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Abstract
Alkaline phosphatase (ALP) plays an essential role in the regulation of tissue mineralization, and
its activity is highly heritable. Guided by genetic associations discovered in a murine model, we
hypothesized a role for rare coding variants in determining serum ALP level and bone mineral
density (BMD) in humans. We sequenced the coding regions of the ALP gene (ALPL) in men
with low and normal serum ALP activity levels. Single-nucleotide ALPL variants, including 19
rare nonsynonymous variants (minor allele frequency <1%), were much more frequent among the
low ALP group (33.8%) than the normal group (1.4%, p = 1 × 10−11). Within the low ALP group,
men with a rare, nonsynonymous variant had 11.2% lower mean serum ALP (p = 3.9 × 10−4),
6.7% lower BMD (p = 0.03), and 11.1% higher serum phosphate (p = 0.002) than those without.
In contrast, common nonsynonymous variants had no association with serum ALP, phosphate, or
BMD. Multiple rare ALPL coding variants are present in the general population, and
nonsynonymous coding variants may be responsible for heritable differences in mineralization and
thus BMD.
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Introduction
Osteoporosis is a complex trait determined by both genetic and environmental factors. Twin
and family studies have demonstrated moderate to high heritability of several bone traits,
such as peak bone mineral density (BMD), femoral neck geometry, and bone turnover.(1)

Yet despite substantial progress in identifying genetic variants conferring increased risk of
low BMD, the heritability of osteoporosis remains largely unexplained. Only a small
proportion of the variation in BMD can be explained by genetic variations thus far
discovered in human populations.(2) Animal research can elucidate possible roles of genetic
and environmental constituents in the regulation of bone mass that might otherwise be
difficult to untangle. Approaches that combine human and nonhuman mammalian datasets
and resources are likely to provide valuable insight into our understanding of the various
genetic determinants of osteoporosis risk.(1)

Employing genome-wide quantitative trait loci (QTL) analysis in laboratory mice, we(3) and
others(4–8) have linked a region on mouse chromosome 4 to measures of bone strength. In
addition, a number of linkage-disequilibrium and genome-wide association (GWA) mapping
studies have identified the corresponding homologous region in the human genome (1p36)
as also containing DNA sequence polymorphisms associated with increased osteoporosis
risk.(2,9–16) However, the genetic variation(s) residing within this region capable of
influencing skeletal integrity are not yet known.

The gene for tissue-nonspecific alkaline phosphatase (TNAP) resides within the
chromosome 4 QTL in mice and at 1p36 in humans. It is the product of the alkaline
phosphatase (ALP) gene (ALPL; OMIM 171760), and its posttranscriptional modification
into bone-specific alkaline phosphatase (BSAP) is essential for bone mineralization.(17)

Mineralization provides mechanical resistance and occurs when calcium phosphate
hydroxyapatite crystals are intercalated into the extracellular matrix of specialized
connective tissues (eg, growth plate cartilage, bone, and dentin). ALP promotes
mineralization by hydrolyzing pyrophosphate (an inhibitor of hydroxyapatite formation) into
inorganic phosphate. The osteopenia and fractures that occur in mice genetically-deficient in
Alpl (the murine homolog of ALPL) serve as persuasive evidence for a crucial role of TNAP
in the development and mineralization of the murine skeleton.(18) Both animal (mouse,
swine, baboon) and human studies have demonstrated substantial population variation in
circulating levels of ALP, a portion of which appears to be hereditary.(6,8,19–24) The nature
of the genetic factors influencing circulating ALP levels is uncertain, but a number of
studies have detected strong associations between circulating ALP levels with the ALPL
locus itself and another part of the variation (estimated to be less than 15% of the genetic
variance) is attributed to the presumed presence or absence of the intestinal isoenzyme,
associated with the ABO blood group polymorphism.(23–25) As is the case for BMD
variation, much of the variation in ALP level remains unexplained.

