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Osteoporosis is a complex genetic disease in which the number of loci associated with
the bone mineral density, a clinical risk factor for fracture, has increased at an exponential
rate in the last decade. The identification of the causative variants and candidate genes
underlying these loci has not been able to keep pace with the rate of locus discovery.
A large number of tools and data resources have been built around the use of the
mouse as model of human genetic disease. Herein, we describe resources available
for functional validation of human Genome Wide Association Study (GWAS) loci using
mouse models. We specifically focus on large-scale phenotyping efforts focused on
bone relevant phenotypes and repositories of genotype-phenotype data that exist for
transgenic and mutant mice, which can be readily mined as a first step toward more
targeted efforts designed to deeply characterize the role of a gene in bone biology.
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INTRODUCTION

The NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and Therapy
defined this disease as, “a skeletal disorder characterized by compromised bone strength predisposing
a person to an increased risk of fracture” wherein bone strength was defined as the combination of
bone mineral density (BMD) and quality (1). In the year 2000 it was estimated that there were 8.9
million osteoporotic fractures worldwide (2) and existing data suggests that, on average, half of all
women and 20% of all men will experience a facture in their adult life (3). The economic burden
of osteoporosis is immense, resulting in up to $22 billion in direct health care costs per year in
the U.S (4) and €37 billion annually in the European Union (3). Further, osteoporotic fractures
are associated with increased morbidity and mortality (5). Bone mineral density, as measured by
Dual X-Ray Absorptiometry (DXA), is inversely correlated with fracture risk. For this reason, BMD
remains the method used to diagnose this disease clinically. It is estimated that over 50% of the
variation in BMD is attributed to genetic factors (6), but importantly in humans, fracture risk is
also heritable (7).

Since the first genome wide association study (GWAS) for BMD in 2007 (8), there has been an
explosion in the number of loci found to be associated with BMD, bone structure and fracture risk.
The largest GWAS conducted to date suggests that there are over 1,000 conditionally independent
genetic signals in 515 discrete loci associated with the phenotype of estimated bone mineral density
(eBMD) (9). Fracture is inherently a more complicated phenotype, and 14 significant loci were
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identified in this same study (9). In a second large meta-
analysis GWAS, 15 loci were identified as associated with fracture
incidence, but all of these loci had been previously found to
be linked to traditional DXA derived BMD (10). These data
highlight the incredible complexity involved in the genetic
regulation of BMD and the difficulties associated with accounting
for the genetic regulation of clinically important phenotypes such
as fracture incidence.

THE CAUSAL VARIANT VS. THE
CANDIDATE GENE

Despite the identification of this astonishing number of loci,
these 515 eBMD loci only account for only 18% of the trait
variance (9), suggesting that there may yet be more loci to
be discovered. Further, one must remain cognizant of the fact
that a locus does not equal a mechanism of action. Much of
the focus of the so-called “post-GWAS era” is on identifying
the underlying gene or genes, pin pointing the causative
variant(s) and determining the hows, the whats, the whys, and
the whens by which these loci act and interact to cause a
phenotype (11). Ideally, every nucleotide in every person would
be examined in a GWAS for association between genotype and
phenotype. In practice, this is rarely possible due to cost, and
fortunately, it is not completely necessary. Over short distances,
single nucleotide polymorphisms (SNPs) are often in linkage
disequilibrium (LD) with other nearby SNPs (12). It is common
practice in GWAS to select representative SNPs or “tagging
SNPs” for genotyping, which in turn are used to represent a
haplotype (13-15). This tagging genotyped SNP is a proxy for
the causative variant and may or not have any functional role
in disease.

Overwhelmingly, the causative variant for a given genetic
locus is not located within the coding region of a gene, and
even more rarely is the causative variant one that leads to
an altered protein product. Rather, causative variants are often
located in intergenic regions and are thought to modify the
expression of one or multiple genes (16). Thus, the term
“causative variant” is not to be confused with, nor is it
synonymous with, the term “causative gene” (11). Understanding
the nature and mechanism of action of the causative variant
is critical for understanding the etiology of disease. A case
in point is the comparison of two Mendelian conditions: Van
Buchem disease and Sclerosteosis Type I. In both of these
conditions, a thickening of the cortical bone, narrowing of
the medullary canal of the long bones and thickening of the
mandible are observed (17, 18). However, gigantism is seen
in Sclerosteosis (17), but not in Van Buchem disease. In Van
Buchem disease, a 52 Kb deletion occurs in an intergenic region
on human Chromosome (Chr) 17q21.3 (19) and putatively
impacts expression of two genes: MEOXI and SOST (20). For
Sclerosteosis, up to 10 homozygous loss-of-function mutations
in the coding region of the SOST gene have been identified
(21). Thus, in both of these diseases, there is a common
gene impacted, but clinically the presentation is different,
in part because the causative variant(s) leads to disease in
differing ways.

Following this same theme, functional validation of GWAS
candidate genes is not to be confused with the identification
of the functional variant(s). The functional validation of a
candidate gene means to determine if that gene could plausibly
be associated with the phenotype of interest. Both functional
validation of a candidate gene and determination of the causative
variant are of value for understanding human disease especially
when there are one or more uncharacterized genes in the locus
(22). To be a candidate, a gene must fulfill two straightforward
criteria. First, the gene must be expressed in the appropriate
tissue(s) and at an appropriate time point to influence the
phenotype of interest. Second, the gene must play a role in a
biological process relevant to the phenotype of interest (11). For
many diseases, the first criteria can be used to remove a surprising
number of candidate genes and is therefore an easy first pass
filter to narrow down to genes of interest. However, for bone,
what constitutes an appropriate tissue or appropriate time point
is less easy to define, yet is critical for the design of experiments
to determine function (11). The reasons for this are that bone
turnover, bone size and geometry, BMD and even fracture risk,
are impacted indirectly by a number of other organ systems such
as the digestive tract (23), brain (24), kidney (25), and skeletal
muscle (26), and processes occurring during development that
have lasting impacts on the adult skeleton (27). That said, the
majority of validated GWAS genes impacting BMD appear to be
expressed in bone tissue (9, 28). The second criteria, namely that
the candidate gene plays a role in a relevant biological system,
can be a little harder to ascertain, especially for uncharacterized
or understudied genes for which there is little known about
function. It is here that the mouse has proven to be invaluable
(22), and indeed, the bulk of functional validation has been
accomplished by so called reverse genetic approaches in mice.

THE GENOME OF MICE AND MAN

Mice have been used for over 100 years to study the genetic
regulation of physiology, development and disease (29). Like
other animal models, mice fill two specific needs particularly
well: they can be used to collect phenotype data that cannot
be collected from human subjects, and they can be used to
study single factors (i.e., diets, alleles, ages) in isolation. The
mouse genome, while smaller than the human genome, is highly
conserved for protein coding genes (22). At the gene level,
~17,094 mouse protein coding genes have a known direct human
ortholog (http://www.informatics.jax.org, accessed Oct 2018),
and overall organization of the mouse and human genomes
is remarkably syntenic despite 75 million years of evolutional
distance between the two species (30). Thus, genetic findings
in mice are often concordant with genetic findings in humans
(31). However, with the refinement of GWAS and improved
annotation of the human genome, data is accumulating to suggest
that long non-coding RNA genes also play a role in human
disease (32) and not surprisingly, these non-coding genes have
been found at GWAS loci for bone phenotypes (33). While
homologs for long non-coding RNA genes have been found in
mice for human genes (34), generally, these genes are poorly
conserved (35).
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DIFFERENCES BETWEEN MOUSE AND
MAN IN BONE

The physiologic and anatomic similarity between mice and
humans has long been appreciated, and, given the high degree
of genome homology, is not surprising (31). Regardless, there are
differences in the skeletal system that should be considered in a
functional validation experiment. In mammals other than mice,
lamellar bone is organized into Haversian systems or secondary
osteons in which lamellar bone is arranged in concentric rings
around a central cavity (36) whereas in mice, a Haversian system
of organization is not seen (37). There are also subtle differences
between mouse and human bone growth during aging. In
humans, the epiphyses fuse shortly after puberty resulting in a
halt in long bone growth. In mice, epiphyseal fusion either never
completes or is delayed until old age (depending on the strain),
and thus some strains of mice can continue to experience some
degree of long bone growth to at least 2 years of age (37). In both
men and women, cortical bone gain has essentially stopped in
early adulthood, and a steep loss in cortical bone volume begins
at menopause in women and after the age of 75 years old in
men. In contrast, trabecular bone loss begins in early adulthood,
irrespective of sex (38). In mice, cortical bone volume increases
out to at least 7 and possibly 12 months of age (depending on
strain), in part due to the increases in skeletal size that arise from
continued growth (39, 40). Decreases in trabecular bone amount
occur far sooner in mice than in humans. In fact by weaning,
inbred mice have already begun to lose trabecular bone (41)
and in outbred mice, a complete lack of trabecular bone volume
in the distal femur was observed as young as 6 months of age
(42). In comparison to humans, this would be the equivalence
of bone loss beginning in toddlers to the point of complete loss
of trabecular bone in some anatomic sites as young adults. The
aggregate peak femoral volumetric BMD in mice (cortical and
trabecular) is generally accepted to happen at about 16 weeks of
age, but this varies by mouse strain (39). This does not mean that
mice are inappropriate for the functional validation of human
bone GWAS loci, but rather that experiments must be designed
to ensure that appropriate comparisons in bone are being made.
Justifying an age for mice in a functional validation experiment is
not as simple as scaling chronological age relative to lifespan and
calling it equivalent.

REVERSE GENETICS

Reverse genetics simply means to reverse engineer the function
of a gene in a biological system. In contrast, forward genetics
approaches such as GWAS move from a disease or phenotype
to find the genetic cause. Thus, reverse and forward genetics
are inseparable for the study of human disease (22). The mouse
genome is easily modified, and 62,025 targeted alleles in 16,947
genes are listed in the Mouse Genome Database (http://www.
informatics.jax.org/, accessed October 2018). This means that for
some genes, multiple targeted alleles have been constructed and
at least partially characterized but for a fraction of protein coding
genes, we as of yet have no direct evidence of function gleaned

from genetically engineered mouse models. The methods for
generating these targeted mouse models are described in detail
elsewhere (43), but what these models are and where to find
both the mice and the phenotype data available for these mice
is described in greater detail in the sections below.

Both global and tissue specific models have been used to
functionally validate bone GWAS loci. An elegant example using
both global and cell type specific models in mice is the work
conducted to confirm the WNT16 gene as a candidate gene for
bone mass and fracture risk (44). In this study, the authors used
both global and cell lineage specific knockout mouse models to
show that WNT16, a secreted factor, is produced by the osteoblast
and acts on the osteoclast precursor to inhibit osteoclastogenesis.
In addition, this WNT also acts on the osteoblast to inhibit the
formation of the osteoclastogenesis inhibitor Osteoprotogerin
(OPG). As a result, the loss of the Wntl6 gene globally in
mice or in the osteoblast lineage only results in an increase
in osteoclast-mediated bone resorption leading to reductions in
cortical bone mass, but interestingly not loss of trabecular bone.
Further, these mice present with spontaneous fractures of the
long bones, a phenotype rarely seen in laboratory mice. Thus,
this study confirmed that WNT16 is indeed a bona fide bone gene
and was able to demonstrate the mechanism of action by which
fracture risk was increased.

