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Abstract

Purpose of review The international mouse phenotyping consortium (IMPC) is producing defined gene knockout mouse lines.
Here, a phenotyping program is presented that is based on micro-computed tomography (1CT) assessment of distal femur and
vertebra. Lines with significant variation undergo a computer-based bone histomorphometric analysis.

Recent findings Ofthe 220 lines examined to date, approximately 15% have a significant variation (high or low) by uCT, most of
which are not identified by the IMPC screen. Significant dimorphism between the sexes and bone compartments adds to the
complexity of the skeletal findings. The nCT information that is posted at www.bonebase.org can group KOMP lines with similar
morphological features. The histological data is presented in a graphic form that associates the cellular features with a specific
anatomic group.

Summary The web portal presents a bone-centric view appropriate for the skeletal biologist/clinician to organize and understand
the large number of genes that can influence skeletal health. Cataloging the relative severity of each variant is the first step
towards compiling the dataset necessary to appreciate the full polygenic basis of degenerative bone disease.
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Introduction

Degenerative disorders of the skeleton, which include osteo-
porosis, comprise the second most costly disease category
accounting for ~5.0% of the nation’s GDP and by far exceed
other categories for limiting the activities of daily living [1].
Because expensive pharmacologic and surgical interventions
of the affected adult are at best palliative, the optimal strategy
to reduce the financial and personal cost of this disease cate-
gory is prevention [2]. However, the insidious onset and com-
plex polygenetic nature of skeletal disease pose a challenge to
a behavioral or pharmaceutical approach for prevention [3¢].
For example, the largest GWAS to date for bone mineral den-
sity (BMD) suggests over 300 loci for this phenotype [4] and
still only captures a fraction of the known heritability for this
phenotype. A search for just the term “musculoskeletal abnor-
malities” yields 5234 entries in OMIM, most of which are
orphans in that the disease-causing gene(s) remains unknown.
There are over 500 known Mendelian diseases described in
the literature that impact bones and joints, including 372 de-
fined skeletal dysplasias wherein the skeleton is the primary
organ system impacted by the disease-causing mutation [5].
The 13th publication of nosology of skeletal dysplasias now
recognizes 436 distinct clinical disorders of which 89 are a
monogenic disorder primarily affecting bone [6]. While ana-
bolic and anti-resorptive acting pharmaceuticals exist to treat
low bone mass, these drugs are ineffective in some patients,
have serious side effects in others [7, 8], and in the case of
anabolic drugs are contraindicated for children [9]. This spec-
trum of response reflects the genetic heterogeneity of disease
affecting the skeleton [10]. Thus, identifying the genes that
contribute to or protect against degenerative bone disease is
the first step for a personalized behavioral or pharmaceutical
intervention [11] prior to the onset of symptoms.

The number of publications that identify bone genes using
global and targeted gene knockout mice is increasing expo-
nentially. In many cases, these experiments were performed
on mice with a variety of genetic backgrounds and used dif-
ferent molecular mechanisms for gene inactivation, and with
inconsistent rigor of the analytical methods. While this litera-
ture underscores the broad range of genes that affect bone
formation and maintenance, the inconsistency of method and
analysis renders the relevance of the findings to human dis-
ease difficult to interpret. A number of unbiased high through-
put screens of gene knockout mice have been performed to
identify new genes causing skeletal disease. Lexicon screened
3255 mouse transgenic knockout (KO) lines using whole-
body dual X-ray absorptiometry (DXA) and micro-
computed tomography (LCT) of the femur and spine. They
reported on 23 known and 13 previously unappreciated bone
disorders [12]. Other screens by Genentech and Wellcome
Trust Sanger Institute respectively showed that between 32
and 6% of KO lines have identifiable bone phenotypes [13,
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14]. A similar outcome is being obtained from the
International Mouse Phenotyping Consortium (IMPC) in
European studies [15, 16°]. Estimates calculated using our
own data from phenotyping IMPC-derived mice suggests that
2000-2400 genes will have a significant bone mass variance
that would render an individual either more or less susceptible
to bone fragility with advancing age. Thus, identifying the full
spectrum of genes affecting bone mass will be a huge chal-
lenge, requiring the use of principles that have been successful
in other “big data” programs.