While common ALPL sequence variations have been linked to circulating ALP levels in
population samples, loss of function mutations in the ALPL gene also contribute to
hypophosphatasia (HPP; OMIM 241500, 241510, 146300), a rare inborn error of mineral
metabolism.(26) The disease is characterized by a global deficiency of ALP activity,
inadequate hard tissue mineralization, and fractures. The clinical severity of HPP is widely
variable and ranges from death in utero to mild dental complications. Mutation analyses of
HPP subjects have identified over 200 mutations, of which approximately 80% are missense
(for a complete listing the reader is referred to a database maintained by the SESEP
Laboratory and the Human Molecular Genetics laboratory of the University of Versailles-
Saint Quentin, Yvelines, France http://www.sesep.uvsq.fr/03_hypo_mutations.php).(27) In
virtually every case, HPP appears to be a consequence of either a homozygous point
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mutation or a compound heterozygous genetic condition. The wide range of mutations is
likely responsible for the variability in clinical presentation and disease severity.

The combined evidence from laboratory mouse experiments and clinical studies of patients
with HPP led us to hypothesize that low-frequency coding variants in ALPL may also affect
BMD in humans unaffected by HPP. For the studies reported here, we employed an
interdisciplinary approach incorporating data from both mouse models and human studies.
We aimed to discover coding variants in ALPL (among men in a population-based cohort)
and its murine homolog, Alpl, and to test associations with serum ALP and BMD. In
laboratory mice, we identified a coding sequence variant (L324P) in Alpl that was
associated with reduced serum ALP, BMD, and bone strength in a panel of mouse strains. In
elderly men with reduced serum ALP activity, we identified 25 single-nucleotide coding
variants in ALPL, 22 of which had minor allele frequency (MAF)<1%. Seven of these
variants can be considered novel because they have not been recorded in the
hypophosphatasia or other single-nucleotide polymorphism (SNP) databases including the
1000 Genomes Project. We discovered that subjects bearing rare nonsynon-ymous coding
variants in ALPL exhibit reduced mean serum ALP levels, elevated serum phosphate levels,
and lower BMD. Thus, we describe an association between rare nonsynonymous variants in
the gene encoding ALP with circulating enzyme activity and bone density in both mice and
humans.

Materials and Methods
Animals

All mice used in these experiments were bred under identical conditions at the Portland VA
Veterinary Medical Unit from breeding stock originally obtained from the Jackson
Laboratory (Bar Harbor, ME, USA) no more than three generations prior to this work. At
the time of weaning the mice were group housed (two to five animals per cage) and
maintained with ad libitum water and laboratory rodent chow (Diet 5001: 23% protein, 10%
fat, 0.95% calcium, and 0.67% phosphorus; PMI Feeds, Inc., St. Louis, MO, USA) in a 12-
hour light/dark cycle (6:00 a.m. to 6:00 p.m.) at 21±2°C. Congenic mice with a 64 megabase
(Mb) region of the DBA/2J (D2) genome introgressed onto a C57BL/6J (B6) genetic
background were created by breeding mice heterozygous for markers flanking the
chromosome 4 ALP QTL (D4Mit327 and D4Mit42) back to the B6 progenitor strain over 10
generations. At the conclusion of congenic development, we studied littermates originating
from an F2 intercross between heterozygous congenic mice to insure that all differences in
serum ALP activity originated exclusively from the genetic difference in the introgressed
region. We studied all mice at 4 months of age. After an overnight fast, we euthanized the
mice by CO2 inhalation and weighed them to the nearest 0.1 gm. Blood samples, spleen and
left femur from each mouse carcass were harvested immediately. The spleens were frozen in
liquid N2 and stored at −80°C for later extraction of genomic DNA using a salting-out
method.(28) We wrapped the left femora in sterile gauze soaked in phosphate-buffered
saline, and stored them frozen at ≤ −20°C for subsequent analyses. All procedures were
approved by the VA Institutional Animal Care and Use Committee and performed in
accordance with National Institutes of Health guidelines for the care and use of animals in
research.

Murine skeletal phenotyping
We determined serum alkaline phosphatase activity by measuring the release of para-
nitrophenol from para-nitrophenyl-phosphate spectrophotometrically and determined serum
osteocalcin levels by radioimmunoassay (DRG International, Mountainside, NJ, USA). We
determined whole femoral bone mineral density measurements by dual energy X-ray
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absorpti-ometry (PIXImus; GE-Lunar, Madison, WI, USA). We examined cortical femoral
shaft bone geometry with a desktop X-ray microtomographic scanner (Model 1074;
SkyScan, Aartselaar, Belgium). Images were analyzed with Optimas software (version 6.2;
Media Cybernetics, Silver Spring, MD, USA). To determine femoral structural properties,
the left femur was tested to failure by three-point bending on a high-resolution materials test
apparatus (Model 4442; Instron Corp., Canton, MA, USA). Load and displacement data
were recorded and failure load was determined using system software.