A global knock out may not be desirable or plausible for
the study a gene in adult bone biology. A case in point is the
global Runx2 knockout mouse, which dies shortly after birth
presumably due to breathing difficulties (45). As is outlined in the
Wntl6 example, conditional knockouts and inducible knockouts
allow one to restrict gene loss to a cell type of interest and/or
after, critical development milestones have been met. Such studies
require an appropriate Cre-diver strain wherein expression of
Cre-recombinase is restricted to a desired cell type and/or time
point in cell maturation. Ideally, this allows excision of the gene of
interest in only the cell type of interest. Some of these Cre-drivers
are inducible, meaning that the timing of Cre-induction can be
carefully controlled. A summary of many of the bone relevant
Cre-Driver strains for musculoskeletal tissues and cells that have
been described in the literature are summarized here [reviewed
in Elefteriou and Yang (43)]. In addition, several Cre-databases
are available online which provide more up to date information
about where the Cre-driver is expressed (Table 2). It is important
to remember that Cre-drivers may be expressed in undesired
tissues as well as the desired location.

PHENOTYPED MOUSE MODELS

The nascent stages of the identification of mouse models of
human disease relied on the identification of outliers in a colony
of mice, followed by breeding to determine heritability of the
observed phenotype (46). With advances in technology, the
process of finding the mutation(s) causing the phenotype has
changed, but finding spontaneous mutations in mice remains
a valuable source of human disease models. Many spontaneous
mutations are not gene ablation models and may more closely
mimic human disease than a knockout mouse (46). Relevant
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to bone biology are models such as the oim mouse, which was
discovered in a breeding colony at the Jackson Laboratory in
1985. In this mouse, a single base pair deletion in the Col2al gene
results in a truncated protein product (47), and phenotypically
this mouse mimics aspects of Osteogenesis Imperfecta Type
III (48).

A second method to generate mouse models of human disease
is chemically induced mutagenesis via delivery of compounds
such as Ethylnitrosourea (ENU) (46). This forward genetics
approach, while successful in that many models for various
diseases were generated, is laborious and inefficient as the
location of the mutation(s) is random in the genome and
therefore genes impacting the phenotype of interest will not be
specifically targeted. While it is possible to identify recessive
traits in an ENU protocol, it is much faster to restrict a screen
to find traits acting in a dominant fashion. Typically, so-called
Generation-0 (GO) male mice are treated with ENU to induce
mutations. The GO males are bred to wildtype females to generate
so called G1 offspring, which are then screened for phenotypes
of interest. Approximately 2-4% of these G1 mice will carry
mutations yielding a phenotype (49). Several models relevant to
bone biology have been identified this way (50-54). For example,
we recently described the tvrm111B mutant mouse strain wherein
an inactivating mutation in Lrp5 was identified. As expected,
these mice have mild decreases in bone mass, abnormalities in the
retinal vasculature and other eye phenotypes, and are a model of
osteoporosis pseudoglioma (OPPG) (55).

With the completion of the first draft sequence of the mouse
genome in 2002 (30), sights were set on determining the function
of all of the known and newly discovered genes. By this time,
generating genetically engineered mice was common practice and
becoming increasingly more efficient (49). This resulted in the
development of two “mouse clinics” pilot programs to make new
models of human disease: the Mouse Genetics Project (MGP) at
Sanger in the UK and the multi-site European Mouse Disease
Clinic (EUMODIC) program (56). In short, de novo transgenic
knockout mouse models were generated, and this was coupled
with the employment of high throughput, comprehensive and
cost effective phenotyping pipelines to characterize these new
strains. These projects largely were designed to be hypothesis
free in that the genes of interest were not pre-screened to be
involved in a specific disease. The goal of these clinics was 2-
fold: (1) to identify new models of human disease and (2) catalog
the function of protein coding genes in the mouse. These mouse
clinics enjoyed economy of scale allowing for more phenotypes
to be captured per animal than was previously possible in a single
laboratory working in isolation (57).

The mouse clinic method identified weaknesses in the
gene-by-gene study approach that had been the mainstay of
determining mammalian gene function. From these preliminary
proof-of-concept mouse clinics it became apparent that
pleiotropy is very common, yet commonly new mouse models
were only being phenotyped for traits relevant to the interests
of the group making the model. This observation of pleiotropy
led to the concern that incomplete information was being
generated in the historical gene-by-gene approach. Further, there
was concern that that inconsistent data was being collected, as

the gene-by-gene approach was not held to any standardized
methods for data collection (56). In contrast, the application
of a systematic and high-throughput phenotyping pipeline
overcame these issues wherein only “some” types of data were
collected per strain and allowed enforcement of data collection
standard operating procedures (SOPs) (56). Another major
issue with the gene-by-gene approach is that mouse models
were generated and/or maintained on a wide variety of genetic
background strains, precluding straightforward comparison of
one model to another because of strain background differences.
Further, breeding of one model to another created the risk of
passenger mutation effects (58). With all of this in mind, the
“second generation mouse clinics” were carefully designed with
standardized and validated SOPs developed for both animal
model generation and for capturing the phenotype data. The
phenotyping pipelines and the SOPs for collecting data are
reviewed extensively elsewhere (59), but below some of the pros
and cons of the largest of these data collections are described in
the context of validating GWAS loci for bone phenotypes and
disease. Table 1 summarizes these data collections.

International Mouse Phenotyping
Consortium (IMPC)

The International Knockout Mouse Consortium (IMKC) began
in 2003 with the goal of making embryonic stem cells carrying a
knockout allele for all protein coding genes. Indeed, embryonic
stem cell (ESC) lines carrying mutant alleles were generated for
18,500 genes (60). This effort was conducted by numerous sites
and programs internationally, including the Knockout Mouse
Program (KOMP) in the United States. The vast majority of
these mutant alleles are knockout-first and conditional-ready,
meaning that by employing appropriate breeding strategies, both
global gene ablation can be achieved or genes can be knocked
out in a temporal or cell/tissue specific manner (61). It must
be noted, though, that not all genes were knocked out in this
fashion. A smaller fraction of the ESC cell lines are knockout-
only (22). There many impressive aspects of this ambitious and
highly successful project, but the one that is perhaps not as well
appreciated by non-mouse geneticists is that all of these cell
lines were created on a single genetic background, C57BL/6N
(60). As a result, when animated into live mice, double- and
triple-knockouts can be generated without the time consuming
and costly step of breeding all lines onto a uniform genetic
background before interbreeding (58). In 2011, the International
Mouse Phenotyping Consortium (IMPC) was formed to conduct
high-throughput, multi-systems phenotyping on the IMKC
generated mice. In 2015, the efforts of the IKMC were folded into
that of the IMPC, and, under the umbrella of the IMPC, mouse
model generation continues. It should be noted that the use of
CRISPr/Cas9 is becoming more widely adopted by the IMPC,
producing global gene disruption including conditional and lacZ
reporter lines. However, like the previous mutant alleles, these
new models are being made on the C57BL/6N background (59).
Currently, the IMPC is comprised of 19 research institutions
located in 11 countries and was funded by five national funding
organizations. For the 10 year span that the IMPC was funded
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TABLE 1 | Selected repositories of phenotyping data for mouse genetic models.

Title URL

Content

BoneBase http://bonebase.org
International Mouse Phenotyping

Consortium

http://www.mousephenotype.org/

Origins of Bone and Cartilage Disease http://www.boneandcartilage.com/

Mouse Genome Database http://www.informatics.jax.org/

In-depth bone specific phenotype data for selected IMPC generated mice.

The website of the IMPC, including SOPs, data, and resources for ordering IMPC mice
and targeted ES cells.

In-depth bone specific phenotype data for selected IMPC generated mice.
The international resource database for the mouse. Includes genomic, phenomic and

gene function information.

Infrafrontier https://www.infrafrontier.eu

Access to mouse models and data collected by mouse clinics in Europe and Canada.

House the European Mouse Mutant Archive (EMMA).

to operate (2011 to 2021), five goals were laid out: (1) create
a consortium capable of generating targeted mutations for
20,000 mouse genes, (2) conduct high-throughput, standardized
phenotyping of these knockout lines, (3) determine the biological
function of these genes, (4) create a network of secondary
phenotyping consortia that can conduct additional phenotyping
to enrich the primary data set, and (5) provide the means and
support for free and unrestricted data disseminations for all
IMPC generated data (56).

At the heart of the IMPC is the phenotyping pipeline
(https://www.mousephenotype.org/impress/). This pipeline can
be divided into four sections. In the first part, lines are assessed
for viability and fertility in the homozygous global knockout
state. Approximately one third of all IMPC knockout lines
generated to date were found to be embryonically lethal (no
homozygous knockout mice found after screening 28 pups
from a heterozygous by heterozygous mating) or sub-viable
(less than half of the homozygous knockout mice survive to
weaning) (62). In recognition of this high number of non-viable
lines, an embryonic pipeline is currently in development. This
pipeline is envisioned to collect the duration of viability post
fertilization, and histopathology and gross morphology data at
multiple time points during development. In the third part of
the pipeline, a robust set of phenotype data is collected covering
most body systems. This adult phenotyping pipeline has been
applied largely, but not exclusively, to homozygous knockout
mice. This pipeline is conducted using a rigid schedule of tests
starting when the mouse is 9 weeks of age and extends until the
animal is euthanized at 16 weeks of age. This test battery consists
of a core set of 15 tests that are conducted at all phenotyping
sites using carefully developed SOPs, as well as a set of optional
tests that are collected at some, but not all, of the phenotyping
centers. Lastly, at euthanasia, biological specimens are collected
and analyzed. Like for the in vivo testing, there is a core of data
collected on all mice as well as optional collection SOPs (56, 59).
For example, all sites must collect data regarding heart weight at
death, but only some of the sites bank tissues and embed them for
histopathology (59).

There are two sets of data collected on mice in the IMPC
pipeline that are of primary interest to bone biologists: body
composition and skeletal dismorphology (56). Body composition
traits, including bone mineral content (BMC), bone area (BA),
bone mineral density (BMD), lean mass and fat mass, are
collected. All of these phenotypes are collected on the whole body

sans the head via Dual X-ray Absorptiometry (DXA) on male and
female mice at 11 weeks of age. At the same time, a simple 2D
whole-body X-ray is collected, and a very comprehensive list of
bone sites are examined for malformations and dismorphologies
(57). The way this pipeline is set up, data is collected on each
line until 7 males and 7 females per line have been examined
for body composition and at least 5 males and 5 females have
had X-ray images captured (https://www.mousephenotype.org).
Control mice of the C57BL/6N line are run through the pipeline
such that a new cohort of control mice is started through the
pipeline every week and therefore, there is always concurrent
control data collected for every mutant strain. The data for each
mutant strain is compared to the aggregate collection of control
data using a statistical analysis protocol designed to be robust to
the imbalance of group sizes between the cases (mutants) and
controls (63). The data is presented on the IMPC web-portal and
can be screened in a number of ways. For example, an investigator
can look specifically for the BMC data for their favorite strain
only, search for all lines with significantly higher BMD and they
can download the raw data for their own analyses.

