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Abstract
Frizzleds are receptors for Wnt signaling and are involved in skeletal morphogenesis. Little is known
about the transcriptional regulation of frizzleds in bone cells. In the current study, we determined if
two common and potentially functional genetic variants (rs2232157, rs2232158) in the frizzled-1
(FZD1) promoter region and their haplotypes influence FZD1 promoter activity in human osteoblast-
like cells. We also determined if these variants are associated with femoral neck bone mineral density
(BMD) and geometry in 1319 African ancestry men aged ≥40 years. Real-time quantitative PCR and
western blot analysis demonstrated FZD1 mRNA and protein expression in the human osteoblast-
like cell lines, MG63 and SaOS-2. Promoter activity was next assessed by transient expression of
haplotype specific FZD1 promoter reporter plasmids in these cells. In comparison to the common
GG haplotype, promoter activity was 3-fold higher for the TC haplotype in both cell lines (p<0.05).
We previously demonstrated that rs2232158 is associated with differential FZD1 promoter activity
and Egr1 binding and thus focused further functional analyses on the rs2232157 G-to-T
polymorphism. Electrophoretic mobility shift assay demonstrated that distinct nuclear protein
complexes were associated with rs2232157 in an allele specific manner. Bioinformatics analysis
predicted that the G to T transversion creates an E2F1 binding site, further supporting the functional
significance of rs2232157 in FZD1 promoter regulation. Individual SNPs and haplotypes were not
associated with femoral neck BMD. The TC haplotype was associated with larger subperiosteal width
and greater CSMI (p<0.05). These results suggest that FZD1 expression is regulated in a haplotype
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dependent manner in osteoblasts and that these same haplotypes may be associated with
biomechanical indices of bone strength.
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Introduction
The wingless-type MMTV integration site (Wnt)/β-catenin signaling pathway has emerged as
an important regulator of skeletal development [1-3]. Osteoblasts are responsible for bone
formation and osteoblast differentiation, proliferation and apoptosis is regulated by the Wnt
signaling [1,2,4]. Wnts bind to a cell surface receptor complex consisting of LRP5 and its co-
receptor frizzled (FZD) to initiate canonical signal transduction [4,5]. Frizzleds may also signal
through the noncanonical planar cell polarity (PCP) pathway, which controls polarized cell
movements and the establishment of tissue polarity [6-8], the ROR2/RYK coreceptors to the
dishevelled-dependent or the Ca(2+)-dependent signaling cascades [9-12]. Wnt signals are
context-dependent based on the expression profile of frizzled receptors and other extracellular
and intracellular Wnt signaling regulators. Very little is currently known about the regulation
of frizzled receptors, particularly in bone cells.

Bone strength and the risk of osteoporotic fracture are determined to some extent by bone
mineral density (BMD). However, BMD is not the only determinant of bone strength and
fracture risk. The structural geometric properties of bone, such as the size, thickness, shape
and spatial distribution of bone mass in cross-section, may also influence bone strength and
fracture propensity [13,14,15,16]. For example, the ability of long bone diaphyses to resist
bending and twisting depends on how the cortical area (and bone mass) is distributed about
the center of the diaphysis, a geometric property known as the cross-sectional moment of inertia
[17]. Bone mass distributed further from the center of the diaphysis (i.e., bone added to the
periosteal or outer surface) is more effective in resisting bending and twisting forces than bone
mass added to the inner (endosteal) surface [17]. The external diameter of bone is exponentially
related to bone strength such that even small contributions to bone circumference add
considerably to its strength [18]. Reduced periosteal bone formation is thought to be a major
mechanism contributing to deficits in bone size and increased skeletal fragility in growth and
aging [18-22]. Racial differences in skeletal geometry may also have important effects on
fracture epidemiology [23]. Skeletal geometry also has a strong and poorly understood genetic
foundation [24,25].