PCR genotyping
For construction of the congenic line, we genotyped mice using microsatellite markers from
the MIT series by a method adapted from Dietrich and colleagues(29) and Serikawa and
colleagues.(30) Markers were chosen with information from the Mouse Genome Database
(www.nih.gov/science/models/mouse/resources/mgd.html). All primers were purchased
from Research Genetics (Huntsville, AL, USA). We performed amplification on a Perkin-
Elmer 9700 thermocycler (Perkin-Elmer Cetus, Branchburg, NJ, USA). Reaction mixture
was 25 µL of total volume, consisting of approximately 150 ng of genomic DNA, 264 nM of
both forward and reverse primers, 0.2 mM of each dNTP, 1 unit of Taq polymerase (Perkin-
Elmer Cetus, Waltham, MA, USA), 2.5 µL of GeneAmp 10× PCR Buffer containing 100
mM Tris-HCl (pH 8.3), 15 mM MgCl2, 500 mM KCl, and 0.01% (wt/vol) gelatin. Thermal
cycling included two 5-minute denaturation steps at 95°C then at 80°C, 40 cycles of 30
seconds at 94°C, 30 seconds at 53°C, 30 seconds at 72°C, and a final extension step for 10
minutes at 72°C. PCR products were separated on 4% agarose gels and visualized with
ethidium bromide staining.

Alpl sequencing
We designed primers to amplify each exon plus at least 50 nucleotides of the adjacent
introns. We carried out a PCR in a total volume of 10 µL including ~50 ng of DNA, 1×
Amplitaq Gold PCR buffer, 1 mM MgCl2, 200 µM dNTPs, 0.5 U Taq DNA polymerase
(Bioline USA Inc, Tauton, MA, USA) and 5 pmol of each primer using Applied Biosystems
Gene Amp PCR System 9700 (Applied Biosystems, Carlsbad, CA, USA) and conditions:
95°C for 10 minutes, 32 cycles of 94°C for 30seconds, 59°C for 30 seconds, and 72°C for
30 seconds, followed by a further 5-minute extension at 72°C. We treated PCR products
with ExoSAP-IT (USB, Cleveland, OH, USA) to enzymatically remove unincorporated
primers and dNTPs, and then subjected them to thermal cycle sequencing using BigDye
Terminator cycle sequencing reagents (Applied Biosystems, Carlsbad, CA, USA). The
resulting fragments were analyzed on an Applied Biosystems 16-capillary 3130xl automated
sequence analysis system, performed by the MMI DNA Analysis Core Facility at Oregon
Health and Science University (OHSU). Sequences were compared by aligning to the
genomic B6 sequence using MultAlin.(31) The sequencing was performed three times for
each strain and the same sequencing results were found.

Human cohort
The Osteoporotic Fractures in Men (MrOS) Study enrolled 5994 participants from March
2000 through April 2002. Recruitment occurred at six U.S. clinical centers (Birmingham,
AL, USA; Minneapolis, MN, USA; Palo Alto, CA, USA; Pittsburgh, PA, USA; Portland,
OR, USA; and San Diego, CA, USA) and was accomplished primarily through mass
mailings targeted to age-eligible men. Eligible participants were community-dwelling men
who were at least 65 years of age, able to walk without assistance from another person, and
who had not had bilateral hip replacements (in order to obtain a hip BMD measure). Details
of the MrOS study design and recruitment have been published elsewhere.(32,33) Written
informed consent was obtained from all participants, and the Institutional Review Board at
each study site approved the study.
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Subcohort for ALPL sequencing
We selected a subset of MrOS participants based on their serum ALP value to have direct
ALPL sequencing of all coding exons(2–12) for the discovery of potentially functional single-
nucleotide variants. We examined the distribution of baseline serum ALP values for men
reporting non-Hispanic white race. To rule out high ALP due to liver or kidney disease, we
excluded men with values of serum ALP that were >3 SD above the mean. We excluded
participants reporting conditions or medication use that might alter serum ALP levels or
BMD: those with a history of prostate cancer treatment with hormones or surgical orchiecto-
my; and those currently using corticosteroids, antiandrogens, bisphosphonates, antithyroid
agent, thyroid agent, Zafirlukast, or Montelukast. Within this cohort there were 74 men with
ALP<40 U/L (range: 19.0–40.0 U/L) and 148 men with ALP closest to the mean value
(range: 70–74 U/L) served as the control group.

