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ABSTRACT

Mineralization of bone matrix is an important process in bone formation; thus defects in mineralization have been implicated in bone
mineral density (BMD) and bone structure alterations. Three central regulators of phosphate balance, ALPL, ANKH, and ENPP1, are central
in the matrix mineralization process; therefore, the genes encoding them are considered important candidates genes for BMD and bone
geometry. To test for an association between these three candidate genes and BMD and bone geometry traits, 124 informative single-
nucleotide polymorphisms (SNPs) were selected and genotyped in 1513 unrelated subjects from the Framingham offspring cohort. Initial
results showed that SNP rs1974201 in the gene ENPPT was a susceptibility variant associated with several hip geometric indices, with the
strongest p value of 3.8 x 1077 being observed for femoral neck width. A few modest associations were observed between SNPs in or
near ALPL and several bone traits, but no association was observed with ANKH. The association signals observed for SNPs around
rs1974201 were attenuated after conditional analysis on rs1974201. Transcription factor binding-site prediction revealed that the HOXA7
binding site was present in the reference sequence with the major allele, whereas this potential binding site is lost in the sequence with
the minor allele of rs1974201. In conclusion, we found evidence for association of bone geometry variation with an SNP in ENPP1, a gene
in the mineralization pathway. The alteration of a binding site of the deregulator of extracellular matrix HOXA7 warrants further
investigation. © 2010 American Society for Bone and Mineral Research.
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Introduction

Osteoporosis is a major public health problem that is
associated with disability and mortality and a huge
socioeconomic burden owing to its complication of bone
fractures. As the world’s population ages, the prevalence rates of
osteoporotic fractures increase in parallel with approximately
200 million women worldwide suffering from osteoporosis. Low
bone mineral density (BMD) and unfavorable bone geometry are
two of the major determinants of bone strength and hence risk
factors for osteoporotic fracture. These traits are under strong

genetic regulation, with heritability estimates ranging from 0.5 to
0.9 for bone mineral density"™® and 0.3 to 0.6 for bone
geometry.” Identification of genes affecting risk of osteoporosis
therefore is important for disease prevention and treatment.
Bone modeling and remodeling are essential in maintaining
healthy bone. Bone modeling during skeletal maturation
produces a skeleton with a given mineralization and size,
whereas bone remodeling removes old bone by osteoclastic
bone resorption coupled with bone formation by osteoblasts.
Therefore, defects in the bone-formation process affect not only
BMD but also bone structure. During bone formation in both
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bone modeling and remodeling, osteoblasts first undergo
proliferation and differentiation, and eventually they produce
bone matrix and mediate bone deposition and mineralization.
Mineralization of the extracellular matrix of bone is an essential
element of bone development, maintenance, and repair.
Consequently, the genes encoding for major factors controlling
bone mineralization® seem to be very promising candidates for
association studies with bone-strength phenotypes. In miner-
alization, hydroxyapatite is formed by crystallization of calcium
and inorganic phosphate ions in chondrocyte- and osteoblast-
derived matrix vesicles.”” However, the formation of hydro-
Xyapatite is antagonized by inorganic pyrophosphate (PP;).®
Therefore, a tight balance between the concentration of
inorganic phosphate (P;) and PP; is essential to maintain proper
bone mineralization. Three central regulators mediate this
process, namely, alkaline phosphatase liver/bone/kidney
(ALPL), ankylosis progressive homologue (mouse) (ANKH), and
ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1).
ENPP1 modulates physiologic mineralization by generating PP;
from trinucleotide phosphate. ALPL hydrolyzes PP; into P;,
whereas ANKH mediates the transport of intracellular and
extracellular PP,.©® Defects in bone mineralization or excess of
ectopic ossification have been observed in knockout or mutant
mice of alp!,®® ankh,"® and enpp1.*’" We previously reported
that polymorphisms in the distal region of the ANKH gene were
significantly associated with serum circulating levels of biomar-
kers involved in bone metabolism, such as osteoprotegerin'?
and parathyroid hormone."® We also found previously signi-
ficant associations between the polymorphisms mapped to a
promoter region of ANKH and several skeletal size traits,
including body height and length of long bones,'® suggesting
that this gene also may be involved in bone geometry variation.
However, the contributions of variants in these genes to BMD
and bone geometry variations in humans remain poorly
understood. Therefore, an investigation of the effects of poly-
morphisms located in these genes in another population is
important at least in two respects—to test the effect of these
genes on bone mass and geometry variations and to verify that
this effect is not spurious or population-specific. Here we studied
these three mineralization pathway-related candidate genes
with osteoporosis-related traits in a well-characterized sample of
men and women from the Framingham Osteoporosis Study.