Mutations in the Wnt co-receptor LRP5 are an established cause of rare high and low BMD
and common variants in LRP5 are also associated with normal variation in BMD [26,27,28].
We recently reported a novel association of common promoter variants in the frizzled 1 (FZD1)
co-receptor with skeletal geometry [29]. In the current study, we extend these findings by
analyzing the individual and multi-site promoter haplotypes with the geometric characteristics
of the femoral neck, a clinically important skeletal site, in a large sample of Afro-Caribbean
men. We also examined the effects of the individual SNPs and haplotypes on FZD1 promoter
activity in human osteoblast-like cells. Our results indicate that FZD1 expression is regulated
in a SNP and haplotype dependent manner in osteoblast-like cells and that these same variants
are associated with biomechanical indices of bone strength, providing further evidence for an
impact of FZD1 genetic variation on bone biology.
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Methods
Study Population

The population-based Tobago Bone Health Study was initially conducted on the Caribbean
island of Tobago in 2000 [30,31]. In brief, recruitment was accomplished by word of mouth,
hospital flyers and radio broadcasting. To be eligible, men had to be 40 years and older,
ambulatory and not terminally ill. Questionnaires were administered to obtain information on
demographic characteristics, occupation, medical history, and lifestyle related factors. A total
of 2,652 men completed an initial dual-energy x-ray aborptiometry (DXA) scan for assessment
of BMD. Self-reported ethnicity of the cohort is 97% African, 2% East Indian, <1% white, and
<1% “other”. We excluded men who identified themselves with ethnicity other than Afro-
Caribbean for the current analysis. The final dataset for the current analysis consisted of 1319
men with proximal femur geometry measurements from DXA scans. Their mean age was 59.78
years. The Institutional Review Boards of the University of Pittsburgh and the Tobago Ministry
of Health and Social Services approved this study and all participants provided written
informed consent before data collection.

Densitometry
Each participant received a single hip and total body scan with a Hologic QDR 4500 dual
energy x-ray absorptiometry DXA scanner using the array beam mode (Hologic Inc. Bedford,
MA, USA). Standardized procedures for participant positioning and scan analysis were
followed according to the manufacturer's recommended protocol. Scans were analyzed with
QDR software version 8.26a. Hip scans were further analyzed with the Hip Structural Analysis
(HSA) program developed by Beck et al [16].

Hip Structural Analysis (HSA)
The HSA program employs conventional DXA image data to derive geometric properties of
bone cross-sections. The program uses the distribution of mineral mass in a line of pixels
traversing the bone axis to describe the geometry of the corresponding cross-section at that
point. For precision, measurements are averaged over 5 parallel lines (5 mm) across the bone
axis. Geometric properties are measured for cross-sections in cut planes traversing the
narrowest point of the femoral neck at a distance 1.5 times the measured neck subperiosteal
width, distal to intersection of the neck and shaft axes. Cross-sectional moment of inertia (Ix)
for bending in the image plane from bone mass profile integral was defined as:

where xp is the pixel spacing along the bone mass profile, mbi is the pixel value in g/cm2 of
the ith pixel, ρbe is the effective density of bone mineral in bone tissue, and y is the locus of
the current pixel and yc is the locus of the center of mass of the profile. Conventional areal
BMD (g/cm2), bone cross-sectional area (CSA, cm2), subperiosteal width (cm) and section
modulus (cm3) were measured directly from the bone profile using algorithms described
previously [16]. Bone CSA is equivalent to the amount of bone surface area in the cross-section
after excluding soft tissue space and is proportional to conventional bone mineral content
(BMC, g). Bone CSA is an indicator of bone axial strength in compression. Section modulus
(cm3) was calculated as cross-sectional moment of inertia divided by the distance from the
center of mass to the medial or lateral surface (whichever is greater).
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Other Measurements
Height was measured to the nearest 0.1 cm using a wall-mounted stadiometer. Weight was
recorded to the nearest 0.1 kg without shoes on a balance beam scale. Body mass index was
calculated as weight in kg divided by height in meters squared.

Genotyping
Genomic DNA was isolated from either whole blood extracted by the salting out method or
from blood clots collected in coagulation tubes and isolated by a Qiagen column procedure
(Qiagen, Santa Clara, CA). Two of the common variants rs2232157 and rs2232158 in the
FZD1 promoter region were genotyped using direct DNA sequencing and carried out by DNA
Polymorphic (Alameda, CA) on the ABI 3730XL DNA Analyzer (Applied Biosystems, Foster
City, CA). Sequence analysis and variant detection were completed with Sequencher 4.9
sequence analysis software (Genecodes, Ann Arbor, MI). Genotypes were validated with both
forward and reverse sequencing fragments. There was a >99% genotype completeness rate.