Clinic visits
Participants completed self-administered questionnaires and attended a baseline clinic visit,
when anthropometric measures were obtained and blood was drawn. We measured BMD
using fan-beam DXA (QDR 4500W; Hologic Inc., Bedford, MA, USA). We asked
participants to bring in all prescription medications used within the last 30 days. A
computerized dictionary, based on the original Established Populations for Epidemiologic
Studies of the Elderly (EPESE) coding system(34) was used to categorize medications. All
recorded prescription medications were stored in an electronic medications inventory
database (San Francisco Coordinating Center, San Francisco, CA, USA). Each medication
was matched to its ingredient(s) based on the Iowa Drug Information Service (IDIS) Drug
Vocabulary (College of Pharmacy, University of Iowa, Iowa City, IA, USA).(35)

Serum chemistry measures
We assayed baseline serum samples for albumin, creatinine, ALP, phosphate, electrolytes
(chloride, sodium, potassium), calcium, alanine transaminase, high-density lipoprotein
(HDL), low-density lipoprotein (LDL), and triglycerides. We conducted all assays at the
Portland Veterans Administration Medical Center Clinical Lab using a Roche COBAS
Integra 800 automated analyzer (Roche Diagnostics Corp., Indianapolis, IN, USA). The
analyzer was calibrated daily in the clinical laboratory. One serum control, taken from one
male volunteer, was included in each assay run. The interassay coefficient of variation for
alkaline phosphatase was 2.71%. The estimated glomerular filtration rate (eGFR) was
calculated from the Modification of Diet in Renal Disease (MDRD) study equation using
serum creatinine and age (terms in the equation for female and African American were not
required for this analysis of non-Hispanic white men).

DNA extraction
We collected blood samples from MrOS participants at baseline and frozen. Genomic DNA
of all individuals with available blood samples who consented to genetic studies was
extracted at the University of Pittsburgh using the Flexigene protocol (Qiagen, Valencia,
CA, USA).

ALPL sequencing
We amplified the exons and flanking intronic sequences of ALPL by PCR and treated them
with recombinant exonuclease I and shrimp alkaline phosphatase (ExoSAP-IT; USB,
Cleveland, OH, USA). We sequenced both strands of each product on an ABI 3730
automated sequencer with BigDye Terminator cycle sequencing reagents (Applied
Biosystems, Carlsbad, CA, USA). The sequences of the oligonucleotides used for
sequencing are available on request. All sequence variants identified were verified by
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manual inspection of the chromatograms, and all missense changes were confirmed by an
independent resequen-cing reaction. Separate pyrosequencing reactions and/or custom
TaqMan® (Applied Biosystems, Carlsbad, CA, USA) sequencing reactions were also
employed to further verify the presence of sequence variants. Standardized nomenclature
was used to report the variants counting from the first (ATG initiation) codon, according to
the recommendations of the Human Genome Variation Society.

Analytic methods
We calculated genotype proportions and MAFs. For the analysis of exonic single-nucleotide
ALPL variants in the sequencing study, we tested the difference in proportions of
participants with each variant in the low ALP and normal ALP groups using Fisher’s exact
test. Because many variants were found in very few subjects, categories of exonic variants
were generated: (1) any variant, (2) variants with MAF < 1% in the normal ALP group,
and (3) variants with MAF ≥ 1% in the normal ALP group. Proportions of men in these
categories were compared between low and normal ALP groups using the χ2test.

For the associations with BMD, serum ALP and phosphate in the low ALP group, we used
collapsed variables of (1) synonymous variants, (2) common (MAF ≥ 1%) nonsynonymous
variants, and (3) rare (MAF<1%) nonsynonymous variants. Regression analyses were used to
determine the association between each of these three categories and each of the three
phenotypes. Base models were adjusted for age, weight, and study site. Potential
confounders of the associations were examined by assessing whether their addition to the
linear regression model altered the coefficient for the genotype by ≥ 5%. Variables
considered included age, eGFR, history of prostate cancer, use of various medications,
serum calcium, glucose, and creatinine. Analyses were performed using SAS 9.2 (SAS
Institute, Inc., Cary, NC, USA).