Materials and Methods

Study population

The Framingham Osteoporosis Study is an ancillary study of the
population-based Framingham Heart Study (FHS). The 1513
totally unrelated participants in this study are a subset from the
Framingham offspring cohort that provided blood samples for
DNA and that had bone phenotypes. These subjects were not
selected on the basis of any trait but rather based only on having
bone phenotypes and DNA for genotyping. The detailed design
of the Framingham Osteoporosis Study has been previously
described."™ The study was approved by the Institutional
Review Boards for Human Subjects Research of Boston University
and Hebrew Rehabilitation Center, and informed consent,

including consent for genetic analyses, was obtained from all
study participants.

BMD measurements and HSA

BMD (g/cm?) at the L,—L, vertebral spine (LS BMD) and femoral
neck (FN BMD) was measured by dual-energy X-ray absorptio-
metry (DXA) with a Lunar DPX-L (Lunar Corp., Madison, WI, USA)
between 1996 and 2001. An interactive computer program (Hip
Structural Analysis, HSA)"® was used to derive a number of
structural variables from the femoral DXA scans. The regions
assessed were the narrowest width of the femoral neck (NN),
which overlaps or is proximal to the standard Lunar femoral neck
region, and the femoral shaft (S)—1.5 times the minimum neck
width distal to the intersection of the neck and shaft axes (see ref.
(7) for details). HSA provided measures of outer diameter at both
femoral regions (NN WIDTH and S WIDTH), as well as neck shaft
angle (NSA) and femoral neck length (FNL, defined as the
distance from the center of the femoral head to the intersection
of neck and shaft axes). These measures have been well
described in previous publications."®'? In total, six traits are
reported here (LS BMD, FN BMD, NN WIDTH, S WIDTH, NSA, and
FNL). Coefficients of variation for the different component
variables were reported previously for LS BMD (0.9%), FN BMD
(1.7%),%” and the geometric indices, ranging from 3.3% (NN
WIDTH) to 9.1% (FNL).?"

Other characteristics

Variables potentially influencing BMD and hip geometry were
obtained at the time of DXA measurement along with overall
medical history. Details of these measurements have been
published previously.*? These variables included age, sex,
height, weight, and, for women, estrogen use and menopausal
status. Weight was measured using a standardized balance-
beam scale. Height (without shoes) was measured to the nearest
Y4 in using a stadiometer. Tobacco use (ie, cigarette smoking) was
assessed at each examination as number of cigarettes per day
and used in this study as current, former, or nonsmoker at time of
the scan. Men and women were classified into one of two
estrogen status categories: (1) premenopausal or postmeno-
pausal women on estrogen-replacement therapy (estrogen-
replete) or (2) men or postmenopausal women not on estrogen,
where menopause was defined as having no menstrual period
for at least 1year (estrogen-depleted).

DNA extraction, SNP selection, and genotyping

Genomic DNA was extracted from peripheral blood leukocytes
using a phenol/chloroform extraction method, and DNA from
immortalized lymphoblast cell lines was salt-precipitate
extracted (detailed description has been reported previously®*).
For all three candidate genes, SNP tagging was done in a
genomic region 20 kb upstream and 10 kb downstream of each
gene. For ANKH and ALPL, we selected tag SNPs to account for at
least 80% of the common haplotypes,?* as defined in 2006. Tag
SNP selection software TagSNPs (www-rcf.usc.edu/~stram) was
applied to the CEPH population based on Phase | HapMap to
choose tagging SNPs that were then genotyped in Framingham
participants. The TagSNP selection algorithm is based on
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optimizing the squared correlation between estimates of the
number of copies of a particular haplotype h and the true
number of copies of haplotype h (R%) carried by a subject,
averaging over all possible genotype data under an assumption
of Hardy-Weinberg equilibrium (HWE).?® Genotyping for SNPs in
ALPL and ANKH was done using ABI Tagman SNP genotyping
assays. Strategies in SNP tagging and genotyping methods for
ENPPT have been described previously.®® In brief, coverage of
ENPP1 reached 100% using variants with minor allele frequency
(MAF) > 5%, with HWE p <.001 and r* > 0.70 based on HapMap
Phase Il (Release 21) CEU population.