There are many advantages of using these data for functional
validation of GWAS loci. As of data release 8.0, which was
announced on July 16th of 2018, phenotype data for 5,115 genes
were available, which is just over 20% of all known protein coding
genes in the mouse genome (https://www.mousephenotype.org).
This data is freely available for use by anyone at any time
and is presented in an easy-to-interpret format on the IMPC
website. Further, this data can be downloaded and queried in
bulk allowing one to quickly search their list of GWAS candidate
genes for those with a known bone mass phenotype. At the
time of writing this review, just under 300 lines (6.4% of all
those tested) were annotated to have an abnormal BMD or BMC
phenotype (http://www.mousephenotype.org, accessed October,
2018). Equally important, this list can be screened to eliminate
genes that were tested and found not to impact any of the bone
phenotypes examined. This latter step can be critical when more
than one candidate exists for a single locus. Lastly, the mouse can
be ordered from the IMPC to conduct additional phenotyping
should an investigator choose.

There are many caveats and cautions that must be considered
when using this data for functional validation. In the 7
years since the start of the IMPC, technology has advanced.
There is now data available in the IMPC database from
multiple different DXA scanners that range in resolution from
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~180 wm spatial resolution for the older (and now no longer
commercially available) PIXImus scanners made by GE-Lunar®
to ~50 um spatial resolution for the newer instruments from
Faxitron®. While both instruments have been validated against
bone ash weight standards, the superior resolution of the
newer instruments may provide increased fidelity in BMD via
refinement in accuracy of projected area measured (64). As
a result, there will be less noise in measures such as bone
area, which may or may not affect achievement of statistical
significance for any mutant line.

DXA BMD in a mouse is different than that collected
usually for GWAS purposes in humans. Even with the
superior resolution of the newer DXA machines, in mice, these
instruments are not able to discriminate between cortical and
trabecular regions of interest without specialized analysis (65).
It has been estimated for long bones that three quarters of
the bone mass is contributed by the cortical compartment
primarily in the diaphyses (66). The majority of the attenuation
of the X-ray in DXA imaging for the whole body of a
mouse is achieved by the cortical compartments (65). However,
BMD for clinical purposes is measured in the lumbar spine,
which is largely trabecular, as well as in the hip, which is
proportionally more trabecular than the femoral diaphysis.
While anatomic site-specific region of interest (ROI) data
can be captured on the mouse DXA instruments, this data
is not typically available in the IMPC database. Phenotypes
that impact bone in subtle ways, such as only in the
trabecular compartment or in only one anatomic site, may be
missed by the IMPC screen. In this scenario, the mouse line
could be mistakenly annotated as having no abnormality in
bone mass.

All of the bone phenotyping in the IMPC pipeline is collected
on 11 week old animals. From a sexual maturity point of view,
this represents an adult animal, but from a skeletal growth point
of view, these mice are still in the bone acquisition phase. As was
outlined earlier, cortical bone volume can increase far past this 11
week age point (40). Thus, these 11 week old mice would likely
be the equivalent of an adolescent human. It could reasonably
be argued that the trends leading to lower/higher adult BMD or
smaller/larger adult skeletal size will be well established by 11
weeks of age, but one should remain cognizant of what these data
represent when using it to interpret and functionally validate a
human GWAS locus.

While Quantitative Ultrasound (QUS) phenotypes do
moderately correlate with areal BMD (67), bone architecture,
and mechanical properties in humans and large animals (68),
there is no directly measurable equivalent phenotype in mice for
speed of sound (SOS) or Broad Ultrasound Attenuation (BUA).
Because of the relationship between estimated BMD (eBMD)
as determined from ultrasound measures and areal BMD from
DXA (67), it is assumed that the same advantages and caveats for
using IMPC data for functional validation of areal BMD GWAS
loci also apply to eBMD loci. Similarly, IMPC does not contain
equivalent data such as trabecular bone volume and other
compartment-specific phenotypes like those captured by the
ultra-high-resolution CT machines. Therefore, while the IMPC
is a rich source of data, it may not have utility for functional
validation for some GWAS.

As mentioned previously, the IMPC mice are generated on
a C57BL/6N (N) genetic background (62). This strain is related
to, but is not genetically the same as the more commonly used
C57BL/6] (J) strain or other C57BL/6 strains available from
other vendors. Over 200 generations of breeding have occurred
since the J and the N lines were originally separated in 1951
and during that time, almost 700,000 genetic differences have
accumulated between these two strains including 51 coding
variants (69). It is not surprising that phenotypic differences
between these strains have been observed including differences
in behavior, blood pressure, metabolism and immune function.
In direct comparisons of the two, it was observed that the N
males and females have higher body fat whereas the ] strain
has increased lean body mass. The male ] mice trend toward
increases in whole-body BMD, but no differences in trabecular
bone mass or bone turnover markers were observed for either
sex (69). It is well understood that changing genetic background
can modify the phenotype of knockout and transgenic mice due
to modifier genes, complicating the interpretation of the impact
of a gene on a phenotype (70). Direct comparisons on a uniform
genetic background takes multiple generations of backcrossing
to avoid effects from segregating modifiers (71). This matters
for functional validation of GWAS loci as segregating modifiers
present on a mixed genetic background can mask or alter
the phenotypic presentation of the allele of interest, leading
to inappropriate conclusions about a gene’s involvement in a
biological system of interest.

BoneBase

Two programs are expanding the skeletal phenotypic data
available for IMPC mice. The first of these, BoneBase, is located
in the US. This program received live breeder mice from The
Jackson Laboratory IMPC production site to conduct in-depth
skeletal phenotyping. It should be noted that this program was
not part of the IMPC and received independent funding but
did work with the IMPC data coordinators. Like the IMPC,
this program was designed to be hypothesis-free in that lines
were not a priori selected because of evidence suggesting a role
in bone biology. All lines that were viable, fertile and free of
profound pathologies (i.e., early renal failure, spontaneous early
cancers, etc.) were accepted for this program. This program was
designed to add on to, but not replicate, the data generated by the
IMPC (72).

Like the IMPC, homozygous animals were used for
phenotyping. Group sizes of at least 8 male and 8 female mice
were phenotyped at 12 weeks of age. Two main phenotyping
mechanisms were used: microCT analysis of the lumbar vertebrae
and the femur, and dynamic cryo-histomorphometry (73) of
adjacent lumber vertebrae and the contralateral femur. The
pipeline (Figure 1) was set up such that if a phenotype at either
anatomic site or in either sex was found, cryo-histomorphometry
was conducted and this data is not available for all lines. In
this manner, a wide-ranging set of data was collected capturing
information on cortical bone size and shape, trabecular bone
mass and architecture, bone formation, and osteoblast and
osteoclast number. Also like the IMPC, rigorous SOPs were
implemented at all stages of animal breeding, tissue collection,
and analysis to ensure that data was collected in an unbiased
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FIGURE 1 | The data collection pipeline for the BoneBase.org phenotyping project. This is one of two specialized high throughput phenotyping pipelines that is
conducting auxiliary, bone specific phenotyping of mice generated by the IMPC. The Bonebase.org logo is used with permission from the database owners.

Data is posted on the Web
for browsing.

L bonebase.org
e
\ U
Komp

and rigorous fashion. Also like the IMPC protocol, this group
collected data from C57BL/6N mice at regular intervals to ensure
that concurrent controls existed for every line, however, these
controls were collected monthly, not weekly (72).

For illustration purposes only, the data for a single gene
examined in the BoneBase pipeline (Figure2). The data
presented here, which is freely available at the BoneBase web
portal (Bonebase.org, accessed Oct, 2018), is for the gene
Osteoclast stimulatory transmembrane protein (Ocstamp), which
is not a known GWAS candidate gene. This gene is part of
a growing list of genes shown to be required for the fusion
of pre-osteoclasts into mature multinucleated and functional
osteoclasts (74). A substantial increase in bone volume fraction
(BV/TV) in the femur (Figures2A,B) was observed in the
female but not male mice (data not shown). A substantial
increase in the amount of TRAP staining per unit bone surface
(TRAP/BS, Figures 2C,D) but no change in bone formation rate
(BFR, Figure 2E) was noted. Collectively, these data suggest an
involvement of the osteoclast, but not the osteoblast. From this
simple example, it is readily apparently how this is a valuable
resource for functional validation of GWAS loci as information
is available to provide confirmation that a gene impacts bone
biology. In addition, putative mechanistic information is also
available to provide a first tier of evidence about how a candidate
gene at a locus acts to impact bone biology without the costly
investment in de novo model construction.

It is interesting to note that while the IMPC found that 6.4%
of lines presented with a bone phenotype by DXA alone (www.
mousephenotype.org), the Bonebase protocol found that ~15%

of all lines presented with an increase or decrease in bone mass as
determined by microCT. There was little overlap between those
determined to be bone genes by the IMPC and those found
by the BoneBase protocol (72). Given that whole body areal
BMD obtained from DXA is largely a cortical and bone size
driven phenotype (65) and that microCT can be used specifically
to look only at the trabecular bone, this is not an unexpected
finding. This is further supported by evidence that suggests
that trabecular and cortical bone are controlled by independent
genetic signals (75-77).

All of the data generated by the Bonebase project can be
queried at any time via a webportal (www.bonebase.org). To
date, 220 lines have been analyzed and the data for these lines
is available both as summary statistics for a line (separated by
sex) and as raw data available for each individual mouse (as is
presented in Figure 2). It is interesting to note that far more
anatomic site-specific effects (i.e., only in the spine or only in the
femur) and sexually dimorphic effects (i.e., only in males or only
in females) were found than that which has been noted for genetic
loci in GWAS. This may reflect differences in mice vs. humans, or
may reflect that subtle effects could be more easily detected in this
repeated measures study design.

Origins of Bone and Cartilage Disease

Project

The Origins of Bone and Cartilage Disease (OBCD) project
is the second of two programs expanding skeletal phenotype
data (57, 78) and is very similar in philosophy to that of the
BoneBase project. Like BoneBase, this project is designed to
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FIGURE 2 | Bone Phenotype of female mice lacking Ocstamp. Representative data as collected via the BoneBase pipeline for Ocstamp null female mice.
(A) Reconstructions of the distal femoral trabecular compartment for Ocstamp™/+ (left) and Ocstamp™/~ mice. (B) A significant increase in bone volume over total
volume (BV/TV) was observed in the null vs. control animals (*p < 0.001). (C) Staining for tartrate resistant acid phosphatase (TRAP), a marker of osteoclast
cells (yellow) in Ocstamp™/™ (left) and Ocstamp~/~ mice. (D) An increase in the number of TRAP positive cells per unit bone surface observed in the null vs. control
animals (*P = 0.001), but no difference in bone formation rate (BFR) was seen (E).

expand on the phenotype data collected on IMPC generated
mice. This project uses mice generated by the Welcome Trust
Sanger Institute (WTSI) IMPC phenotyping pipeline and, to date,
data is available for 733 lines. The summary data is available
for all lines examined by the OBCD and is provided in a
straightforward web portal (http://www.boneandcartilage.com/
index.html). Unlike the Bonebase project, OBCD was able to
collect bone samples from the same mice that went through the
primary IMPC phenotyping pipeline and these mice are 16 weeks
of age at phenotyping. A primary difference between these two
programs is that only data from female mice are available for
the traits of interest for bone and osteoporosis research in the
OBCD, but data exists for males and females in Bonebase. Since
the OBCD collected samples directly from the WTSI pipeline,
data is available for some lines in a heterozygous state (57).
This may be a better reflection of what is captured by GWAS,
as many GWAS loci do not negate expression or alter protein
function. The haploinsufficient state may more closely mimic
what is expected to be the consequence of many GWAS loci.
There is some overlap in the types of data collected by
these two projects, but each project has a different focus with
regards to the kind and purpose of the data collected. Both
groups conducted microCT-based imaging of the distal femur
and femoral midshaft and both groups report data on trabecular
bone mass and architecture, as well as cortical size and geometry

(57, 72). However, the OBCD group collects two types of data
that are unique to this program. First, they collect digital X-ray
microradiography on the femur and caudal vertebrae to collect
bone mineral content (BMC) data. This method overcomes some
of the limitations already outlined regarding the IMPC DXA data
(57). This method is site specific, has higher resolution than the
older DXA machines, and there are no concerns about artifacts
arising from extra-osseous calcification. Second, measures of
bone strength and stiffness are collected by the OBCD via
mechanical testing of the femur (via three point bending) and
the caudal vertebrae (via compression). In addition to the bone
data described above, this group has plans to collect a plethora
of data related to the knee joint which may be informative for
osteoarthritis (79). This arm of the project uses the male mice
generated by the WTSI pipeline, but data for only 29 strains is
currently available.