Results
Murine studies

Our genome-wide QTL analysis in C57BL/6J (B6) and DBA/2J (D2) laboratory mice linked
a region on mouse chromosome 4 (Ch4) harboring Alpl to variation in both circulating ALP
activity and BMD.(3,6,8) The D2 allele in this Ch4 region was associated with both greater
ALP activity and increased BMD when compared to mice bearing the B6 allele in this same
Ch4 region. To pursue these QTL findings, a B6 background congenic mouse with a 64-Mb
region of chromosome 4 replaced by the corresponding region of the D2 genome was
generated (B6.D2.Ch4). The introgressed region of chromosome 4 extended from 86 to 151
Mb with the Alpl gene located at 137 Mb. Congenic B6.D2.Ch4 mice exhibited normal
overall health and body size, and there were no differences in measured serum electrolytes,
or in renal or hepatic function. However, as predicted from the initial QTL experiment,
serum ALP activity was 58% lower in the B6 background strain than in the B6.D2.Ch4
congenic strain (60±5 IU/L versus 142 ±12 IU/L, p< 0.001). The reduction in ALP activity
did not appear to reflect a generalized impairment in bone remodeling activity, as serum
osteocalcin levels were similar between the two strains (249±23ng/mL versus 230±17ng/
mL, p = not significant [n.s.]). Together with the increased serum ALP activity, congenic
mice bearing the D2 allele also exhibited increased femoral cortical thickness, BMD, and
resistance to fracture in comparison to the B6 background strain (Table 1).

Because steady-state Alpl mRNA levels in hepatic and skeletal tissues were similar between
the congenic and background mice (data not shown), coding sequence variation was pursued
as an explanation for the observed genotype-dependent differences in circulating ALP
enzyme activity and bone mass. A total of 12 sequence variations between the B6 and D2
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alleles were identified (Fig. 1A). The majority of these differences were synonymous, but
two changes residing in exon 9 did result in coding differences. One variant resulted in an
amino acid substitution with arginine in the B6 allele and glutamine in the D2 allele at
codon 318 (Gln318Arg) whereas the other variant resulted in an amino acid sequence
substitution with leucine in the B6 allele and proline in the D2 allele at codon 324
(Leu324Pro). Although there is recognized evolutionary variability at the Gln318Arg site,
the proline at position 324 is conserved in the ALP protein structure of all vertebrates in
which sequence is available (Fig. 1B). Secondary structure modeling predicts this amino
acid resides in a region of the enzyme corresponding to an alpha-helix (NNPredict(36)).
When present, the proline prematurely disrupts this alpha-helix region. The evolutionary
constancy of this proline residue and therefore the shortened alpha-helical region strongly
suggest an important functional role for this amino acid or region of the enzyme.

We next resequenced exon 9 of the Alpl gene from a variety of inbred strains representing
the various phylogenetic divisions of the laboratory mouse family tree as constructed by
Petkov and colleagues.(37) As shown in Figure 1C, the B6 haplotype (Gln 318/Leu 324) was
limited to strains assigned to Groups 4 and 5 of the murine phylogenetic tree. Given the
critical role that ALP plays in skeletal mineralization, we hypothesized that the Alpl exon 9
mutations could contribute to strain differences in serum ALP activity and measures of bone
integrity. We tested this proposal in silico with the Mouse Phenome Database (MPD; http://
www.jax.org/phenome), an open source, web-based repository of phenotypic data on
commonly used and genetically diverse inbred strains of mice.(38) Mirroring the differences
we observed between our B6 background and D2 congenic mice, those strains of mice
bearing the B6 (Gln318/ Leu324) haplotype (B6, C57BL/10J, C57BLKS/J, C57L/J, C58/J
and 129S1/SvImJ) exhibited reduced serum ALP activity, femoral BMD, cortical thickness,
and failure load as compared to those strains of mice bearing the D2 (Arg318/Pro324)
haplotype (A/J, BALB/cByJ, C3H/HeJ, CAST/EiJ, D2, NZB/BINJ, NZW/LacJ, SJL/J, SM/J
and SWR/J) (Table 2).