For ALPL and ANKH, since the initial tagging SNPs were
selected and genotyped based on Phase | HapMap, we improved
gene coverage by extracting additional genotypes from 21 and
40 SNPs in and around these genes, respectively, from the
Affymetrix 550K Genechip that was used in the Framingham
cohorts. The Affymetrix 550K Genechip provides consistently
high coverage in different populations. It is comprised of two
arrays, and approximately 262,000 and 238,000 SNPs were
genotyped by Nsp and Sty arrays, respectively. Gene coverage of
ALPL and ANKH eventually reached 74% and 78% of variants
whose minor allele frequency is 5% or more with an ? > 0.70
based on HapMap Phase Il (Release 21) CEU population. Finally,
with the addition of these SNPs, 34, 50, and 40 SNPs in total
were included in ALPL, ANKH, and ENPP1, respectively, with an
average intermarker distance of 2.8kb and capturing at least
84% (r* threshold of 0.7) of the total number of SNPs in these
three candidate genes, according to HapMap Phase Il (Release
21) CEU population.

Statistical analysis

The genotyping quality of each SNP was first checked for the call
rate, MAF, and HWE using the PLINK software.?”” SNPs with MAF
less than 0.05, call rate less than 90%, and HWE p value greater
than .001 were excluded from further analysis. Subjects with
genotyping rate < 90% also were excluded from further analysis.

The p values, B coefficients, and standard errors were
determined using linear regression with an additive model to
determine the association of the SNPs with BMD and hip
geometry; all analyses were adjusted for age, sex, height, weight,
estrogen status, smoking, and alcohol consumption in the
linear regression model. Since we observed a strong association
between rs1974201 and several hip geometric indices, a
conditional analysis also was performed to investigate whether
the significant associations in ENPP1 were mainly driven by the
effect of rs1974201.

Two approaches were used to correct for multiple testing: (1)
1 million permutations were conducted in PLINK*” using the
command mperm to control for the family-wise error rate, and (2)
a Bonferroni correction was applied to correct for 6 traits and 103
markers (618 tests), with the resulting p value significant threshold
at 8.1 x 10~ (because these 6 traits are not totally independent,
this correction threshold is considered conservative).

Transcription factor binding site (TFBS) prediction

Because rs1974201 is located in intron 24 of ENPP1, we
hypothesized that it may be functional and located in or near

an intronic enhancer®®=39; therefore, we investigated the

presence of a possible TFBS in the flanking sequence of
rs1974201. The potential effect of rs1974201 on TFBS alteration
was first predicted using software Alibaba2 (available at
www.gene-regulation.com/pub/programs/alibaba2/index.html).
The prediction was cross-validated subsequently using an
independent TFBS prediction tool (MATINSPECTOR).®" Matrices
used for the TFBS prediction can be filtered by the tissues they
are associated with in MATINSPECTOR. Matrix filters of “skeleton”
and “bone and bones” were used in the TFBS prediction. Core
similarity and matrix similarity were obtained from the program
output; in brief, core similarity was defined as the highest
conserved positions of the matrix.®” An optimized matrix
similarity was used as the threshold for assessing false-positive
rate. When matrix similarity is equal to or larger than the
threshold, the number of false-positive matches is minimized.

Results

Baseline characteristics

Table 1 presents the baseline characteristics of the Framingham
offspring subjects. There were 1513 phenotyped participants. In
this sample, men and women were of similar age. As expected,
male participants were heavier, taller, and in general had larger
average BMD and geometric measures than females. Current
smokers constituted 11.3% of the men and 13.3% of the women.
Of the total 797 women, 372 were either premenopausal or on
estrogen-replacement therapy.