Lexicon Pharmaceuticals Inc.

Between 2000 and 2008, Lexicon Pharmaceuticals Inc. embarked
on an ambitious project to generate and phenotype ~5,000
knockout mice via a high throughput pipeline. The overarching
goal of this project was to identify novel avenues of therapeutic
intervention for a wide variety of diseases. The choice of
genes for interrogation was enriched for enzymes, receptors,
and secreted proteins (80). To find genes of interest, their

Frontiers in Endocrinology | www.frontiersin.org

May 2019 | Volume 10 | Article 277


http://www.boneandcartilage.com/index.html
http://www.boneandcartilage.com/index.html
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Maynard and Ackert-Bicknell

Functional Analysis of Osteoporosis GWAS

phenotyping protocol was designed to capture information on
behavior, cardiology, immunology, metabolism, oncology, and
ophthalmology. Of note for bone biology, three types of data were
collected: (1) DXA imaging, including whole body and region
of interest (ROI) analysis of the femur and spine, (2) microCT
imaging of the fifth lumbar vertebrae and femoral midshaft and
(3) static histological analysis of the long bones (80). In total,
bone relevant data was collected for 3,762 genes; however, the
complete DXA and microCT analysis was not conducted on all
lines. This program did identify and name 10 novel genes that
are involved in the regulation of bone. An additional three genes
were identified as having a role in bone biology, but as of yet the
names of these genes are being withheld. Lastly, they confirmed
the role in bone biology for an additional 23 genes (80). A subset
of the data generated by this project can be found on the MGI
webpage (http://www.informatics.jax.org/knockout_mice/).

Mouse Genome Database

The mouse genome database (MGD) is maintained at the Jackson
Laboratory (http://www.informatics.jax.org (81), and is a central
part of the larger Mouse Genome Informatics (MGI) consortium.
The MGD is an incredible resource for the study of the mouse
as a model of human disease and serves as the repository
for information regarding mouse genes, gene function(s), and
mouse strain information. At present, it contains a summary
of the phenotype(s) associated with over 50,000 mutant alleles
in over 12,000 genes (http://www.informatics.jax.org, accessed,
QOct, 2018) Unlike the resources listed above, the MGD is not,
in and of itself, making and phenotyping new mice. Rather, the
data contained in the MGD comes primarily from the literature
and is entered by expert curators. However, data from other
sources such as the IMPC is captured. All of the data presented
in the MGD is linked to the primary references and to other
mouse model resources. A summary page for each mouse gene
is provided and included on this page are: the human homolog,
any human diseases associated with that gene, a brief synopsis of
the phenotype of knockout mice or mice carrying mutations in
that gene, and a visual presentation of the physiological systems
affected by mutations in this genes (81). In addition, the MGD
and the parent MGI project (82) have built an ever-increasing
toolbox for mining this data collection. While it is possible to bulk
query this data set for terms such as “decreased trabecular bone
mass,” more complete information is obtained by searching for
each gene individually when looking to validate GWAS candidate
genes. In Table 2, the links for selected search engines and
databases useful for finding mouse strains are provided.

TRANSCRIPTOMICS

The integration of —omics data such as transcriptomics has been
highly successful in many areas of research for identification of
the causative variant(s) as well as for interpreting the role of a
causative variant and/or candidate gene in the disease process. It
is difficult to collect large numbers of specimens from humans
for bone research, which limits the number of sizeable expression
resources available for human tissue (57). Further, extracting
quality RNA from bone and cartilage is laborious and technically

TABLE 2 | Selected resources for locating inbred, transgenic and mutant mouse

strains and targeted ES cells.

Name

URL

International Mouse Strain Resource
Australian Phenomics Facility

Canadian Mouse Mutant Repository
European Mouse Mutant Archive
International Mouse Phenotyping

http://www.findmice.org/index.jsp

http://pb.apf.edu.au/phenbank/
homePage.html

http://www.cmmr.ca/
https://www.infrafrontier.eu/
http://www.mousephenotype.org/

Consortium

Riken Bioresource http://mus.brc.riken.jp/en/
Charles River https://www.criver.com/
The Jackson Laboratory WwWw.jax.org
Taconic Bioscience https://www.taconic.com/
Envigo

NIH Aged Rodent Colonies

https://www.envigo.com/

https://www.nia.nih.gov/research/
dab/aged-rodent-colonies-
handbook

International Gene Trap Consortium https://igtc.org/

MGl Cre portal http://www.informatics.jax.org/

home/recombinase
NCBI guide to mouse genome resources https://www.ncbi.nlm.nih.gov/

genome/guide/mouse/

challenging (83). A large number of databases containing raw
and processed gene expression data exist. The largest of these are
described below and summarized in Table 3.

Tissue Expression Panels

Expression data can provide information about when and
where a gene is expressed. Fortunately for bone, there are
excellent resources from mouse that can be used to assess
tissue distribution and cell type expression. BioGPS is a gene-
annotation portal that houses such data for 8 different species
(84). Like many web portals, BioGPS contains a plethora of
tools for easy access of the data featured. Included therein is
a tissue expression panel collected by the Novartis Research
Foundation. In this panel, expression of protein coding genes
was assessed in a large number of primary mouse tissues
from male and female C57BL/6 mice, and also from selected
mouse cell lines (85), GEO Series: GSE10246). All samples were
run on the Affymetrix mouse MOE430 microarray chip (GEO
platform accession: GPL1261), and this data is freely available
for download. Relevant to bone biology, this data set includes
expression in the following cultured mouse cells from three
time points post differentiation (days 5, 14, and 21), primary
calvarial osteoblasts, primary cultured osteoclasts, the MC 3T3
pre-osteoblast cell line (86), the C3H10T1/2 pluripotent mouse
embryonic fibroblast line, and the RAW264.7 macrophage cell
line. The C3H10T1/2 cell line is considered to have mesenchymal
stem cell characteristics and, if appropriately treated, these cells
can be induced to become osteoblast-like, chondrocyte-like or
adipocyte-like cells (87). The RAW264.7 cell line can be induced
to form multinucleated, TRAP positive osteoclast-like cells (88).
Thus, these three cell lines may model some features of bone
stem cells. The caveat with this data is that it is microarray data,
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TABLE 3 | Selected resources for gene expression and localization in the mouse.

Title URL

Description

BioGPS
Gene Expression Ominbus

biogps.org
www.ncbi.nim.nih.gov/geo/

Gene Paint www.genepaint.org/

Gene portal containing tissue distribution and eQTL data for 8 species
NCBI repository for microarray and RNAseq data
Tissue distribution of gene expression in the mouse embryo as determined by in situ

hybridization. This includes data from the Eurexpress project.

Gene Expression Database (GXD)  www.informatics.jax.org/

expression.shtml
EMBL-EBI Expression atlas
GeneNetwork

https://www.ebi.ac.uk/gxa/home

www.genenetwork.org/

Repository of gene expression in the mouse collected via a variety of methods

Gene expression abundance and localization in multiple species including human and mouse
A web service for systems genetics that includes mouse bone eQTL data and phenotype data

from a large number of inbred mouse strains.

and differentiating between a lack of expression and a lack of
sensitivity by the probe on the array is difficult (89). In addition
to establishing that a gene is putatively expressed in bone, these
data can be used to differentiate between systemic expression that
would be expected for a housekeeping gene, and tissue enriched
expression. Housekeeping genes are defined as genes that control
basal cellular functions in most tissues and are less likely to
be disease-causing genes (90). Conversely, tissue enriched genes
may be informative for disease and the patterns of tissue-enriched
expression may be helpful in establishing the biological role of a
poorly characterized gene (91).

Newer resources for bone include data collected via next
generation RNA sequencing (RNAseq). Both whole-tissue and
cell type-specific expression data sets have been deposited in
the public domain. Two of these data sets have been used for
functional validation of GWAS loci. In the first, gene expression
across osteoblastogenesis was profiled by RNAseq. In this study,
primary calvarial cells were isolated from neonatal C57BL/6]
mice carrying an allele whereby cyan florescent protein (CFP)
expression was driven by the Col3.6 promoter (92). These cells
were then sorted by FACS to remove the cells not expressing
CFP and were therefore considered non-osteoblast-like. The
remaining cells were placed into culture and differentiated into
osteoblasts using standard protocols (93). Gene expression was
measured in this osteoblast-enriched population in a dense time-
course series from the pre-osteoblast to mature osteoblast stages
of maturation. This is a valuable dataset for determining if a
candidate gene plays a role in osteoblast maturation. Indeed this
data was used to show that Engrailed 1 (EN1), a candidate gene
for a bone mass GWAS locus, is expressed in a relevant cell type
and at an appropriate time point to impact the phenotype of
interest [Zheng et al. (93), GEO Series: GSE54461]. This data
has been subsequently used in a number of GWAS to screen
putative candidate genes (28, 33, 94, 95). The second data set was
not originally created for the purpose of functionally validating
GWAS loci. RNAseq data for cultured bone marrow derived
mouse osteoclasts has been deposited in the Gene Expression
Onmibus (GEO Accession Number: GSM1873361), and this data
has been used in concert with the above osteoblast data to
determine if GWAS candidate genes are expressed in relevant
bone cells [28. 33]. The most abundant cell in bone tissue is
the osteocyte (96) and a variety of gene expression data sets
profiling expression in the osteocyte have been collected. Much of

these data have not been used extensively as of yet for functional
validation of human GWAS loci. Some of these data sets are
so called “enrichment signature” meaning that expression is
not necessarily unique to the osteocyte, but rather is higher
in cells sorted based on a known osteocyte marker (97), or in
a tissue type known to contain largely osteocytes (9). Using
one of these data sets, Morris et al showed that eBMD GWAS
candidate genes were highly enriched among genes showing a
4-fold higher expression in tissues high in osteocyte number as
compared to bone marrow, suggesting that genes expressed in the
osteocyte play a significant role in the genetic regulation of bone
mass (9).