By developing a genetic resource of well-defined mouse
KO lines all on the same genetic background, the IMPC and
its US component, the knockout mouse project (KOMP,
https://www.genome.gov/17515708/), are providing one of
the essential elements for a big data program for skeletal
variation [17¢]. These KOs are being analyzed for a broad
spectrum of morphologic, metabolic, hematologic, and
immune features that are searchable on their web portal
(http://www.mousephenotype.org). Our goal is to utilize this
foundation to build and test the elements of a large dataset that
might have value for appreciating the spectrum of skeletal
variation found in the mice. Four components of this
analysis are presented here, which distinguish our approach
from other phenotyping programs. First, we developed a
screening protocol based on HCT as the most discriminatory
tool for identification of a KO line with an interpretable
phenotype. The primary musculoskeletal screening tool of
the IMPC web portal is whole-body DXA, from which the
bone mineral content (BMC) data are measured to identify
mice with a skeletal mass phenotype. Whole-body BMC in
rodents lacks the sensitivity for distinguishing cortical and
trabecular components of bone despite increasing evidence
showing that these bone compartments are independently ge-
netically regulated [18, 19]. Second, we have incorporated
measurement of bone and body size to recognize phenotypic
categories of frailty and fitness, which are recognized pheno-
types in human subjects. Third, a computer-automated dy-
namic and cellular histomorphology protocol [20, 21] has
been applied to KO lines with significant variation in trabec-
ular and cortical bone size to appreciate potential cellular
mechanisms that might account for these phenotypic outliers.
Fourth, the uCT and histomorphometric data are presented on
a searchable web portal to allow the viewer to observe the
primary data that underlies the conclusions. The ultimate goal
of the web portal is to present sufficient information on a
specific KO line to encourage the skeletal investigator to ob-
tain the KOMP line for more detailed analysis.

Method

A more comprehensive description of the methods used to
produce and analyze the KOMP mice and to understand its
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presentation within the web portal (www.bonebase.org) will
be published elsewhere. This information is abbreviated here
to allow sufficient understanding of how the workflow was
organized, performed, interpreted, and presented.

Laboratory Information Management System

A server-based database (Filemaker) was developed to man-
age all the workflow steps from the initial identification of a
KOMP line to the final deposition of skeletal data that was
posted on the web portal. Every sample at every step had a
unique bar-code and readable label that was computer gener-
ated. The staff that processed the workflow recorded the com-
pletion of their process in the database including comments
that might affect the outcome of the analysis.

Mouse Production and Tissue Collection

Homozygous KOMP breeder pairs were purchased from the
ongoing KOMP phenotyping program at the Jackson
Laboratory. Over the 4 years of the program, 220 KOMP lines
proved to have sufficient fecundity to produce 8 male (M) and
8 female (F) offspring that could be grown to 12 weeks of age.
C57BL/6NIJ breeder controls were maintained concurrently to
the knockout lines to produce 8 M and 8 F per month. At
11 weeks of age, the progeny were weighed and injected with
calcein (6 mg/kg) and alizarin complexone (30 mg/kg) at 7
and 2 days respectively prior to sacrifice. The dissected tissues
were placed in 10% cold formalin, packaged in wet ice, and
sent to UCONN Farmington. Upon arrival, the samples were
processed and held for pCT (femur and vertebra L1-3 using
70% ethanol at 4 °C) and histology (femur and L4-L6 using
30% sucrose at — 80 °C) until the full set of 8M and 8F were
collected after which the KOMP line was terminated.

Micro-computed Tomography

When the full set of eight males and eight females constituting
a KOMP line were received, the dissected femur and lower
lumbar vertebraec (L4-L6) were processed as a sample set.
Using the 10-carousel robotic feature of the scanner
(LCT40, Scanco Medical) along with custom cruciform-
shaped specimen holder inserts (three tiers, four quadrants
per tier), individual specimens were placed into the resulting
defined locations using dental wax and imaged in 70% ETOH
at 16 um resolution (244,140 voxels per cubic millimeter). A
de novo batch script was developed to scan these predefined
specimen locations, further obviating the operator from the
process. Image files for each specimen were reconstructed
individually, carrying each unique identifying specimen num-
ber. For the femur, the operator identified the three transverse
sections (image slices) at the proximal aspect of the femoral
head, distal aspect of the femoral condyles, and center of the

growth plate. From these locations, the remainder of the com-
putational process was entirely automated, scaling selection of
the mid-diaphyseal region of interest (ROI) defining cortical
bone, and distal metaphysis ROI defining trabecular compart-
ment, to femur length measured from the femoral head to the
condyles. All anatomical boundaries and computation of mor-
phometry were automated, exporting data in a format for vi-
sual inspection prior to uploading into the Laboratory
Information Management System (LIMS) system. The trabec-
ular ROI was placed ~ 5% of length (~ 0.8 mm) from the distal
growth plate and extended proximally ~6% (~1 mm). The
cortical ROI was placed ~40% of length (~6 mm) from the
distal growth plate and extended distally ~4% of length (~
0.6 mm). Another custom script was developed for processing
vertebrae to select the trabecular compartment within the ver-
tebral centrum. The operator selected transverse locations ~
10% of vertebral height within each endplate and placed a
rectangular prism bounding the centrum. The volumetric
ROI comprising the trabecular compartment of the centrum
was found automatically using a series of shape transforma-
tions and all morphometric parameters calculated automatical-
ly, again exporting data for visual inspection and upload to the
LIMS system. Although all standard morphometric parame-
ters defining trabecular and cortical compartments were mea-
sured, the morphometric measurements that will be empha-
sized here are the bone volume fraction within the trabecular
compartment (BV/TV) of the distal femur and L4 vertebra, the
volume of the metaphyseal trabecular compartment as deter-
mined by the ROI within the distal femur (TV), and the total
subperiosteal area (Tt.Ar) enveloping the femur at mid-diaph-
ysis, which will be abbreviated here as total area (TA).