Table 1. Clinical and Demographic Information of the Studied
Framingham Offspring Cohort Participants

. Men (n=716) Women (n=797)
Continuous
variables Mean SD Mean SD
Age (years) 62.04+9.1 60.6 £9.0"
Height (cm) 174.81 +6.71 161.39 £6.18"
Weight (kg) 87.67 £15.55 71.71+£15.35"
Alcohol (oz/week) 3.56 +4.72 1.74+2.46"
LS BMD (g/cmz) 1.20+1.17 1.124+0.75
FN BMD (g/cmz) 0.85+1.12 0.80 £0.87
NSA (degrees) 127.09 +18.39 126.20 +15.31"
FNL (cm) 5.90 +2.08 5.19 £ 1.55"
NN width (cm) 3.78+1.58 3.25+1.85"
S width (cm) 1.84 +4.38 2.214+3.63"
Categorical
variables n % n %
Smoking = never 214 30.3 279 3541
Smoking = former 413 584 405 51.3
Smoking = current 80 11.3 105 13.3
Estrogen status® = low NA NA 416 52.8
Estrogen status = high NA NA 372 47.2

@Estrogen status: “Low” means postmenopausal women; “high” means
either premenopausal or women on estrogen.

“Indicates significant difference at p <.01 between males and females
using t test. TIndicates significant difference at p < 0.01 between males
and females using chi-square test
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Genotyping frequencies, linkage disequilibrium (LD), and
single-marker association

Genotype data were available for 124 SNPs. The genotyping
frequencies and allele information for these 124 SNPs are
summarized in Supplemental Table 1. One SNP with a call rate of
less than 0.9 and MAF greater than 0.05 and 20 additional SNPs
with MAF less than 0.05 were filtered out, leaving 103 SNPs in the
final analysis. Coverage of ALPL, ANKH, and ENPP1 reached 74%,

74%, and 100%, respectively. The LD pattern of these 103 SNPs in
the three genes is presented in Supplemental Fig. 1 A-C.
Results of single-marker associations with a nominal p value of
less than .05 are summarized in Table 2. All association results
(including insignificant results) for each SNP with BMD and hip
geometric indices are provided in Supplemental Tables 2 and 3,
respectively. Although there were several nominally significant
findings for SNPs in the three genes of interest, only SNP
rs1974201 in ENPP1 remained statistically significant after

Table 2. Results of Single-Marker Association Tests for Osteoporosis-Related Traits (Only Results With Nominal p Values < .05 Are

Shown)

Traits SNP Chr Position® Gene Beta® SE Nom. p© Emp. p° Bon. p©

LS BMD rs10917003 1 21718136 ALPL .017 .008 .039 910 1

NSA rs7535497 1 21713295 ALPL —.405 195 .038 .803 1
rs7523855 1 21713472 ALPL -4 .196 .041 825 1

FNL rs10917003 1 21718136 ALPL .058 .028 .0379 .860 1
rs1256335 1 21762972 ALPL —.067 .03 02675 770 1
rs9493100 6 132156773 .097 .044 .02873 792 1
rs858345 6 132205309 ENPP1 .058 .025 .02032 .690 1
rs1974201 6 132252813 ENPP1 119 .03 6.37 x 107° .005 .039
rs7754561 6 132254386 ENPP1 .074 .028 .009003 418 1

NN Width rs12025623 1 21765065 ALPL —.029 .015 .047 .906 1
rs2275370 1 21773006 ALPL .038 .018 .029 .780 1
rs7752279 6 132154027 .036 .014 .012 489 1
rs9493100 6 132156773 .074 .025 .003 .196 1
rs858342 6 132202335 ENPP1 .032 .016 .049 925 1
rs858345 6 132205309 ENPP1 .045 014 .002 .105 1
rs1044498 6 132214060 ENPP1 .046 .019 .017 641 1
rs7768480 6 132245124 ENPP1 .091 .025 224 x107* .017 .138
rs1799774 6 132245166 ENPP1 .059 .017 419x107* .030 259
rs1974201 6 132252813 ENPP1 .084 .017 3.78 x 1077 3.78x107° 234x107*
rs7754561 6 132254386 ENPP1 .046 .016 .005 .286 1
rs7753048 6 132259379 .046 .022 .038 871 1
rs9373000 6 132263398 .045 .016 .005 281 1

