a bivariate quantitative genetic analysis to assess genetic and
phenotypic correlations using SOLAR v3.0.4 (Sequential Oli-
gogenic Linkage Analysis Routines) software®?”, following
the procedures detailed in our earlier studies™.

PCA A PCA was undertaken for the 7 BS phenotypes to
avoid the problem of multiple comparisons and redundancy
of information, following the method detailed in a previous
study”. Briefly, the analysis was performed in a 3-step
process: (1) extraction of initial components by use of PCA;
(2) rotation of components using the varimax option, result-
ing in elucidation of factors; and (3) interpretation of factors
with loadings. The original data, regardless of sex and age,
were used in the PCA. The analysis generated principal com-
ponent (PF) factors (as linear combinations of the variables)
for each individual, and the pedigree members were assumed
independent for this analysis. The eigenvalue (which repre-
sents the variance explained by each of the PC) of 1 criterion
was implemented to determine the number of the compo-
nents and varimax rotation to achieve a better interpretation
of the PC. However, only one PC (PCy,,) was extracted in
the analysis and there was no need for a further rotation
procedure.

QTL analysis Two-point and multipoint linkage analy-
ses across 22 autosomes and a 2-point linkage analysis on
chromosome X were performed using SOLAR. Under poly-
genic models, covariates age, sex, height, and weight were
tested for importance on the PCy,,, variation. Significant
covariates (P<0.05) were used to adjust the PC within the
linkage model in SOLAR.

The sex bias observed in BS led us to investigate whether
there was sex-specific evidence for linkage in these families.

The original BS data were stratified on the basis of sex, with
the male set generated by setting the females to “unknown”,
and vice versa for the female data set. The new male
(n,=1736) and new female (n~2520) data sets were used in
the PCA and the linkage analysis as described earlier. The
PCA generated 1 PC from the male-only subset (PC,,) and
one PC from female-only data subset (PCy). Age, height, and
weight were tested, and significant factors (P=0.05) were
adjusted as covariates in the linkage analysis. Furthermore,
the Marshfield sex-specific genetic maps were used in the
subgroup analysis.

The normality of distribution of the PC phenotypes was
estimated through kurtosis that was 0.63, 0.75, and 0.68 for
PCry, PCy, and PCy,, respectively. Although the variance
component analyses implemented in SOLAR are quite ro-
bust to slight deviation from normality (kurtosis <2.0), we
still carried out 10 000 replicates of the overall data set, as
well as the male-only and female-only data subsets, using
the procedure “lodad;j” implemented in SOLARP” to correct
for such deviations and to test the robustness of our results.
All the results were reported as adjusted logarithm of odds
[LOD] scores by multiplying the original LOD scores by a
correction constant that were 1.00, 0.95 and 0.95 for PCr,,,
PC; and PC,, respectively. The proportion of expected LOD
scores greater than the observed LOD score is the latter’s
empirical P-value. Because we conducted 2 independent
genome-wide scans for the sex-specific analyses, we con-
ducted a Bonferroni adjustment approach following Lander
et al®". The LOD thresholds increased from 1.90 to 2.45 for
suggestive linkage, and from 3.30 to 3.87 for significant
linkage.

Results

Table 1 summarizes the basic characteristics of the study
subjects. The data showed that males had significant greater
values for all the descriptive statistics except for age than
females (#-test P<0.001). All of the 7 BS variables were sig-
nificantly correlated both genetically and phenotypically
(Table 2). The genetic and phenotypical correlations of BS at
different skeletal sites ranged from 0.40 to 0.79, and from 0.17
to 0.65, respectively. The square of the genetic correlation
that approximates shared genetic effects between 2 traits is
in the range of 16%—63%, indicating the existence of common
genetic factors governing a clustering of BS phenotypes.

Table 3 shows the results of the PCA analysis. For the 7
BS measurements, 1 PC, with eigenvalue =1.0, was retained
in the overall data set, as well as the male-only and female-
only data subsets, which accounted for 76%, 49%, and 51%
of'the total variation of the 7 BS measurements, respectively.