Cell Culture
The human osteoblast-like cell lines MG63 and SaOS-2 were cultured in RPMI medium 1640
with L-Glutamine and 10% fetal bovine serum (v/v) (Invitrogen; Carlsbad, CA). Penicillin/
Streptomycin was included in all culture media at a concentration of 2units/mL. The cell
cultures were maintained at 37°C in a humidified chamber with 5% CO2.

Real-time Quantitative PCR
The human osteoblast-like cell lines MG63 and SaOS-2 were cultured to subconfluence
(~80-90%) and used for total RNA isolation with Trizol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer's instructions. Total RNA samples were analyzed using a
Nanodrop spectrophotometer (Nanodrop Products, Wilmington, DE). Reverse transcription
and real time quantitative PCR were performed using FZD1 primer/probes (Hs00268943_s1,
Applied Biosystems. Foster City, CA) as described previously [32]. FZD1 expression was
normalized to human GAPDH expression level. All reactions were run in duplicate. No
template and no reverse transcriptase controls were performed simultaneously. Relative
expression of FZD1 was determined by the change of cycle threshold (ΔCt) between the FZD1
and the internal control GAPDH. It was calculated as ΔCt = CtFZD1-Ct GAPDH for each cell
line.

Western Blot Analysis
Ten micrograms of total protein isolated from cells at subconfluence were resolved by SDS-
PAGE, transferred to nitrocellulose membrane and analyzed by standard immunoblotting using
HRP-conjugated secondary antibody and chemiluminescence detection (Pierce
Biotechnology, Rockford, IL). Rabbit polyclonal anti-FZD1 antibody was used (AP-2755b
Abgent, San Diego, CA).

Electrophoretic Mobility Shift Assay (EMSA)
Nuclear extracts for EMSAs were prepared from MG63 and SaOS-2 cells using the Nuclear
Extraction Kit (Active Motif, Carlsbad, CA). EMSA was performed using 32P (5′-end)-labeled
double-stranded oligonucleotides specific for the two alleles of rs2232157 (5′-
GACCCCGGCGCGCCC(G/T)AGCCACCC G-3′) as described previously [29].

Generation of FZD Promoter Luciferase Reporter Constructs
Haplotype specific FZD1 promoter region constructs encompassing the rs2232157 and the
rs2232158 SNPs were generated using genomic DNA from individuals with the haplotypes of
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interest. A 726 bp fragment spanning −655 to +71 nucleotide relative to the translation start
point was cloned into the pGL3 basic vector (Promega, Madison WI). Direct DNA sequencing
was used to verify the FZD1 inserts in the pGL3 basic vector. The cloning strategy and
experimental design were described in detail previously [29].

Promoter Activity Analysis
The MG63 and SaOS-2cells were seeded in 48 well culture plates 24 hr prior to transfection
to obtain sub-confluence (~70-80%) at the time of transfection. Transfection was performed
using Lipofectamine LTX (Invitrogen; Carlsbad, California). The cells were harvested at 30-36
hours post-transfection and firefly luciferase activities were analyzed using the luciferase assay
system (Promega, Madison WI). Six replicates for each experimental condition were included.

In silico functional analysis
We used Transcription Element Search Software (TESS: http://www.cbil.upenn.edu/tess) to
assess the potential functional significance of rs2232157.

Statistical Analysis
We calculated site-specific allele frequencies by gene counting and tested for departures from
Hardy-Weinberg equilibrium using a goodness of fit statistic. Pairwise estimates of linkage
disequilibrium were measured as D′ and r2 from the diploid data [33].

In the population study, single SNPs were tested for their association with bone parameters.
Linear regression was used to test for association between the number of rare alleles and the
bone parameters. Analysis of covariance was used to assess dominant and recessive models.
All models were adjusted for age, height and weight and the adjusted, genotype-specific means
and standard errors are presented. Analyses were performed using SAS version 9.1 (SAS
Institute, Cary, NC).