Expression QTLs

QWAS loci overwhelmingly are thought to be caused by variants
in non-coding regions (16) and may be involved in the regulation
of gene expression. These variants may affect the level of
transcription of the gene(s) leading to the phenotype of interest
(98), or impact the post-transcriptional processing of one or
more genes (99). The expression level of a gene can be used
as a phenotypic trait for genetic mapping to determine if there
are local alleles controlling expression. Such a locus is referred
to as a cis expression Quantitative Trait Locus [eQTL, (100)].
Limited eQTL data exists for isolated human osteoblasts (101)
and for iliac crest biopsy samples (102), but both of these data
sets have low power for mapping. Use of data from other tissue
types as a surrogate for expression in bone for eQTLs has
yielded mixed results. This is not a unique problem for bone
and, indeed, analysis of the 44 tissues collected as part of the
GTEX project suggested that the distribution of the number
of tissues in which a cis-eQTL is found is bimodal. Namely,
there are a large number of eQTL found in nearly all tissues
and there is an equally large number showing a high degree
of selectivity in that they are found in one to three tissues
only (103).

There is accumulating evidence suggesting a high degree
of evolutionary conservation of patterns of gene co-expression
between mice and humans in many tissues. In particular, the
degree of conservation in bone is among the highest (104).
Further, co-expression of pathways associated with metabolic
disease, cell adhesion, and the cell cycle are also highly conserved
between the species (104), suggesting conserved mechanisms of
regulation. In other diseases and tissues, strong concordance for
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eQTL identified in mice and humans has been observed (105,
106). Collectively, this suggests that, in bone, the examination
of eQTL and gene co-expression in mice would be highly
informative for human bone disease and provide valuable
information toward functional validation of GWAS loci. One set
of data exists in the public domain that can be used for eQTL
mapping in mice (GEO series number: GSE27483). This data
set is comprised of long bone (sans marrow) gene expression
as obtained by microarray from male mice from the Hybrid
Mouse Diversity Panel (HMDP) (107). This panel of mice, which
has been described in detail elsewhere (108), is comprised of 29
inbred strains, as well as 71 recombinant inbred strains of mice
wherein each strain is genetically distinct. Whole body, femoral,
and spinal BMD data are also available for these same strains of
mice. By leveraging the genetic diversity present in this panel, loci
can be mapped for both traditional and expression phenotypes
(107). These phenotypic and expression data for the HMDP
have been deposited in the GeneNetwork repository (http://www.
genenetwork.org/). GeneNetwork is a toolbox for facilitating
systems genetics (109). Deposited in the GeneNetwork repository
are collections of phenotype, expression and genotype data
for a number of species including mouse, rat, non-human
primates, and humans. This repository is coupled to tools that
facilitate analyses within a single data set or across multiple
datasets. Built into GeneNetworks is the ability to conduct
correlation analyses on the HMDP phenotype and genotype data,
map eQTLs, and to conduct pair-scans to look for gene-gene
interactions (109).

Co-expression Networks

Network-assisted analysis of GWAS data has proven to be a
powerful way to select candidate genes and provide possible
mechanisms of biological action (110). The principal behind this
approach is the understanding that genes function as part of
larger pathways and that the allelic differences leading to complex
genetic disease act on members of these pathways to mediate
biological function (111). In other words, genes important for a
complex disease are functionally related at some level (112). In
practice, an unbiased biological network is constructed, such as a
gene co-expression network (113), and the genes found in GWAS
loci are mapped onto this network to identify pathways of interest
and causal genes (107, 114-116). For example, bone resorption
by the osteoclast is a biological function that may be perturbed
in osteoporosis. There are multiple signaling pathways that
control the formation and function of the osteoclast. By creating
a co-expression network from bone, gene expression modules
associated with this biological function of bone resorption can
be identified. All genes in GWAS loci can then be overlaid to
find the subset of genes that are members of these biologically
relevant modules. In this manner, causal genes can be pinpointed,
and biological mechanism of action is putatively determined. The
important part of this method is that the networks are created in
an unbiased manner as opposed to a curated or directed manner,
and therefore novel discoveries can be made. Because of the
conservation of co-expression between mouse and human for
bone (104), network-assisted analysis of GWAS is an powerful

way to augment and direct functional validation efforts for bone
disease. This was elegantly demonstrated by Calbrese et al. (111).
In this paper, the authors examined the 64 loci identified in
the GEFOSII meta-analysis GWAS published in 2012 (117). By
integrating all genes located in these 64 human loci with a gene
co-expression network constructed using femoral expression
data from the mouse (118), these authors were able to predict
the causal gene and infer their function in bone biology for 30
of these loci. They then went on to use traditional experimental
approaches to validate that two of these genes were involved in
the predicted biological process and were indeed bone genes. In
total, network-assisted analysis of GWAS loci is a powerful and
efficient method to prioritize genes for functional validation and
direct functional validation experimental design.

CONCLUSIONS

The power of the mouse to elucidate the cause of human
disease has been recognized for over 100 years. Data on gene
function is being collected using mouse models at a pace
and in a scope that could only be dreamed of a decade
ago. In the not so distant future, a transgenic or mutant
mouse model will exist for every protein coding gene in the
mouse genome and with a few key strokes, any researcher,
anywhere will have access to reliably collected data regarding
what loss of function of that gene does to the bone and
many other physiological systems. By marrying this functional
data with GWAS, an unparalleled level of understanding of
human disease is not over the horizon, but rather practically on
our doorsteps.

The challenge moving forward will be to make sense
of the function of each gene in the context of all other
genes and all of the various physiological systems. Very
soon it will not be adequate to write out a cell-signaling
pathway as if it acted in isolation and was the sole driver
of disease. As we develop new tools and methods for
network analyses we are better able to comprehend and
define the complex interactions leading to skeletal development,
maintenance and decline. Our ultimate goal must be to
determine how to leverage this new-found knowledge in the
context of each person’s physiology to predict, prevent or
treat skeletal disease in manner that is safe and effective for
that patient.

AUTHOR CONTRIBUTIONS

This work was written and edited by CA-B with significant
writing contributions and editorial assistance from RM.

ACKNOWLEDGMENTS

Research reported in this publication was supported by the
National Institute of Arthritis and Musculoskeletal and Skin
Diseases (NIAMS) of the National Institutes of Health (NIH)
under Award Number AR063702 (to CA-B). The authors would
like to thank Mr. Madison Doolittle for his editorial assistance.

Frontiers in Endocrinology | www.frontiersin.org

11

May 2019 | Volume 10 | Article 277


http://www.genenetwork.org/
http://www.genenetwork.org/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Maynard and Ackert-Bicknell

Functional Analysis of Osteoporosis GWAS

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. NIH.

. Blume

NIH  consensus
prevention, diagnosis, and
doi: 10.1001/jama.285.6.785

development  panel
therapy. JAMA.

on
(2001)

osteoporosis
285:785-95.

. Johnell O, Kanis JA. An estimate of the worldwide prevalence and disability

associated with osteoporotic fractures. Osteoporos Int. (2006) 17:1726-33.
doi: 10.1007/s00198-006-0172-4

. Curtis EM, Van Der Velde R, Moon RJ, Van Den Bergh JP, Geusens P, De

Vries F, et al. Epidemiology of fractures in the United Kingdom 1988-2012:
variation with age, sex, geography, ethnicity and socioeconomic status. Bone.
(2016) 87:19-26. doi: 10.1016/j.bone.2016.03.006

SW, Curtis JR. Medical of osteoporosis in the
elderly Medicare population. Osteoporos Int. (2011) 22:1835-44.
doi: 10.1007/s00198-010-1419-7

costs

. Bliuc D, Nguyen ND, Milch VE, Nguyen TV, Eisman JA, Center JR.

Mortality risk associated with low-trauma osteoporotic fracture and
subsequent fracture in men and women. JAMA. (2009) 301:513-21.
doi: 10.1001/jama.2009.50

. Ralston SH, Uitterlinden AG. Genetics of osteoporosis. Endocr Rev. (2010)

31:629-62. doi: 10.1210/er.2009-0044

. Liu CT, Karasik D, Zhou Y, Hsu YH, Genant HK, Broe KE, et al. Heritability

of prevalent vertebral fracture and volumetric bone mineral density and
geometry at the lumbar spine in three generations of the Framingham study.
] Bone Miner Res. (2012) 27:954-8. doi: 10.1002/jbmr.1537

. Kiel DP, Demissie S, Dupuis J, Lunetta KL, Murabito JM, Karasik

D. Genome-wide association with bone mass and geometry in the
Framingham Heart Study. BMC Med Genet. (2007) 8 (Suppl. 1):S14.
doi: 10.1186/1471-2350-8-S1-S14

. Morris JA, Kemp JP, Youlten SE, Logan J, Chai R, Vulpescu N, et al. An atlas

of human and murine genetic influences on osteoporosis. Nat Genet. (2019)
51:258-66. doi: 10.1038/s41588-018-0302-x

Trajanoska K, Morris JA, Oei L, Zheng HE, Evans DM, Kiel DP, et al.
Assessment of the genetic and clinical determinants of fracture risk:
genome wide association and mendelian randomisation study. BMJ. (2018)
362:k3225. doi: 10.1136/bmj.k3225

Grotz AK, Gloyn AL, Thomsen SK. Prioritising causal
at type 2 diabetes risk Diab Rep. (2017)
doi: 10.1007/s11892-017-0907-y

Slatkin M. Linkage disequilibrium-understanding the evolutionary past
and mapping the medical future. Nat Rev Genet. (2008) 9:477-85.
doi: 10.1038/nrg2361

International Hapmap C. A haplotype map of the human genome. Nature.
(2005) 437:1299-320. doi: 10.1038/nature04226

Li M, Li C, Guan W. Evaluation of coverage variation of SNP chips for
genome-wide association studies. Eur ] Hum Genet. (2008) 16:635-43.
doi: 10.1038/sj.ejhg.5202007

Genomes Project C, Auton A, Brooks LD, Durbin RM, Garrison EP, Kang
HM, et al. A global reference for human genetic variation. Nature. (2015)
526:68-74. doi: 10.1038/nature15393

Zhang F, Lupski JR. Non-coding genetic variants in human disease. Hum Mol
Genet. (2015) 24:R102-110. doi: 10.1093/hmg/ddv259

Beighton P, Davidson J, Durr L, Hamersma H. Sclerosteosis
- an autosomal recessive disorder. Clin Genet. (1977) 11:1-7.
doi: 10.1111/j.1399-0004.1977.tb01269.x

Nassar K, Rachidi W, Janani S, Mkinsi O. Van Buchem’s Disease. Joint Bone
Spine. (2016) 83:737-8. doi: 10.1016/j.jbspin.2015.10.013

Balemans W, Patel N, Ebeling M, Van Hul E, Wuyts W, Lacza C,
et al. Identification of a 52kb deletion downstream of the SOST gene
in patients with van Buchem disease. ] Med Genet. (2002) 39:91-7.
doi: 10.1136/jmg.39.2.91

Staehling-Hampton K, Proll S, Paeper BW, Zhao L, Charmley P,
Brown A, et al. A 52-kb deletion in the SOST-MEOXI1 intergenic
region on 17ql2-q21 is associated with van Buchem disease in the
Dutch population. Am ] Med Genet. (2002) 110:144-52. doi: 10.1002/aj
mg.10401

Whyte MP, Deepak Amalnath S, Mcalister WH, Pedapati R, Muthupillai
V, Duan S, et al. Sclerosteosis: report of type 1 or 2 in three

genes

loci. Curr 17:76.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Indian Tamil families and literature review. Bone. (2018) 116:321-32.
doi: 10.1016/j.bone.2018.07.022

Schofield PN, Hoehndorf R, Gkoutos GV. Mouse genetic and
phenotypic resources for human genetics. Hum Mutat. (2012) 33:826-36.
doi: 10.1002/humu.22077

Katz S, Weinerman §S. Osteoporosis
Gastroenterol Hepatol. (2010) 6:506-17.
Jones KB, Mollano AV, Morcuende JA, Cooper RR, Saltzman CL. Bone and
brain: a review of neural, hormonal, and musculoskeletal connections. Iowa
Orthop J. (2004) 24:123-32.