747



Tan LJ et al

Acta Pharmacologica Sinica ISSN 1671-4083

Table 2. Correlations of BS at different skeletal sites in the total sample.

Phenotype Spine Femoral neck Trochanter Inter-trochanter Ultradistal site One-third distal site Mid-distal site
Spine 1 0.43 0.49 0.48 0.51 0.50 0.57
Femoral neck 0.17 1 0.65 0.60 0.58 0.40 0.62
Trochanter 0.35 0.29 1 0.65 0.57 0.41 0.63
Intertrochanter 0.30 0.23 0.27 1 0.61 0.49 0.61
Ultradistal site 0.31 0.22 0.34 0.29 1 0.53 0.79
One-third distal site 0.34 0.22 0.27 0.28 0.37 1 0.74
Mid-distal site 0.38 0.26 0.38 0.35 0.63 0.65 1

Note: Values in shaded regions are coefficients of genetic correlation for BS variables. Values in unshaded regions are coefficients of

phenotypical correlation of the variables. All correlations are significant (P<0.001) with BS variables adjusted by significant covariates, such

as age, sex, height, weight, and sex-by-age interaction.

Table 3. PCA for BS at various skeletal sites.

Total sample Males Females
(n=4256) (n=1736) (n=2520)
PCro PCy PC;

Spine 0.836 0.646 0.628
Femoral neck 0.883 0.646 0.667
Trochanter 0.870 0.708 0.689
Intertrochanter 0.850 0.669 0.624
Ultradistal site 0.873 0.853 0.750
One-third distal site 0.848 0.755 0.648
Mid-distal site 0.936 0.700 0.854
Eigenvalue 5.31 3.57 3.41
Total explained
Variance (%) 76 51 49

Note: PC loadings, the correlation coefficients between BS measure-

ments and the PC factors, are shown. Eigenvalues represent the

variance explained by each of the PC.

The PC loadings (which are the correlation between each
variable and the component) ranged from 0.84 to 0.94 for the

total sample, 0.65 to 0.85 for females, and 0.62 to 0.85 for
males, respectively.

In the variance component analysis of the PC, the heri-
tability of PCy,,;, PCy, and PC,, were (mean+SEM) 0.64+0.03,
0.59+0.03, and 0.56+0.03 (data not shown), respectively, re-
vealing that PC were under significant genetic influences.
The results of the genome-wide linkage analysis in the over-
all sample are provided in Figure 1 and Table 4. The stron-
gest linkage signal was detected on chromosomes 7q34 (140
cM, LOD=2.85, empirical P<0.0001). Sex-specific analyses
resulted in additional evidence for linkage on chromosome
11 at 53 cM (Figure 2), with a LOD score of 2.82 (P<0.0001).

Discussion

Previously, we reported a whole genome linkage scan for
BS variation in 451 Caucasian pedigrees!'”. Several genomic
regions were suggested to be linked to BS variation. To de-
tect pleiotropic genomic regions for BS, we conducted a sec-
ond genome-wide linkage scan in the same sample. In this
study, significant and high-genetic correlations of BS at
multiple skeletal sites were observed, implying that BS at
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Figure 1. Genome-wide linkage signals on autosomes in the overall sample.
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Table 4. Genomic regions of suggestive linkage to PC phenotypes.

Location Marker LOD scores (2 point/multipoint)
PCrom PC; PCy
5923(99 cM) GATA62A04 - - 2.63/2.39
7q34(140 cM) GATAG63FO08P  2.71/2.85 2.21/1.79 -
8q24(218 cM) UT721M - 1.91/2.30 -
11pl11(53 cM) ATA9BO4N - 1.57/2.82
21q21(31 cM) GATA129DIIN - 2.08/1.85 -

Note: Numbers in parentheses are genetic distance of the linkage
peak from the p-terminal. Markers listed are the nearest marker
genotyped from the linkage peak.

different skeletal sites may share some genetic determinations.
We then performed PCA and whole genome linkage scan,
and identified a suggestive QTL influencing the BS of mul-
tiple skeletal sites on chromosome 7q34, with a LOD score of
2.85at 140 cM.