To conduct the haplotype analysis, we used PHASE (version 2.1) [34] to infer haplotypes from
the unphased SNPs and coded the resulting haplotypes according to the number of copies
present for each participant. We excluded any haplotypes with an estimation probability less
than 90% confidence (n=2), giving a final sample of 1317 individuals for the haplotype
analyses. Haplotype associations with bone parameters were completed in the same manner as
single SNP analyses adjusting for age, height and weight.

Non-parametric statistical methods were used to analyze the functional data. Specifically, the
Kruskal-Wallis test and the Wilcoxon rank-sum test were used to assess the significance of
differential promoter activities associated with haplotype specific reporter plasmids in the
transfection experiment.

Results
FZD1 Expression in Human Osteoblast-like Cells

We first characterized the expression levels of FZD1 mRNA and protein using the osteoblast-
like cell lines, MG63 and SaOS-2. Using real time quantitative RT-PCR, FZD1 expression
was detected in both cell lines with relatively higher levels in the MG63 cells (Figure 1b). The
presence of FZD1 in these cells was further confirmed using western blot analysis. In agreement
with the real time quantitative RT-PCR, FZD1 protein was detected in both cells and the
expression level was higher in the MG63 cells (Figure 1c).
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Haplotype Specific Promoter Activity of FZD1 in Osteoblast-like cells
To assess whether the promoter haplotypes influence the transcription of FZD1 in osteoblasts,
haplotype specific promoter constructs were generated and analyzed in MG63 and SaOS-2
cells (Figure 1d). Promoter activity was assessed by transient expression of haplotype specific
FZD1 promoter reporter plasmids in the cell lines. Since one of the four possible haplotypes,
TG, was not observed in our study sample, the functional analysis was focused on the three
haplotypes: GG, GC and TC. A significant difference among haplotypes was observed in
MG63 and SaoS-2 cells (p<0.05 for both cases). The most common GG haplotype exhibited
the lowest promoter activity while the TC haplotype carrying both minor alleles resulted in the
strongest promoter activity in both cell lines. In comparison to the GG haplotype, the promoter
activity was 2.28 and 3.05 fold higher for the GC and TC haplotypes in MG63 cells (p< 0.05
for both haplotypes). Similarly, greater promoter activity was detected for GC and TC
haplotypes in comparison to the GG haplotype in SaoS-2 cells (3.36 and 3.66 fold, respectively;
p=0.0051 for both comparisons).

Allele Specific Nuclear Protein Complexes for rs2232157
We previously demonstrated that rs2232158 is associated with differential FZD1 promoter
activity and with allele specific Egr1 binding [29]. Thus in the current study, we only examined
the potential impact of rs2232157 on transcription factor binding. The higher promoter activity
observed for the TC haplotype than the GC haplotype suggested a potential functional role for
rs2232157 in the transcriptional regulation of the FZD1 gene. To explore whether the
rs2232157 G-to-T polymorphism alters transcription factor binding, an EMSA was completed
(Figure 1e). Nuclear protein extracts from MG63 and SaOS-2 cells were used with allele
specific oligonucleotides containing the rs2232157 site. Two nuclear complexes (labeled as A
and B) were specific and allele dependent. Complex A was primarily observed in the G specific
probe with much less observed in the T specific probe. In contrast, complex B was only detected
in the T specific probe and not in the G specific probe. The allele dependent complex formation
was further supported by the specific competition of each complex with 50-fold unlabeled
allele specific probes. The rs2232157G probe was only able to compete with complex A, while
complex B was competed out by the rs2232157T probe. Therefore, transcription factor binding
was altered due to the G-to-T polymorphism for rs2232157. Furthermore, bioinformatics
analysis using TESS indicates that rs2232157 may alter E2F1 binding such that the T allele
creates a binding site for EIIaE-A, a homolog of E2F1 (Transcription Element Search Software
http://www.cbil.upenn.edu/tess).

Allele and Haplotype Population Frequencies
Based on our previous report, we focused on the two common promoter SNPs, rs2232157 and
rs2232158 (Figure 1a). The observed MAFs were 21% for rs2232157 and 34% for rs2232158
(Table 1). Both SNPs met the expectations of Hardy-Weinberg equilibrium (p>0.01). The two
SNPs were in linkage disequilibrium (r2=0.671; D′=1.0).