Jamal SA, West SL, Miller PD. Fracture risk assessment in patients
with chronic kidney disease. Osteoporos Int. (2012) 23:1191-8.
doi: 10.1007/s00198-011-1781-0

Digirolamo DJ, Kiel DP, Esser KA. Bone and skeletal muscle: neighbors
with close ties. J Bone Miner Res. (2013) 28:1509-18. doi: 10.1002/
jbmr.1969

Goodfellow LR, Earl S, Cooper C, Harvey NC. Maternal diet, behaviour and
offspring skeletal health. Int ] Environ Res Public Health. (2010) 7:1760-72.
doi: 10.3390/ijerph7041760

Kemp JP, Morris JA, Medina-Gomez C, Forgetta V, Warrington NM, Youlten
SE, et al. Identification of 153 new loci associated with heel bone mineral
density and functional involvement of GPC6 in osteoporosis. Nat Genet.
(2017) 49:1468-75. doi: 10.1038/ng.3949

Paigen K. One hundred years of mouse genetics: an intellectual history. I.
The classical period (1902-1980). Genetics. (2003) 163:1-7.

Mouse Genome Sequencing C, Waterston RH, Lindblad-Toh K, Birney
E, Rogers ], Abril JE et al. Initial sequencing and comparative analysis
of the mouse genome. Nature. (2002) 420:520-62. doi: 10.1038/nat
ure01262

Peters LL, Robledo RE Bult CJ, Churchill GA, Paigen BJ, Svenson
KL. The mouse as a model for human biology: a resource guide for
complex trait analysis. Nat Rev Genet. (2007) 8:58-69. doi: 10.1038/n
rg2025

Wapinski O, Chang HY. Long noncoding RNAs and human disease. Trends
Cell Biol. (2011) 21:354-61. doi: 10.1016/j.tcb.2011.04.001

Medina-Gomez C, Kemp JP, Trajanoska K, Luan J, Chesi A, Ahluwalia
TS, et al. Life-course genome-wide association study meta-analysis of total
body BMD and assessment of age-specific effects. Am ] Hum Genet. (2018)
102:88-102. doi: 10.1016/j.ajhg.2017.12.005

Hezroni H, Koppstein D, Schwartz MG, Avrutin A, Bartel DP, Ulitsky
I. Principles of long noncoding RNA evolution derived from direct
comparison of transcriptomes in 17 species. Cell Rep. (2015) 11:1110-22.
doi: 10.1016/j.celrep.2015.04.023

Wang J, Zhang ], Zheng H, Li J, Liu D, Li H, et al. Mouse transcriptome:
neutral evolution of ’non-coding’ complementary DNAs. Nature. (2004)
431:1-2. doi: 10.1038/nature03016

Ascenzi MG, Roe AK. The osteon: the micromechanical unit of compact
bone. Front Biosci. (2012) 17:1551-81. doi: 10.2741/4003

Sher RB, Cox GA, Ackert-Bicknell C. Development and disease of the mouse
muscular and skeletal systems. In: H. Hedrich, editor. The Laboratory Mouse.
Elsevier (2012). doi: 10.1016/B978-0-12-382008-2.00010-6

Riggs BL, Melton L], Robb RA, Camp JJ, Atkinson EJ, Mcdaniel L, et al. A
population-based assessment of rates of bone loss at multiple skeletal sites:
evidence for substantial trabecular bone loss in young adult women and men.
] Bone Miner Res. (2008) 23:205-14. doi: 10.1359/jbmr.071020

Beamer WG, Donahue LR, Rosen CJ, Baylink DJ. Genetic variability in
adult bone density among inbred strains of mice. Bone. (1996) 18:397-403.
doi: 10.1016/8756-3282(96)00047-6

Willinghamm MD, Brodt MD, Lee KL, Stephens AL, Ye J, Silva MJ. Age-
related changes in bone structure and strength in female and male BALB/c
mice. Calcif Tissue Int. (2010) 86:470-83. doi: 10.1007/s00223-010-9359-y
Glatt V, Canalis E, Stadmeyer L, Bouxsein ML. Age-related changes in
trabecular architecture differ in female and male C57BL/6] mice. ] Bone
Miner Res. (2007) 22:1197-207. doi: 10.1359/jbmr.070507

Adams DJ, Rowe DW, Ackert-Bicknell CL. Genetics of aging bone. Mamm
Genome. (2016) 27:367-80. doi: 10.1007/s00335-016-9650-y

Elefteriou F, Yang X. Genetic mouse models for bone studies-strengths and
limitations. Bone. (2011) 49:1242-54. doi: 10.1016/j.bone.2011.08.021

and gastrointestinal ~disease.

Frontiers in Endocrinology | www.frontiersin.org

12

May 2019 | Volume 10 | Article 277


https://doi.org/10.1001/jama.285.6.785
https://doi.org/10.1007/s00198-006-0172-4
https://doi.org/10.1016/j.bone.2016.03.006
https://doi.org/10.1007/s00198-010-1419-7
https://doi.org/10.1001/jama.2009.50
https://doi.org/10.1210/er.2009-0044
https://doi.org/10.1002/jbmr.1537
https://doi.org/10.1186/1471-2350-8-S1-S14
https://doi.org/10.1038/s41588-018-0302-x
https://doi.org/10.1136/bmj.k3225
https://doi.org/10.1007/s11892-017-0907-y
https://doi.org/10.1038/nrg2361
https://doi.org/10.1038/nature04226
https://doi.org/10.1038/sj.ejhg.5202007
https://doi.org/10.1038/nature15393
https://doi.org/10.1093/hmg/ddv259
https://doi.org/10.1111/j.1399-0004.1977.tb01269.x
https://doi.org/10.1016/j.jbspin.2015.10.013
https://doi.org/10.1136/jmg.39.2.91
https://doi.org/10.1002/ajmg.10401
https://doi.org/10.1016/j.bone.2018.07.022
https://doi.org/10.1002/humu.22077
https://doi.org/10.1007/s00198-011-1781-0
https://doi.org/10.1002/jbmr.1969
https://doi.org/10.3390/ijerph7041760
https://doi.org/10.1038/ng.3949
https://doi.org/10.1038/nature01262
https://doi.org/10.1038/nrg2025
https://doi.org/10.1016/j.tcb.2011.04.001
https://doi.org/10.1016/j.ajhg.2017.12.005
https://doi.org/10.1016/j.celrep.2015.04.023
https://doi.org/10.1038/nature03016
https://doi.org/10.2741/4003
https://doi.org/10.1016/B978-0-12-382008-2.00010-6
https://doi.org/10.1359/jbmr.071020
https://doi.org/10.1016/8756-3282(96)00047-6
https://doi.org/10.1007/s00223-010-9359-y
https://doi.org/10.1359/jbmr.070507
https://doi.org/10.1007/s00335-016-9650-y
https://doi.org/10.1016/j.bone.2011.08.021
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Maynard and Ackert-Bicknell

Functional Analysis of Osteoporosis GWAS

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Moverare-Skrtic S, Henning P, Liu X, Nagano K, Saito H, Borjesson
AE, et al. Osteoblast-derived WNT16 represses osteoclastogenesis and
prevents cortical bone fragility fractures. Nat Med. (2014) 20:1279-88.
doi: 10.1038/nm.3654

Komori T, Yagi H, Nomura S, Yamaguchi A, Sasaki K, Deguchi K, et al.
Targeted disruption of Cbfal results in a complete lack of bone formation
owing to maturational arrest of osteoblasts. Cell. (1997) 89:755-64.
doi: 10.1016/S0092-8674(00)80258-5

Davisson MT, Bergstrom DE, Reinholdt LG, Donahue LR. Discovery
genetics - the history and future of spontaneous mutation research.
Curr Protoc Mouse Biol. (2012) 2:103-18. doi: 10.1002/9780470942390.mo
110200

Chipman SD, Sweet HO, Mcbride DJ Jr, Davisson MT, Marks SC Jr, Shuldiner
AR, et al. Defective pro alpha 2 (I) collagen synthesis in a recessive mutation
in mice: a model of human osteogenesis imperfecta. Proc Natl Acad Sci USA.
(1993) 90:1701-5. doi: 10.1073/pnas.90.5.1701

Saban J, Zussman MA, Havey R, Patwardhan AG, Schneider GB, King D.
Heterozygous oim mice exhibit a mild form of osteogenesis imperfecta. Bone.
(1996) 19:575-9. doi: 10.1016/S8756-3282(96)00305-5

Gondo Y. Now and future of mouse mutagenesis for human disease
models. ] Genet Genomics. (2010) 37:559-72. doi: 10.1016/S1673-8527(09)
60076-X

Barbaric I, Perry MJ, Dear TN, Rodrigues Da Costa A, Salopek D,
Marusic A, et al. An ENU-induced mutation in the Ankrdll gene
results in an osteopenia-like phenotype in the mouse mutant Yoda.
Physiol Genomics. (2008) 32:311-21. doi: 10.1152/physiolgenomics.001
16.2007

Douni E, Rinotas V, Makrinou E, Zwerina J, Penninger JM, Eliopoulos E,
etal. ARANKL G278R mutation causing osteopetrosis identifies a functional
amino acid essential for trimer assembly in RANKL and TNF. Hum Mol
Genet. (2012) 21:784-98. doi: 10.1093/hmg/ddr510

Esapa CT, Hannan FM, Babinsky VN, Potter P, Thomas GP, Croucher PI,
et al. N-ethyl-N-Nitrosourea (ENU) induced mutations within the klotho
gene lead to ectopic calcification and reduced lifespan in mouse models. PLoS
ONE. (2015) 10:e0122650. doi: 10.1371/journal.pone.0122650

Karunaratne A, Xi L, Bentley L, Sykes D, Boyde A, Esapa CT, et al.
Multiscale alterations in bone matrix quality increased fragility in steroid
induced osteoporosis. Bone. (2016) 84:15-24. doi: 10.1016/j.bone.201
5.11.019

Esapa CT, Piret SE, Nesbit MA, Thomas GP, Coulton LA, Gallagher OM, et al.
An N-Ethyl-N-Nitrosourea (ENU) mutagenized mouse model for autosomal
dominant nonsyndromic kyphoscoliosis due to vertebral fusion. JBMR Plus.
(2018) 2:154-63. doi: 10.1002/jbm4.10033

Charette JR, Earp SE, Bell BA, Ackert-Bicknell CL, Godfrey DA, Rao S,
et al. A mutagenesis-derived Lrp5 mouse mutant with abnormal retinal
vasculature and low bone mineral density. Mol Vis. (2017) 23:140-8.