Human studies
Based on the evidence from murine experiments of an association between nonsynonymous
coding polymorphisms in Alpl and variations in serum ALP, BMD, and bone mineral
strength, we extended our studies to a well-characterized cohort of community-dwelling
elderly men. We sequenced the 11 coding regions (exons 2–12, including intron-exon
boundaries) of ALPL in a subset of white men in the MrOS cohort. To increase the
probability of identifying functionally relevant ALPL variants, we selected 74 individuals
with serum ALP below the clinical cut point for normal (<40 U/L, n=74)(39) and 148 with
serum ALP levels nearest the median of the population distribution (72 U/L). A total of 25
sequence variants were identified, with 21 resulting in nonsynonymous changes in amino
acid coding and 22 occurring at MAF<1% in the normal ALP group (Table 3;
Supplementary Table 1). Seven of these variants were not previously reported in 1000
Genomes or SNP databases. In the low ALP group, 60.8% of men had any of the 25
variants, and in the normal ALP group, 37.1% had at least one of the variants (p for χ2

=6×10−4). The difference in frequency between groups was minimal for variants with MAF
≥ 1% (37.8% in those with low ALP and 33.1% in those with normal, p for χ2 = 0.49).
However, a far greater proportion of men in the low ALP group had a rare variant (36.5%)
than did men in the normal ALP group (3.4%, p for Fisher’s exact test = 1.6 × 10−10).

To test the hypothesis that nonsynonymous rare variants in ALPL were associated with
physiological consequences, we examined the group of men in the low ALP group, in which
there was a sufficient frequency of rare variants to explore this hypothesis. Beyond direct
measure of the circulating enzyme activity, other clinical markers of defective ALP action
include increased urinary phosphoethanolamine (PEA) and increased serum phosphate and
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pyridoxal 5’-phosphate (PLP) levels.(17,40) Neither PEA excretion nor PLP levels were
measured in the MrOS cohort, but fasting serum phosphate levels were available for
analysis. Although each individual variant occurred in only one, two, or five of the men, 25
men (33.8%) in the low ALP group had at least one rare variant. Therefore, the association
with this combined category of ‘‘any rare, nonsynonymous variant’’ was examined for
serum ALP, serum phosphate, femoral neck BMD, and whole-body BMD. Men with a rare,
nonsynonymous variant had 11.2% lower mean serum ALP (p = 3.9× 10−4), 6.7% lower
femoral neck BMD (p = 0.03), 6.6% lower whole-body BMD (p = 0.007), and 11.1% higher
serum phosphate (p = 0.002) than those without such a variant. In contrast, serum ALP,
phosphate or BMD did not differ according to the presence of a common nonsynonymous
variant or a synonymous variant (Fig. 2).

Discussion
By combining data from mouse models and human studies, we uncovered associations
between rare variants in the ALP gene sequence (murine Alpl and human ALPL) and both
circulating ALP enzyme activity and bone density. These associations contribute to our
understanding of heritable differences in BMD and fracture risk. Our findings of rare ALPL
polymorphisms that are related to variation in relevant skeletal traits points to the need for
carefully designed studies to determine their population level impact and to discover
additional rare variants in skeletal mineralization genes. Moreover, the finding of rare
variants in the ALPL gene and their association with clinically important phenotypes has
implications for the significance of rare alleles in the determination of complex human traits.

Our studies in mouse models, and similar studies by others, strongly suggest that substantial
variation in alkaline phospha-tase activity, bone density and bone strength are the result of
polymorphisms in the ALP gene. A review of the findings from multiple murine
experiments suggests that the phenotype-genotype association that links ALP activity and
measures of bone strength to a chromosome 4 QTL is dependent on the presence or absence
of Alpl exon 9 coding variations in the strains of laboratory mice examined. In published
QTL experiments involving B6 and D2(6,8) or B6 and C3H/HeJ(41) in which the
chromosome 4 (Alpl) locus has been implicated, Alpl exon 9 coding variations (Gln318Arg
and Leu324Pro) exist between the two mouse strains. In contrast, when sequence variation is
absent at this site (eg, between MRL/MpJ and SJL/J mice), no linkage to chromosome 4 has
been identified.(21) A similar observation is made when murine linkage analyses for BMD
and/ or bone strength traits are reviewed. The chromosome 4 region was identified in
experimental intercrosses using strains divergent for the Alpl haplotype—B6 × C3H/
HeJ(4,5,7) and B6 × D2(3,8)—whereas this region was not implicated when strains bearing the
same Alpl haplotype were employed — MRL × SJL,(42) NZB/B1NJ × RF/J,(43) SM/J ×
NZB/BlNJ,(44) or B6 × 129S1/SvImJ.(45) Certainly, other nearby genetic variants in strong
linkage with the exon 9 Alpl variants could also be responsible. However, the strong
concordance of results from multiple laboratories employing a variety of genetically distinct
mouse strains provides compelling circumstantial evidence for an underlying role for these
particular coding variations in Alpl in determining strain-dependent differences in ALP
activity and measures of skeletal integrity. The results of our studies of a congenic strain
support the hypothesis that genetic variation on chromosome 4 is responsible for alterations
in ALP activity, bone density, and bone strength. Together, these results provided a strong
rationale for exploring genetic variation in the human gene and its association with similar
human phenotypes.