Haplotype estimation predicted three haplotypes: GG, GC and TC with a frequency of 71.8%,
6.9% and 21.3%, respectively (Table 1). The TG haplotype was not observed in this study
sample. The absence of this haplotype was further verified with haplotype specific cloning
using DNA samples of the GT/GC genotype combinations. DNA from 5 individuals who were
heterozygous for both SNPs was cloned into pGEMTeasy vector and a minimum of 3 clones
were sequenced. We did not detect the TG haplotype in any of the clones tested from these
samples.
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Association of the FZD1 Promoter Variants with Femoral Neck Geometry
We analyzed the association of FZD1 promoter variants with femoral neck geometry using
both dominant and recessive models and the dominant model was the best fitting model for
this analysis. Bone mineral density and cross-sectional area of the femoral neck were not
associated with either of the FZD1 polymorphisms (Table 2). However, presence of the T allele
at rs2232157 was associated with a 0.28 mm increase in subperiosteal width (p=0.017). The
femoral neck in individuals with the T allele was also significantly stronger, assessed via cross-
sectional moment of inertia, than those with the G allele (p=0.030). In contrast, presence of
the C allele at rs2232158 was associated with a 0.25 mm decrease in subperiosteal width
(p=0.038). In addition, the femoral neck of the individuals with the C allele tended to be weaker,
as assessed via cross-sectional moment of inertia, than those with the G allele, although the
association did not quite achieve statistical significance (p=0.059).

Association of the FZD1 Promoter Haplotypes with Femoral Neck Geometry
Haplotypes of FZD1 promoter polymorphisms were not associated with femoral neck BMD
or CSA, similar to results for the individual SNPs (Table 3). Under a recessive model,
individuals with two copies of the wildtype haplotype (GG) had smaller subperiosteal width
and lower cross-sectional moment of inertia compared to individuals with zero or one copy of
the haplotype (p=0.026 and p=0.031, respectively). Under a dominant model, individuals with
at least one copy of the TC haplotype had larger subperiosteal width and greater CSMI (p=0.018
and p=0.029, respectively).

Discussion
Frizzled co-receptors appear to play a role in the maturation of the periosteum and the three-
dimensional morphogenesis of the skeleton [8,35]. In order to better understand the potential
influence of FZD1 polymorphisms on its transcriptional regulation and bone mass and skeletal
geometry in humans, we characterized haplotype specific promoters in osteoblast-like cells
and conducted genetic association analyses of two previously identified promoter
polymorphisms (rs2232157, rs2232158) [29] and their haplotypes in a large population cohort
of African ancestry men. Transient expression of the haplotype specific promoters in human
osteoblast-like cells demonstrated significantly different promoter activities. Furthermore, we
observed a significant association between the individual polymorphisms and their haplotypes
with the subperiosteal width and cross-sectional moment of inertia at the femoral neck but not
with BMD. This finding, in combination with our previous report [29], suggests that rs2232157
and rs2232158 in the FZD1 promoter region and their haplotypes may be functionally
important in regulating the transcription of FZD1 in osteoblasts and are also associated with
bone size and biomechanical indices of bone strength. These data provide further evidence for
the potential impact of FZD1 genetic variation on individual differences in skeletal
morphology.

Direct comparison of the GG and GC haplotypes showed stronger promoter activity for the
GC specific construct. This was consistent with our previous demonstration that the
rs2232158C allele is associated with Egr1 dependent transactivation of the FZD1 promoter
[29]. The promoter activity was further enhanced in the TC haplotype compared to the GC
haplotype suggesting additional rs2232157T dependent transcriptional activation of the
FZD1 gene. This finding was supported by the differential binding of nuclear proteins to the
rs2232157G and T alleles as demonstrated in the EMSA analysis (Figure 1e) and by the in
silico prediction that the G to T transversion creates an E2F1 binding site. The E2F proteins
bind DNA cooperatively with co- regulatory factors through the E2 recognition site found in
the promoter region of many E2F target genes involved in cell cycle regulation or in DNA
replication [36,37,38]. E2F proteins play important roles in controlling cellular proliferation