PCA is a variable reduction procedure that extracts
uncorrelated factors from correlated variables to obtain an

independent PC that explains the vast majority of the corre-
lated phenotypic variations. In this study, the joint analyses
ofthe 7 correlated BS measurements may allow us to identify
the loci which have common effects to a set of BS measured
at different sites. However, the genetic effects at pleiotropic
loci/genomic regions identified are not allowed to possibly
have different contributions to each BS measured. In our
PCA we extracted a PC factor (PCy,,) which explains over
76% of the total BS variation of multiple sites. Strong evi-
dence of linkage was detected on chromosome 7q34 for the
combined BS phenotypes, but no linkage evidence was found
for BS at each individual skeletal site at this region (data not
shown), suggesting that PC may provide more information
for linkage analysis than each individual trait.
Chromosome 7q34 is an interesting region since the im-
portance of this genomic region has been highlighted in pre-
vious studies. In a white sibling sister pairs study, Koller et
al found a significant linkage peak at this region (LOD =5.0)
for femur head width® Kato et al also mapped Silver—Russell
syndrome, which involves short stature and dysmorphology,
to chromosome 7q34™. Three candidate genes present in
the 1 LOD unit drop support interval (11 cM) of the 7q34

Chromosome 11
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Figure 2. Sex-specific evidence for linkage. Analysis of the male-only data set (dotted line) compared with the complete data

set (dashed line)

and female-only data set (solid line) on chromosome 11, showing increase in the LOD score.
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signal are involved in pathways of bone metabolism, includ-
ing leptin and interferon regulatory factor 5. Leptin is se-
creted primarily by adipocytes, with its function to control
both bone formation and resorption****, Foldes et a/*® re-
ported that femoral BS in obese leptin receptor-deficient
(homozygous) rats decreased. A recent study also showed
that leptin is involved in genetic variation of hand BS and
geometry®”,

Investigations of sex-specific genetic variants of complex
disorders are recommended™®*"), especially when the disor-
der exhibits a skewed sex ratio in severity and/or prevalence.
The appropriate criteria for assessing genome-wide signifi-
cance in a sex-specific linkage analysis merit some additional
discussion. In our study, we used the rigorous Bonferroni
criterion for interpretation of the linkage results. Furthermore,
the sex-specific QTL should be interpreted with caution and
merit further justification because other factors, such as gene-
by-sex interaction, may also lead to sex difference of linkage
signals in the subgroup analyses of the 2 sexes.

In the present study, we observed a male-specific QTL on
chromosome 11p11. The importance of chromosome 11 was
previously reported to show pleiotropic effect on 4r size pheno-
types (BS, muscle size, body length, and body weight) in mice!*”,
A prominent candidate gene, exostoses 2 (EX72), underlies the
1-LOD unit drop interval on chromosome 11. The EX72 gene
encodes an essential component of the glycosyltransferase
complex required for the biosynthesis of heparan sulfate, which
modulates the signaling involved in bone formation™",
Furthermore, mutations or deficiencies in the EX72 gene
cause multiple bone diseases, including hereditary multiple
exostosis™? and osteochondromas™’. These findings sug-
gest the potential importance of chromosomal 11p11 in bone
metabolism.

In conclusion, we reported a genome-wide linkage analy-
sis for the PC of 7 BS measurements. Our large sample con-
taining more than 150 000 informative relationships makes
the results of the linkage analysis powerful and reliable. Evi-
dence of suggestive linkages was observed on the chromo-
some regions of 7q34 in the overall sample, and 11p11 in the
males. Our findings warrant further fine-mapping efforts or
focused studies in fine mapping analyses on these identi-
fied regions to pinpoint functional mutations of the pleiotro-
pic effects on BS variation at multiple skeletal sites.
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