S Width rs6658127 1 21747976 ALPL —-.03 .012 .017 614 1

rs12025623 1 21765065 ALPL —.038 .012 .002 123 1
rs10917008 1 21766893 ALPL —.033 .013 011 478 1

rs3767142 1 21774144 ALPL —.027 .012 .03 795 1
rs7752279 6 132154027 .028 .012 .018 637 1
rs9493100 6 132156773 .074 .021 418 x 107* .031 258
rs943004 6 132182568 ENPP1 .059 .026 .023 711 1
rs9375830 6 132188212 ENPP1 .034 .015 .028 774 1
rs2021966 6 132192131 ENPP1 —.028 .012 016 601 1
rs858345 6 132205309 ENPP1 .033 .012 .006 .289 1
rs1044498 6 132214060 ENPP1 .032 .016 .047 918 1
rs7768480 6 132245124 ENPP1 .042 .021 .043 .897 1
rs1799774 6 132245166 ENPP1 .039 .014 .005 .268 1
rs1974201 6 132252813 ENPP1 .06 .014 153 %10 .001 .010
rs9373000 6 132263398 .038 .013 .004 209 1

LS BMD = L2-L4 vertebral spine BMD; FN BMD = femoral neck BMD; NSA = neck shaft angle; FNL = femoral neck length; NN width = femoral neck width;

S width =femoral neck shaft width.
@Physical position was obtained from dbSNP build 129.
PBeta: B Coefficient for minor allele.
“Nom. p: Nominal p value.
9Emp. p: Empirical p value obtained through 1 million permutations.
€Bon. p: Bonferroni-corrected p value for 6 traits and 103 SNPs.
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Table 3. Association of rs1974201 With FNL, NN Width, and S Width Using Dominant Model

SNP Traits Beta SE Nom. p* Emp. p° Bon. p©
rs1974201 FNL 177 036 13x10°° 12x107* .001
NN width 133 020 85x10 " 1.0x107° 53x1078
S width .080 017 25%x107° 20x107* .002
“Nom. p: Nominal p value.
PEmp. p: Empirical p value obtained through 1 million permutations.
“Bon. p: Bonferroni-corrected p value for 6 traits and 103 SNPs.
Bonferroni correction for multiple hypothesis testing (corrected Discussion

for 6 traits and 103 markers; Bonferroni-corrected p values of
.039, .01, and .00023 for FNL, S WIDTH and NN WIDTH,
respectively) or permutation approach (1 million permutations;
empirical p values of .005, .001, and 3.8 x 10> for FNL, S WIDTH,
and NN WIDTH, respectively). By evaluating the estimated means
and standard errors of each genotype of rs1974201, we observed
that the genetic model deviated from additivity (Fig. 1A-C)
despite the fact that a large standard error was observed in the
homozygous recessive genotype. Therefore, we repeated the
association analysis of rs1974201 with the three traits using a
dominant model. Interestingly, improved association signals
were observed for rs1974201, with all three hip geometric
indices with nominal p values of 1.3 x 1075, 2.5 x 107°, and
8.5 x 107" being observed for FNL, S WIDTH, and NN WIDTH,
respectively (Table 3). The estimated effect sizes (B coefficients)
of rs1974201 were 0.177, 0.080, and 0.133 for FNL, S WIDTH, and
NN WIDTH, respectively. Multivariate analysis using all three
bone geometry traits as dependent variables resulted in a
stronger association with a p value of 2.3 x 10™"". In addition,
previous studies suggested sex-specific association on bone
traits.“*>3® However, no significant sex-specific signal was
revealed when subgroup analysis was performed on either men
or women alone because the associations were significant in
both genders (data not shown).

Conditional analysis

The other significant association signals in ENPPT all were
attenuated after adjustment for the effect of the index SNP
rs1974201 (Supplemental Fig. 2), except for the SNP rs943004,
which showed a more significant association with S WIDTH
(p=.009 in the conditional analysis versus p=.02 in the
unconditional analysis).