Brown SD, Moore MW. The International Mouse Phenotyping Consortium:
past and future perspectives on mouse phenotyping. Mamm Genome. (2012)
23:632-40. doi: 10.1007/s00335-012-9427-x

Freudenthal B, Logan ], Sanger Institute Mouse P, Croucher PI, Williams
GR, Bassett JH. Rapid phenotyping of knockout mice to identify
genetic determinants of bone strength. J Endocrinol. (2016) 231:R31-46.
doi: 10.1530/JOE-16-0258

Vanden Berghe T, Hulpiau P, Martens L, Vandenbroucke RE, Van
Wonterghem E, Perry SW, et al. Passenger mutations confound
interpretation of all genetically modified congenic mice. Immunity.
(2015) 43:200-9. doi: 10.1016/j.immuni.2015.06.011

Brown SDM, Holmes CC, Mallon AM, Meehan TE, Smedley D, Wells S.
High-throughput mouse phenomics for characterizing mammalian gene
function. Nat Rev Genet. (2018) 19:357-70. doi: 10.1038/s41576-018-0005-2
Rosen B, Schick J, Wurst W. Beyond knockouts: the International
Knockout Mouse Consortium delivers modular and evolving tools
for investigating mammalian genes. Mamm Genome. (2015) 26:456-66.
doi: 10.1007/500335-015-9598-3

Skarnes WC, Rosen B, West AP, Koutsourakis M, Bushell W, Iyer V, et al.
A conditional knockout resource for the genome-wide study of mouse gene
function. Nature. (2011) 474:337-42. doi: 10.1038/nature10163

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Dickinson ME, Flenniken AM, Ji X, Teboul L, Wong MD, White JK, et al.
High-throughput discovery of novel developmental phenotypes. Nature.
(2016) 537:508-14. doi: 10.1038/nature19356

Kurbatova N, Mason JC, Morgan H, Meehan TF, Karp NA. PhenStat:
a tool kit for standardized analysis of high throughput phenotypic
data. PLoS ONE. (2015) 10:¢0131274. doi: 10.1371/journal.pone.
0131274

Adams DJ, Nyman ], Godfrey DA, Rydzik R, Lublinsky S, Rowe DW, et al.
Correlation of DXA measured on isolated femurs by faxitron and PIXImus
densitometry versus ashing and MicroCT. ] Bone Miner Res. (2016) 31.
Available online at: http://www.asbmr.org//education/AbstractDetail?aid=
13ad6f49-fe52-48d7-8f2a-cb7b8acca87e (accessed October, 2018)

Shi J, Lee S, Uyeda M, Tanjaya ], Kim JK, Pan HC, et al. Guidelines
for dual energy X-Ray absorptiometry analysis of trabecular bone-rich
regions in mice: improved precision, accuracy, and sensitivity for assessing
longitudinal bone changes. Tissue Eng Part C Methods. (2016) 22:451-63.
doi: 10.1089/ten.tec.2015.0383

Alexandre C, Baudoin C, Bréart G, Constants T, Cormier C. Ostéoporose:
Stratégies de Prévention et de Traitement. Rapport de Recherche, Institut
National dela Santé et de la Recherche Médicale (INSERM) (1996). p. 230.
Gonnelli S, Cepollaro C, Gennari L, Montagnani A, Caffarelli C, Merlotti
D, et al. Quantitative ultrasound and dual-energy X-ray absorptiometry in
the prediction of fragility fracture in men. Osteoporos Int. (2005) 16:963-8.
doi: 10.1007/s00198-004-1771-6

Chin KY, Ima-Nirwana S. Calcaneal quantitative ultrasound as a determinant
of bone health status: what properties of bone does it reflect? Int ] Med Sci.
(2013) 10:1778-83. doi: 10.7150/ijms.6765

Simon MM, Greenaway S, White JK, Fuchs H, Gailus-Durner V, Wells S,
et al. A comparative phenotypic and genomic analysis of C57BL/6] and
C57BL/6N mouse strains. Genome Biol. (2013) 14:R82. doi: 10.1186/gb-2013-
14-7-r82

Sittig L], Carbonetto P, Engel KA, Krauss KS, Barrios-Camacho CM, Palmer
AA. Genetic background limits generalizability of genotype-phenotype
relationships. Neuron. (2016) 91:1253-9. doi: 10.1016/j.neuron.2016.
08.013

Ackert-Bicknell CL, Rosen CJ. Passenger gene mutations: unwanted
guests in genetically modified mice. /] Bone Miner Res. (2016) 31:270-3.
doi: 10.1002/jbmr.2772

Rowe DW, Adams DJ, Hong SH, Zhang C, Shin DG, Renata Rydzik C,
et al. Screening gene knockout mice for variation in bone mass: analysis
by muCT and histomorphometry. Curr Osteoporos Rep. (2018) 16:77-94.
doi: 10.1007/s11914-018-0421-4

Dyment NA, Jiang X, Chen L, Hong SH, Adams DJ, Ackert-Bicknell C, et al.
High-throughput, multi-image cryohistology of mineralized tissues. J Vis
Exp. (2016) 115:e54468. doi: 10.3791/54468

Miyamoto H, Suzuki T, Miyauchi Y, Iwasaki R, Kobayashi T, Sato Y, et al.
Osteoclast stimulatory transmembrane protein and dendritic cell-specific
transmembrane protein cooperatively modulate cell-cell fusion to form
osteoclasts and foreign body giant cells. ] Bone Miner Res. (2012) 27:1289-97.
doi: 10.1002/jbmr.1575

Turner CH, Hsieh YE Muller R, Bouxsein ML, Baylink DJ, Rosen CJ,
et al. Genetic regulation of cortical and trabecular bone strength and
microstructure in inbred strains of mice. J Bone Miner Res. (2000)
15:1126-31. doi: 10.1359/jbmr.2000.15.6.1126

Shultz KL, Donahue LR, Bouxsein ML, Baylink D], Rosen CJ,
Beamer WG. Congenic strains of mice for verification and genetic
decomposition of quantitative trait loci for femoral bone mineral
density. ] Bone Miner Res. (2003) 18:175-85. doi: 10.1359/jbmr.2003.
18.2.175

Bouxsein ML, Uchiyama T, Rosen CJ, Shultz KL, Donahue LR, Turner CH,
et al. Mapping quantitative trait loci for vertebral trabecular bone volume
fraction and microarchitecture in mice. ] Bone Miner Res. (2004) 19:587-99.
doi: 10.1359/JBMR.0301255

Bassett JH, Gogakos A, White JK, Evans H, Jacques RM, Van Der Spek AH,
et al. Rapid-throughput skeletal phenotyping of 100 knockout mice identifies
9 new genes that determine bone strength. PLoS Genet. (2012) 8:¢1002858.
doi: 10.1371/journal.pgen.1002858

Frontiers in Endocrinology | www.frontiersin.org

13

May 2019 | Volume 10 | Article 277


https://doi.org/10.1038/nm.3654
https://doi.org/10.1016/S0092-8674(00)80258-5
https://doi.org/10.1002/9780470942390.mo110200
https://doi.org/10.1073/pnas.90.5.1701
https://doi.org/10.1016/S8756-3282(96)00305-5
https://doi.org/10.1016/S1673-8527(09)60076-X
https://doi.org/10.1152/physiolgenomics.00116.2007
https://doi.org/10.1093/hmg/ddr510
https://doi.org/10.1371/journal.pone.0122650
https://doi.org/10.1016/j.bone.2015.11.019
https://doi.org/10.1002/jbm4.10033
https://doi.org/10.1007/s00335-012-9427-x
https://doi.org/10.1530/JOE-16-0258
https://doi.org/10.1016/j.immuni.2015.06.011
https://doi.org/10.1038/s41576-018-0005-2
https://doi.org/10.1007/s00335-015-9598-3
https://doi.org/10.1038/nature10163
https://doi.org/10.1038/nature19356
https://doi.org/10.1371/journal.pone.0131274
http://www.asbmr.org//education/AbstractDetail?aid=13ad6f49-fe52-48d7-8f2a-cb7b8acca87e
http://www.asbmr.org//education/AbstractDetail?aid=13ad6f49-fe52-48d7-8f2a-cb7b8acca87e
https://doi.org/10.1089/ten.tec.2015.0383
https://doi.org/10.1007/s00198-004-1771-6
https://doi.org/10.7150/ijms.6765
https://doi.org/10.1186/gb-2013-14-7-r82
https://doi.org/10.1016/j.neuron.2016.08.013
https://doi.org/10.1002/jbmr.2772
https://doi.org/10.1007/s11914-018-0421-4
https://doi.org/10.3791/54468
https://doi.org/10.1002/jbmr.1575
https://doi.org/10.1359/jbmr.2000.15.6.1126
https://doi.org/10.1359/jbmr.2003.18.2.175
https://doi.org/10.1359/JBMR.0301255
https://doi.org/10.1371/journal.pgen.1002858
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Maynard and Ackert-Bicknell

Functional Analysis of Osteoporosis GWAS

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Waung JA, Maynard SA, Gopal S, Gogakos A, Logan ]G, Williams GR, et al.
Quantitative X-ray microradiography for high-throughput phenotyping
of osteoarthritis in mice. Osteoarthritis Cartilage. (2014) 22:1396-400.
doi: 10.1016/j.joca.2014.04.015

Brommage R, Liu J, Hansen GM, Kirkpatrick LL, Potter DG, Sands
AT, et al. High-throughput screening of mouse gene knockouts identifies
established and novel skeletal phenotypes. Bone Res. (2014) 2:14034.
doi: 10.1038/boneres.2014.34

Smith CL, Blake JA, Kadin JA, Richardson JE, Bult CJ, Mouse Genome
Database G. Mouse Genome Database (MGD)-2018: knowledgebase
for the laboratory mouse. Nucleic Acids Res. (2018) 46:D836-42.
doi: 10.1093/nar/gkx1006

Law M, Shaw DR. Mouse Genome Informatics (MGI) is the international
resource for information on the laboratory mouse. In: M. Kollmar, editor.
Eukaryotic Genomic Databases: Methods and Protocols. New York, NY:
Springer (2018). p. 141-161. doi: 10.1007/978-1-4939-7737-6_7

Le Bleu HK, Kamal FA, Kelly M, Ketz JP, Zuscik MJ, Elbarbary RA. Extraction
of high-quality RNA from human articular cartilage. Anal Biochem. (2017)
518:134-8. doi: 10.1016/j.ab.2016.11.018

Wu G, Jin X, Tsueng G, Afrasiabi C, Su AL BioGPS: building your own mash-
up of gene annotations and expression profiles. Nucleic Acids Res. (2016)
44:D313-316. doi: 10.1093/nar/gkv1104

Lattin JE, Schroder K, Su AI, Walker JR, Zhang J, Wiltshire T,
et al. Expression analysis of G Protein-Coupled Receptors in mouse
macrophages. Immunome Res. (2008) 4:5. doi: 10.1186/1745-7
580-4-5

Wang D, Christensen K, Chawla K, Xiao G, Krebsbach PH, Franceschi RT.
Isolation and characterization of MC3T3-E1 preosteoblast subclones with
distinct in vitro and in vivo differentiation/mineralization potential.
] Bone Miner Res. (1999) 14:893-903. doi: 10.1359/jbmr.1999.1
4.6.893

Zhao L, Li G, Chan KM, Wang Y, Tang PF. Comparison of multipotent
differentiation potentials of murine primary bone marrow stromal cells and
mesenchymal stem cell line C3H10T1/2. Calcif Tissue Int. (2009) 84:56-64.
doi: 10.1007/500223-008-9189-3

Shevde NK, Bendixen AC, Dienger KM, Pike JW. Estrogens suppress RANK
ligand-induced osteoclast differentiation via a stromal cell independent
mechanism involving c-Jun repression. Proc Natl Acad Sci USA. (2000)
97:7829-34. doi: 10.1073/pnas.130200197