This is the first study to describe multiple rare variants in ALPL detected in a healthy cohort
of older men designed to be representative of the U.S. population. Of the 25 sequence
variants in ALPL identified here, seven had not previously been reported and are unlikely to
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have been discovered in this cohort if we had not sequenced those men with the lowest
serum ALP. With these variants identified, future work can focus on determining the
prevalence of such variants in larger samples of men and in women and on the proportion of
variation in BMD that they explain in the population. While the current study included
sequence variants in coding regions only, additional sequencing of intronic regions and of
regulatory regions may reveal additional variants that affect gene transcription or stability of
the protein.

Although it is generally accepted that the genetic basis of osteoporosis—among other
common chronic diseases—is likely the consequence of multiple genetic factors working in
aggregate, there is considerable debate over the importance of genetic variations that occur
commonly versus those that rarely occur. The first model suggests that complex traits are
likely caused by alleles common in the population with modest phenotypic effects—the
common disease, common variant (CDCV) hypothesis. An alternative model argues that
multiple rare DNA sequence variations, each with relatively large individual effects, are
major contributors to genetic susceptibility to common diseases—the common disease, rare
variant (CDRV) hypothesis.

Based on the CDCV hypothesis, numerous linkage-disequilibrium and GWA mapping
studies have identified the genomic region harboring ALPL (1p36) as containing common
genetic variants responsible for altering circulating ALP activity.(23,24) serum
phosphorus,(46) and osteoporosis risk.(2,9–16,47) However, the genetic variation(s) residing
within this region capable of influencing these traits are not yet known. The rare variant
hypothesis suggests direct sequencing of targeted subsets of the population may be the
optimal way to identify alleles associated with complex phenotypes. Although the relative
frequency of variants that contribute to common diseases continues to be a subject of intense
speculation,(48) recent population studies of plasma triglycerides,(49) HDL,(50) and LDL(51)

cholesterol levels, as well as type 1 diabetes risk,(52) blood pressure variation,(53) and
colorectal adenoma development(54) indicate that rare variants are important for disease
susceptibility and should not be ignored in genetic studies of complex traits. Still, a major
stumbling block at this juncture is determining for which gene(s) it is appropriate to commit
the substantial resources required for sequencing efforts. As demonstrated in this report, we
believe that animal models can be instrumental in pinpointing “high-value” genes for such
intensive scrutiny in human populations.

Wang and colleagues(55) have recently demonstrated that rare variants can create synthetic
association signals in GWA studies by occurring relatively more frequently in association
with one of the alleles of a common tag SNP, therefore explaining a situation in which a
common SNP (or SNPs) seem to confer risk for a complex trait. Although our study
identified many rare ALPL variants, we have not yet genotyped them in larger cohorts to
determine whether the frequency of these variants is high enough to make an association
study feasible. In the future, genotyping for all possible rare variants would allow us to
collapse the results into a single ‘‘rare variant’’ category and estimate the amount of
variation in ALP and/or BMD attributable to the existence of rare variants in the population.
Confirmation of our findings with multiple other ALPL variants and in other populations,
would support the importance of sequencing in candidate gene regions or in whole exomes
to detect rare coding variants that are more likely to provide evidence of causal links to
heritable outcomes than those reported for common tag SNPs.