TFBS prediction

The first prediction using Alibaba2 showed that the HOXA7
binding site was present in the sequence featuring the major
allele G but absent in the sequence featuring the minor allele C.
Using MATINSPECTOR, we observed the presence of home-
odomain transcription factors in the sequence just next to
the position of rs1974201 (ttttgacttttTAATaata: underlined
sequence indicates the matrix sequence, bolded nucleotides
indicate the core sequence). The core and matrix similarity were
1 and 0.975, respectively, which exceeds the optimized matrix
similarity threshold of 0.95, indicating a low possibility of false-
positive detection.

This association study directly examined three candidate genes
involved in the bone mineralization pathway and revealed a
possible role for ENPPT in bone geometry variation.®* This
approach has several advantages. First, it has a solid biologic
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background in the selection process of candidate genes, which
may help in interpretation of results. Second, focused testing of
several informative SNPs in these few genes reduces the
multiple-testing problem.

This study identified the genetic variant rs1974201 in ENPP1
as a potentially causal variant for hip geometry variation in the
Framingham offspring cohort. The strong association signal
observed in this study is unlikely to be a spurious finding because
the association p value between rs1974201 and NN WIDTH
remained significant after either Bonferroni correction for
618 tests or with 1 million permutations and was consistently
associated with three bone geometry traits (FNL, S WIDTH, and
NN WIDTH). Based on conditional analysis, the association signals
observed with the SNPs around ENPPT rs1974201 were
attenuated, suggesting that these association signals stemmed
from the main effect of rs1974201, whereas signals from
surrounding SNPs are likely driven by LD with rs1974201. Further,
our TFBS prediction revealed a potential alteration of the HOXA7
binding site; HOXA7's role as a deregulator of extracellular matrix
formation is a potential explanation for the strong association
observed in this study. Therefore, these findings merit further
investigation of the ENPP1 effect on hip geometry and suggest
that ENPP1 may be a novel potential target gene in osteoporosis
risk prediction.

ENPP1 is an important regulator of PP; production in matrix
vesicles and osteoblasts. After the cessation of longitudinal
growth, bone remodeling continues on the endosteal surfaces.
Osteoclasts resorb a volume of bone, leaving a focal resorptive
cavity. After a delay, osteoblasts fill the cavity with a volume of
new bone that undergoes rapid primary and then slower
secondary mineralization.®® In mice, enppl is required to
prevent excessive calcification in several skeletal sites, such as
the calvarium and vertebrae. Therefore, enpp1 null mice show
hypermineralization abnormalities in these two sites. On the
other hand, enpp1 deficiency also causes hypomineralization of
long bones, suggesting that enpp1 affects mineralization of the
skeleton in a site-specific manner.®® Interestingly, our finding
also is in agreement with a most recent study using a genome-
wide N-ethyl-N-nitrosourea (ENU)-induced mutagenesis screen
that showed that in mice, a novel mutation C397S in enpp1 was
associated with low bone mass, crystal-related arthropathy, and
vascular calcification.®” In that study, low bone mass was
observed only with cortical bone in femoral metaphysis and
diaphysis, suggesting that enpp? may be more important in
cortical bone metabolism. Although no association was observed
between ENPPT polymorphisms and BMD variation in this study,
it may be due to the difference in genetic effect of a common
polymorphism versus missense mutation in the pyropho-
sphatase/phosphodiesterase domain because it was the latter
that significantly affected protein stability of enpp1.%” More-
over, overexpression of ENPPT resulted in insulin resistance and
defective adipocyte maturation from mesenchymal stem cells.*®
Given the fact that the mesenchymal stem cell is the common
ancestor of osteoblast and adipocyte, whether this gene also may
affect osteoblast differentiation remains to be elucidated.

Although we examined the association of three candidate
genes in the mineralization pathway, it is not surprising that
ENPP1 showed the strongest association. First, based on a

previous in vivo study, the degree of defects in mineralization of
enpp1 knockout mice has been shown to be more severe than
that in ankh mutant mice; second, enpp1, but not ankh, is present
and is functional in matrix vesicles.® In humans, arterial
calcification has been observed widely in subjects carrying
mutations in the ENPP1 gene.®**" Interestingly, we®? and
other groups“*** also have reported that arterial calcification is
associated with bone loss, osteoporosis, and fracture in both
older men and women. Moreover, an association has been
reported between several polymorphisms in ENPP1 and radio-
graphic hand osteoarthritis.*® Thus ENPP1 may be a functional
gene that affects both fracture and ectopic ossification
pleiotropically, especially in aged subjects who commonly have
both increased arterial calcification and risk of fracture (as also
was demonstrated in a recent study in mice®”).