Zhang et al. Page 7

Bone. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and development [39,40]. The role of E2F in bone development was demonstrated in E2F1
and E2F3 double knockout mice which developed deficits in long bone size [41]. Moreover,
E2F1 transgenic mice have delayed endochondral ossification, which is especially important
for longitudinal bone growth of the limbs [42]. E2F1 has also been shown to repress the Wnt/
β-catenin pathway and serves as a point of cross-talk between the Wnt/β-catenin and pRb/E2F
pathways in cancer [43]. Further studies are needed to determine if E2F1 directly binds to the
FZD1 promoter region and is differentially influenced by FZD1 promoter polymorphisms and/
or haplotypes in both osteoblasts and chondyocytes.

Osteoporotic fractures are associated with BMD but other indices of bone strength, such as
skeletal geometry, also appear to influence fracture risk [44,45,46]. While the heritability and
genetics of BMD has been widely studied, much less is known about the genetic influences on
bone geometry. Femoral neck geometric properties are highly heritable [24,25] but the genetic
loci influencing skeletal geometry are largely unknown. In the current analysis, we did not
observe an association between FZD1 promoter polymorphisms or haplotypes and femoral
neck BMD suggesting that FZD1 genetic variants may influence bone size and the spatial
distribution of bone mineral but not mineral density. Our findings in humans are consistent
with experimental studies in chickens that demonstrate an important role of Wnt and frizzled
signaling on bone size [8,35]. Also consistent with our observations, a recent study in 371
postmenopausal Korean women found no association between a FZD1 coding polymorphism
and DXA measures of BMD, although this study did not specifically analyze rs2232158 or
rs2232157 [47]. Previous genome-wide association studies of BMD have also not
demonstrated an association between polymorphisms within or flanking FZD1 and BMD in
mixed samples of largely Caucasian men and women [48-52]. However, the genome-wide SNP
chips used in these studies did not include rs2232158 or rs2232157 and had few other SNPs
within the FZD1 gene region (http://genome.ucsc.edu).

Our analysis was limited to Afro-Caribbean men and our findings may not be generalizable to
other populations. In addition, our study was designed to investigate common variation in the
FZD1 promoter region and its association on skeletal traits and we cannot exclude the
possibility that low frequency or rare variants within the coding region of FZD1 impacts BMD
or skeletal geometry. However, we only focused on two potentially functional variants in the
proximal promoter region and cannot exclude the likelihood that more distal regulatory variants
are also associated with bone phenotypes. Finally, we only analyzed the FZD1 promoter in
osteoblast-like cells and characterization of the FZD1 promoter in other cell types, in particular,
chondrocytes will be necessary to understand the complex role of FZD1 in bone biology.

In conclusion, Wnt signaling is important in skeletal development and several Wnt related
genes have already been implicated in the regulation of the skeletal phenotype. The current
analysis provides additional evidence that common and potentially functional genetic variants
in the promoter region of the Wnt co-receptor, frizzled-1, may contribute, in part, to the
heritable influence on skeletal geometry. Moreover, our functional analysis also supports a role
of promoter variants and haplotypes in the regulation of FZD1 expression in osteoblast-like
cells.
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Figure 1.
a) Schematic of the FZD1 5′ UTR region. The relative locations of rs2232157 and rs 2232158
are shown. b) Quantitative RT-PCR analysis of FZD1. Relative expression level (ΔCt) was
calculated using ΔCt of GAPDH as a reference. c). Western blot analysis of FZD1 protein in
MG63 and SaOS-2 cells. Beta-actin was used as an internal control to demonstrate protein
loading. d) Activity of the haplotype specific FZD1 promoters. The promoter activity for
different FZD1 haplotypes were assessed by transfecting MG63 and SaOS-2 cell lines with
luciferase reporter plasmids. Differences in activity were tested using the Kruskal-Wallis and
Wilcoxon rank sum test. e) Allele specific binding to the rs2232157 specific probes by nuclear
proteins. EMSA was carried out using radio-labeled probes for the two alleles of rs2232157
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with nuclear extracts from both MG63 and SaOS-2 cells. The two major complexes are labeled
with A and B. To ensure specificity of binding, the reaction was incubated with 50-fold excess
unlabeled G and T probes (denoted by g* and t*, respectively). As a control, binding reaction
with radio-labeled probe without nuclear extract was conducted (denoted as C).
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Table 1