Establishing the functional consequences of the ALPL variants described here will require
extensive experimental work. The variants we report are located in various domains of the
TNAP structure (eg, in the active site, crown domain, homodimer interface, and calcium
binding site), and deleterious mutations have been described in each of these regions.(56) Yet
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it seems probable that rare nonsynonymous coding variants identified by resequencing will
be more likely to result in functional changes than the common variants with smaller effects
detected by GWA studies. In this study, rare nonsynonymous variants were always present
in the heterozygous state, suggesting they might be functioning through a dominant negative
mechanism (eg, the activity of the wild type monomer is inhibited by the mutated monomer
when both the normal and the mutated ALP protein dimerize(52)). Support for this
possibility can be derived from previous site-directed in vitro mutagenesis studies on
subjects with mild HPP, indicating that a majority of tested heterozygous ALPL mutations
exhibit a dominant negative effect.(57–59) It is intriguing to consider the possibility that a
mild genetic form of HPP (ie, heterozygous inheritance of a single ALPL missense
mutation) might explain some proportion of adult-onset osteoporosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Coding sequence variations in Alpl between B6 and D2 mice. (A) Exonic structure of Alpl.
Open boxed regions indicate coding exons and 5′- and 3′-untranslated regions are
represented by filled boxes. A total of 12 sequence variations between the B6 and D2 alleles
were identified; two of which, residing within exon 9, are predicted to result in amino acid
differences (Q318R and P324L). (B) Comparative sequence analysis of exon 9 of the
homologous genes encoding tissue nonspecific ALP. There is evolutionary variability at the
Gln318Arg site, but the proline corresponding to position 324 in murine Alpl is conserved in
all vertebrates in which sequence is available, with the exception of the B6 inbred strain.
Secondary structure modeling was performed with NNPredict.

(28)
 “H,” a predicted helix

element; “E,” a predicted beta strand element, or “-,” a predicted turn element. When
present, the proline is predicted to prematurely disrupt an alpha-helix region. (C) Exon 9 of
Alpl was sequenced from 21 laboratory mouse strains representing the seven phylogenetic
divisions of the laboratory mouse family tree. The B6 haplotype (Gln 318/Leu 324) was
limited to strains assigned to Groups 4 and 5 of the murine phylogenetic tree (highlighted),
while the D2 haplotype was observed in the remaining five groups.
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Fig. 2.
Those subjects with rare (MAF < 1% in the normal ALP group) nonsynonymous ALPL
variants exhibited lower serum ALP activity, higher serum phosphate concentrations, and
lower femoral neck BMD values. However, there were no statistically significant differences
in serum ALP, phosphate, or BMD between participants with and without synonymous or
common (MAF>1% in the normal ALP group) nonsynonymous variants. Plots show means
and 95% confidence intervals, adjusted for age, weight, and clinic site, in the MrOS group
selected for low serum ALP (n = 74).
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Table 1

Serum ALP and Skeletal Traits of B6 Background and B6.D2.Ch4 Congenic Mice

B6 background (n=40; 20F/20M) B6.D2.Ch4 congenic (n=39; 20F/19M) p value

Serum ALP activity (U/L) 60±5 142±12 <0.0001

Femoral bone traits

  BMD (mg/cm2) 54.6±1.0 58.8±0.7 <0.005

  Cortical thickness (µm) 158±2 169±1 <0.0005

  Ultimate failure load (N) 14.5 ±0.5 17.3 ±0.8 <0.01

ALP=alkaline phosphatase; BMD= bone mineral density; F = female; M=male.
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Table 2

Skeletal Traits of Murine Strains With Either the B6 or D2 Alpl Exon 9 Haplotype

MPD citation B6-Haplotype strains D2-Haplotype strains p value

Serum ALP activity (U/L) (n = 77; 28F/36M) (n=122; 68F/54M)

Ref. (60) 76±4 85±2 <0.02

Femoral bone traits (n=64; 37F/40M) (n=102; 47F/55M)

BMD (mg/cm2) Ref. (61) 63.0 ±5.0 69.1 ±6.0 <0.001

Cortical thickness (µm) Ref. (62) 221±3 253±5 <0.001

Ultimate failure load (N) Ref. (63) 23.2±0.6 27.4±0.7 <0.001

Data derived from MPD. For serum ALP, activity data were available for the following B6-haplotype strains: 129S1/SvImJ, B6, C57BL/10J,
C57BLKS/J, C57L/J; and D2-haplotype strains: A/J, BALB/cByJ, C3H/HeJ, CAST/EiJ, D2, NZW/LacJ and SJL/J. For the femoral bone traits data
were available for the following B6-haplotype strains: 129S1/SvImJ, B6, C58/J; and D2-haplotype strains: BALB/cJ, C3H/HeJ, NZB/BINJ, SJL/J,
and SWR/J.

ALP=alkaline phosphatase; BMD=bone mineral density; F=female; M=male; MPD=Mouse Phenome Database.
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