To our knowledge, there have been no previous studies
evaluating the association between osteoporosis-related traits
and the ENPP1 gene, although variants in this gene have been
studied extensively for association with diabetes-related
traits,“® including several studied by us, such as rs1044498
(K121Q), rs1799774 (delT), and rs7754561. Three, two, and one of
these SNPs were nominally associated with NN WIDTH, S WIDTH,
and FNL in our study, respectively. We note that the variant most
frequently associated with type 2 diabetes, rs1044498/K121Q,
is not in LD with our index SNP rs1974201 (#=0.02 in
Framingham). On the other hand, rs1974201, which showed the
strongest association signal in our study, also manifested the
strongest association with type 2 diabetic end-stage renal
disease (with the minor allele corresponding to a higher risk of
disease, p=.0005),*" suggesting that this SNP may be a
functional variant with a pleiotropic effect in different diseases.

New bioinformatics algorithms are being used to improve the
predictive specificity of TFBS, whereas a number of the
predictions have been validated successfully using functional
studies.“®* Using the in silico TFBS prediction tools, an
alteration of a potential transcription factor binding site of
HOXA7 was predicted for rs1974201. Absence of predicted
intronic enhancer in the sequence bearing the minor allele may
be associated with inefficient gene transcription and hence
enhanced bone mineralization because ENPP1 is a deregulator of
bone mineralization. Interestingly, similar to ENPP1, HOXA7 is a
deregulator of extracellular matrix formation in monocytes®”
and is able to dimerize with PBX1,®" a product of a novel
gene involved in osteoblastogenesis that we have identified
recently.(34) Although HOXA?7 is involved in extracellular matrix
formation in monocytes, it may not be generalizable to bone
cells. Therefore, functional studies are required to confirm the
prediction and interaction between ENPP1 and HOXA?,
especially in mineralized tissue.

The other candidate gene in the current study, ALPL, is a
well-known early osteogenic marker in osteoblast differentiation
and as such is an excellent candidate for BMD and bone
geometry variation. However, we observed only a few modest
associations of ALPL with BMD and hip geometry variation, and
all became insignificant after correction for multiple testing;
this is in agreement with a previous study that did not reveal
any significant associations between SNPs in ALPL and BMD
variation.®?

ENPP1 REGULATES HIP GEOMETRY

1569 W

Journal of Bone and Mineral Research



There are several limitations to this study. First, although SNP
coverage of ENPP1 was excellent, reaching at least 100% based
on an r* of 0.7 of SNPs with MAF greater than 0.05, our study
covered only 74% of all SNPs present in ANKH and ALPL based on
the HapMap Phase Il (Release 21) CEU population. This may limit
the power to detect causal and intermediate- or low-frequency
variant(s) that may exist in these genes. Second, the effect size of
rs1974201 observed in this study may be an overestimate owing
to the “winner’s curse” such that future replications and meta-
analyses are important to estimate the true effect size and
evidence of association.

In conclusion, this study of 1,513 unrelated white subjects
identified rs1974201 in the ENPP1 gene as a potentially causal
variant in bone geometry determination. Our study also
underscores the importance of having good coverage to be
able to identify susceptibility variants in disease gene mapping.
Moreover, we also suggest that we should not overlook the
importance of bone geometry in future association studies
because some genes may be important for bone geometry
determination rather than in governing BMD. Future replication
and/or functional studies of rs1974201 are needed to validate
our findings and to elucidate the underlying molecular
mechanism of how this SNP or gene influences bone geometry.
Ultimately, the identification of significant variants in a variety of
genes contributing to bone density and geometry will contribute
to future studies of genetic predisposition to fracture. Novel
pathways identified by these studies may be leveraged for future
drug development.
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