Bourgon R, Gentleman R, Huber W. Independent filtering increases
detection power for high-throughput experiments. Proc Natl Acad Sci USA.
(2010) 107:9546-51. doi: 10.1073/pnas.0914005107

Tu Z, Wang L, Xu M, Zhou X, Chen T, Sun F. Further understanding human
disease genes by comparing with housekeeping genes and other genes. BMC
Genomics. (2006) 7:31. doi: 10.1186/1471-2164-7-31

Pan JB, Hu SC, Shi D, Cai MC, Li YB, Zou Q, et al. PaGenBase: a pattern gene
database for the global and dynamic understanding of gene function. PLoS
ONE. (2013) 8:e80747. doi: 10.1371/journal.pone.0080747

Dacic S, Kalajzic I, Visnjic D, Lichtler AC, Rowe DW. Collal-driven
transgenic markers of osteoblast lineage progression. ] Bone Miner Res.
(2001) 16:1228-36. doi: 10.1359/jbmr.2001.16.7.1228

Zheng HEF, Forgetta V, Hsu YH, Estrada K, Rosello-Diez A, Leo PJ, et al.
Whole-genome sequencing identifies EN1 as a determinant of bone density
and fracture. Nature. (2015) 526:112-7. doi: 10.1038/nature14878

Nielson CM, Liu CT, Smith AV, Ackert-Bicknell CL, Reppe S, Jakobsdottir J,
et al. Novel genetic variants associated with increased vertebral volumetric
BMD, reduced vertebral fracture risk, and increased expression of SLC1A3
and EPHB2. ] Bone Miner Res. (2016) 31:2085-97. doi: 10.1002/jbmr.2913
Medina-Gomez C, Kemp JP, Dimou NL, Kreiner E, Chesi A, Zemel
BS, et al. Bivariate genome-wide association meta-analysis of pediatric
musculoskeletal traits reveals pleiotropic effects at the SREBF1/TOM1L2
locus. Nat Commun. (2017) 8:121. doi: 10.1038/s41467-017-00108-3

Dallas SL, Bonewald LF. Dynamics of the transition from
osteoblast to osteocyte. Ann N Y Acad Sci. (2010) 1192:437-43.
doi: 10.1111/j.1749-6632.2009.05246.x

Paic F, Igwe JC, Nori R, Kronenberg MS, Franceschetti T, Harrington P,
et al. Identification of differentially expressed genes between osteoblasts and
osteocytes. Bone. (2009) 45:682-92. doi: 10.1016/j.bone.2009.06.010

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Vandiedonck C. Genetic association of molecular traits: a help to identify
causative variants in complex diseases. Clin Genet. (2018) 93:520-32.
doi: 10.1111/cge.13187

Kim Y, Kang C, Min B, Yi GS. Detection and analysis of disease-associated
single nucleotide polymorphism influencing post-translational modification.
BMC Med Genomics. (2015) 8 (Suppl. 2):S7. doi: 10.1186/1755-879
4-8-S2-S7

Consortium GT. Human genomics. The Genotype-Tissue Expression
(GTEXx) pilot analysis: multitissue gene regulation in humans. Science. (2015)
348:648-60. doi: 10.1126/science.1262110

Grundberg E, Kwan T, Ge B, Lam KC, Koka V, Kindmark A, et al. Population
genomics in a disease targeted primary cell model. Genome Res. (2009)
19:1942-52. doi: 10.1101/gr.095224.109

Reppe S, Refvem H, Gautvik VT, Olstad OK, Hovring PI, Reinholt FP, et al.
Eight genes are highly associated with BMD variation in postmenopausal
Caucasian women. Bone. (2010) 46:604-12. doi: 10.1016/j.bone.200
9.11.007

GTEx Consortium, Laboratory, Data Analysis &Coordinating Center
(LDACC)—Analysis Working Group, Statistical Methods groups—Analysis
Working Group, Enhancing GTEx (eGTEx) groups, NIH Common
Fund, NIH/NCI; NIH/NHGRI, et al. (2017). Genetic effects on gene
expression across human tissues. Nature. 550:204-213. doi: 10.1038/na
ture24277

Monaco G, Van Dam S, Casal Novo Ribeiro JL, Larbi A, De Magalhaes
JP. A comparison of human and mouse gene co-expression networks
reveals conservation and divergence at the tissue, pathway and
disease levels. BMC Evol Biol. (2015) 15:259. doi: 10.1186/s12862-015-
0534-7

Kim Y, Xia K, Tao R, Giusti-Rodriguez P, Vladimirov V, Van Den Oord
E, et al. A meta-analysis of gene expression quantitative trait loci in brain.
Transl Psychiatry. (2014) 4:e459. doi: 10.1038/tp.2014.96

Obeidat M, Dvorkin-Gheva A, Li X, Bosse Y, Brandsma CA, Nickle
DC, et al. The overlap of lung tissue transcriptome of smoke exposed
mice with human smoking and COPD. Sci Rep. (2018) 8:11881.
doi: 10.1038/541598-018-30313-z

Farber CR, Bennett BJ, Orozco L, Zou W, Lira A, Kostem E, et al.
Mouse genome-wide association and systems genetics identify AsxI2 as a
regulator of bone mineral density and osteoclastogenesis. PLoS Genet. (2011)
7:¢1002038. doi: 10.1371/journal.pgen.1002038

Ghazalpour A, Rau CD, Farber CR, Bennett BJ, Orozco LD, Van Nas A,
et al. Hybrid mouse diversity panel: a panel of inbred mouse strains suitable
for analysis of complex genetic traits. Mamm Genome. (2012) 23:680-92.
doi: 10.1007/s00335-012-9411-5

Mulligan MK, Mozhui K, Prins P, Williams RW. GeneNetwork: a
toolbox for systems genetics. Methods Mol Biol. (2017) 1488:75-120.
doi: 10.1007/978-1-4939-6427-7_4

Jia P, Zhao Z. Network.assisted analysis to prioritize GWAS results:
principles, methods and perspectives. Hum Genet. (2014) 133:125-38.
doi: 10.1007/s00439-013-1377-1

Calabrese GM, Mesner LD, Stains JP, Tommasini SM, Horowitz MC, Rosen
CJ, et al. Integrating GWAS and co-expression network data identifies
bone mineral density genes SPTBN1 and MARK3 and an osteoblast
functional module. Cell Syst. (2017) 4:46-59 e44. doi: 10.1016/j.cels.20
16.10.014

Goh KI, Cusick ME, Valle D, Childs B, Vidal M, Barabasi AL. The
human disease network. Proc Natl Acad Sci USA. (2007) 104:8685-90.
doi: 10.1073/pnas.0701361104

Zhang B, Horvath S. A general framework for weighted gene co-
expression network analysis. Stat Appl Genet Mol Biol. (2005) 4:17.
doi: 10.2202/1544-6115.1128

Califano A, Butte AJ, Friend S, Ideker T, Schadt E. Leveraging
models of cell regulation and GWAS data in integrative network-
based association studies. Nat Genet. (2012) 44:841-7. doi: 10.1038/
ng.2355

Gustafsson M, Gawel DR, Alfredsson L, Baranzini S, Bjorkander ], Blomgran
R, et al. A validated gene regulatory network and GWAS identifies early
regulators of T cell-associated diseases. Sci Transl Med. (2015) 7:313ral78.
doi: 10.1126/scitranslmed.aad2722

Frontiers in Endocrinology | www.frontiersin.org

14

May 2019 | Volume 10 | Article 277


https://doi.org/10.1016/j.joca.2014.04.015
https://doi.org/10.1038/boneres.2014.34
https://doi.org/10.1093/nar/gkx1006
https://doi.org/10.1007/978-1-4939-7737-6_7
https://doi.org/10.1016/j.ab.2016.11.018
https://doi.org/10.1093/nar/gkv1104
https://doi.org/10.1186/1745-7580-4-5
https://doi.org/10.1359/jbmr.1999.14.6.893
https://doi.org/10.1007/s00223-008-9189-3
https://doi.org/10.1073/pnas.130200197
https://doi.org/10.1073/pnas.0914005107
https://doi.org/10.1186/1471-2164-7-31
https://doi.org/10.1371/journal.pone.0080747
https://doi.org/10.1359/jbmr.2001.16.7.1228
https://doi.org/10.1038/nature14878
https://doi.org/10.1002/jbmr.2913
https://doi.org/10.1038/s41467-017-00108-3
https://doi.org/10.1111/j.1749-6632.2009.05246.x
https://doi.org/10.1016/j.bone.2009.06.010
https://doi.org/10.1111/cge.13187
https://doi.org/10.1186/1755-8794-8-S2-S7
https://doi.org/10.1126/science.1262110
https://doi.org/10.1101/gr.095224.109
https://doi.org/10.1016/j.bone.2009.11.007
https://doi.org/10.1038/nature24277
https://doi.org/10.1186/s12862-015-0534-7
https://doi.org/10.1038/tp.2014.96
https://doi.org/10.1038/s41598-018-30313-z
https://doi.org/10.1371/journal.pgen.1002038
https://doi.org/10.1007/s00335-012-9411-5
https://doi.org/10.1007/978-1-4939-6427-7_4
https://doi.org/10.1007/s00439-013-1377-1
https://doi.org/10.1016/j.cels.2016.10.014
https://doi.org/10.1073/pnas.0701361104
https://doi.org/10.2202/1544-6115.1128
https://doi.org/10.1038/ng.2355
https://doi.org/10.1126/scitranslmed.aad2722
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Maynard and Ackert-Bicknell

Functional Analysis of Osteoporosis GWAS

116. Huan T, Meng Q, Saleh MA, Norlander AE, Joehanes R, Zhu J,
et al. Integrative network analysis reveals molecular mechanisms
of blood pressure regulation. Mol Syst Biol. (2015) 11:799.
doi: 10.15252/msb.20145399

117. Estrada K, Styrkarsdottir U, Evangelou E, Hsu YH, Duncan EL, Ntzani EE,
et al. Genome-wide meta-analysis identifies 56 bone mineral density loci and
reveals 14 loci associated with risk of fracture. Nat Genet. (2012) 44:491-501.
doi: 10.1038/ng.2249

118. Calabrese G, Bennett BJ, Orozco L, Kang HM, Eskin E, Dombret C, et al.
Systems genetic analysis of osteoblast-lineage cells. PLoS Genet. (2012)
8:¢1003150. doi: 10.1371/journal.pgen.1003150

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Maynard and Ackert-Bicknell. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Endocrinology | www.frontiersin.org

15

May 2019 | Volume 10 | Article 277


https://doi.org/10.15252/msb.20145399
https://doi.org/10.1038/ng.2249
https://doi.org/10.1371/journal.pgen.1003150
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Mouse Models and Online Resources for Functional Analysis of Osteoporosis Genome-Wide Association Studies
	Introduction
	The Causal Variant vs. the Candidate Gene
	The Genome of Mice and Man
	Differences Between Mouse and Man in Bone
	Reverse Genetics
	Phenotyped Mouse Models
	International Mouse Phenotyping Consortium (IMPC)
	BoneBase
	Origins of Bone and Cartilage Disease Project
	Lexicon Pharmaceuticals Inc.
	Mouse Genome Database

	Transcriptomics
	Tissue Expression Panels
	Expression QTLs
	Co-expression Networks

	Conclusions
	Author Contributions
	Acknowledgments
	References