Characteristics of the 1321 Genotyped Afro-Caribbean Men

Trait Mean (SD) or Frequency

Age (years) 59.8 (10.5)

Height (cm) 174.8 (6.9)

Weight (kg) 84.28 (16.1)

BMI (kg/m2) 27.5 (4.8)

rs2232157 minor allele (T) 21.4%

rs2232158 minor allele (C) 33.9%

GG haplotype 71.8%

GC haplotype 6.9%

TC haplotype 21.3%
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Table 2

FZD1 Genotype Associations with Femoral Neck BMD and Geometry in Afro-Caribbean Men

Trait

Genotype Mean (SE)

p-value*1/1 1/2 2/2

rs2232157 N=824 N=422 N=70

BMD (g/cm2) 1.053 (0.005) 1.045 (0.007) 1.050 (0.018) 0.438

Cross-sectional Area (cm2) 3.170 (0.015) 3.181 (0.021) 3.185 (0.051) 0.636

Subperiosteal Width (cm) 3.172 (0.007) 3.200 (0.010) 3.194 (0.024) 0.017

Cross-sectional Moment of Inertia
(cm4) 2.693 (0.018) 2.758 (0.025) 2.748 (0.061) 0.030

rs2232158 N=556 N=629 N=132

BMD (g/cm2) 1.046 (0.007) 1.053 (0.006) 1.050 (0.013) 0.431

Cross-sectional Area (cm2) 3.178 (0.018) 3.170 (0.017) 3.176 (0.037) 0.765

Subperiosteal Width (cm) 3.196 (0.009) 3.171 (0.008) 3.182 (0.018) 0.038

Cross-sectional Moment of Inertia
(cm4) 2.748 (0.022) 2.688 (0.020) 2.722 (0.044) 0.059

*
all p-values are from the dominant model (best fit) adjusted for age, height and weight 1, major allele; 2, minor allele. SE, standard error of the mean.
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Table 3

FZD1 Haplotype Associations with Femoral Neck BMD and Geometry in Afro-Caribbean Men

Trait

Haplotype Mean (SE)

p-value*0 1 2

GG N=119 N=506 N=692

BMD (g/cm2) 1.034 (0.014) 1.050 (0.007) 1.053 (0.006) 0.221d

Cross-sectional Area (cm2) 3.133 (0.039) 3.192 (0.019) 3.169 (0.016) 0.272d

Subperiosteal Width (cm) 3.191 (0.019) 3.197 (0.009) 3.171 (0.008) 0.026 r

Cross-sectional Moment of Inertia
(cm4) 2.709 (0.047) 2.758 (0.023) 2.688 (0.019) 0.031 r

GC N=1140 N=172 N=5

BMD (g/cm2) 1.052 (0.005) 1.040 (0.012) 1.036 (0.069) 0.329d

Cross-sectional Area (cm2) 3.179 (0.013) 3.142 (0.033) 3.172 (0.191) 0.292d

Subperiosteal Width (cm) 3.183 (0.006) 3.181 (0.015) 3.220 (0.090) 0.949d

Cross-sectional Moment of Inertia
(cm4) 2.720 (0.015) 2.694 (0.039) 2.808 (0.228) 0.591d

TC N=825 N=422 N=70

BMD (g/cm2) 1.052 (0.005) 1.045 (0.007) 1.050 (0.018) 0.456d

Cross-sectional Area (cm2) 3.170 (0.015) 3.182 (0.021) 3.185 (0.051) 0.618d

Subperiosteal Width (cm) 3.172 (0.007) 3.200 (0.010) 3.194 (0.024) 0.018 d

Cross-sectional Moment of Inertia
(cm4) 2.693 (0.018) 2.758 (0.025) 2.749 (0.061) 0.029 d

0, zero copies of the haplotype; 1, one copy of the haplotype; 2, two copies of the haplotype. SE, standard error of the mean.

*
p-values of the best fit model adjusted for age, height and weight are shown:

d
dominant model;

r
recessive model
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