Dynamic and Cellular Histomorphometry

The decision to perform this analysis was dependent on the
outcome of the uCT analysis. Samples with significant varia-
tion in either trabecular bone volume or cortical size as well as
the monthly controls were processed for the histological anal-
ysis. The entire set of 8 M and 8 F femur or vertebra were
processed together. Videos of the following steps can be
viewed on the web portal, and additional applications are de-
scribed elsewhere [21]. The samples were thawed from a fro-
zen 30% sucrose storage solution, and four samples were im-
mediately refrozen in a single disposable 24 x 24 x 5 base
mold in a parallel orientation such that the anterior distal fe-
mur and the vertebral bodies faced the surface of mold. The
frozen block was mounted with the cassette side up on the
specimen object disc of a Leica CM3050-S research grade
cryostat and oriented so that the disposable steel blade cut
the four samples at the same level. The block was cut to the
approximate midpoint such that three ~7 p thick sections
were obtained at 50 p intervals surrounding the central vein
of the femur or the widest diameter of the vertebral body. The
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sections were captured using a tape transfer method (Cryofilm
type IIC(10), Section Lab) previously described [20, 21] and
temporarily adhered to plastic slides that were maintained at —
20 °C until the next processing step.

The 12 tapes containing 48 sections from a M and F sample
set of long bone or vertebra were mount on 6 glass slides (2
tapes containing all 8 sections from one section level and one
gender) using UV-activated adhesive (Norland Optical
Adhesive, 61). From a suspension of red and green fluorescent
beads (6 W), a 1-pl drop was placed on the tissue section away
from the region that would subsequently become the ROI for
the histological analysis. After the drops evaporated, the UV
adhesive was activated using a controlled UVB light source
(Spectroline XLE-1000) for 3 rounds of 1 J each (45 min
each). Immediately after the crosslinking step, the six slides
were hydrated in PBS for 1 min, overlaid with a 0.3-mg/ml
calcium blue solution for 10 min, and cover-slipped with
50% glycerol diluted in PBS. The slides were loaded into
Axioscan Z1 that was controlled by the Zen software. The
ROI of each tissue section on each slide was demarcated, and
the limits of the focal distance were determined for the auto-
mated focusing feature. These settings were saved for the sub-
sequent imaging steps.

The first imaging step was performed on the mineralized
section to record the accumulated mineral (DAC and calcein
blue) and the calcein (green) and alizarin complexone (red)
mineralization lines. The fluorescent images were captured on
a gray-scale camera and subsequently color-coded by the soft-
ware. Once the scanning was completed, the slides were
placed in PBS to remove the cover slip in preparation for the
TRAP staining/imaging procedure used to identify cells in the
osteoclast lineage. The slides are overlaid with the TRAP
reaction buffer (pH 4.2) for 10 min, which removes the accu-
mulated mineral and fluorescent mineral labels. The slides are
then overlaid with the fluorescent substrate ELF97 for 5 min
after which the slides are dried, exposed to a UVB light source
(Spectroline XLLE-1000) for 1 J each (45 min) and a second
round at 0.5 J, and then cover-slipped using 30% glycerol in
PBS. The slides are imaged for ELF fluorescence (yellow),
and the red and green channels are used to capture the location
of the fluorescent beads. The third round of scanning/imaging
uses the endogenous alkaline phosphatase (AP) to identify cell
in the osteoblast lineage. The coverslips are removed after the
TRAP scanning and equilibrated in AP reaction buffer
(pH 9.5) followed by incubation in the fast red substrate for
10 min. The slides are mounted 50% glycerol/1:1000 DAPI in
PBS and scanned for fast red, DAPI, and green. In the final
round, the slides are stained in toluidine blue, cover-slipped in
30% glycerol in water, and scanned using an open filter and
color camera.

The digital output from each round of scanning produces a
jpg file which is labeled using a format that identifies the
sample (M, F, section level, image type). These files are batch
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loaded to the LIMS and to a server located in the Computer
Science Department at UCONN Storrs. Using a 24-node com-
puter cluster, an in-house developed algorithm processes the
jpg files through a series of steps that include (a) vertical
alignment of the three fluorescent rounds of imaging utilizing
the fluorescent beads followed by the selection of the ROI; (b)
background correction and thresholding of the fluorescent sig-
nals; and (c) projection of the fluorescent signals to the surface
of the mineralized tissues from which the mineral, AP, and
TRAP signals are expressed as a percentage of mineralized
surface. Videos of these steps plus those used to generate the
histomorphometric measurements are presented on the web
portal.

From these analyses, the following measurements are gen-
erated and the results are deposited into the LIMS:

1. Static bone volume—The bone volume with the ROI
(BV/TV) and trabecular thickness are measured directly
while trabecular number is added as a calculated value.

2. Dynamic bone activity—This is based on the mineraliza-
tion lines and follows the rules of traditional bone
histomorphometry. The single- and double-labeled sur-
faces are measured to determine the bone-forming sur-
faces (MS/BS) and mineral appositional rate (MAR) from
which the bone formation rate is calculated.

3. Osteoblast surfaces—In lieu of visually identifying cells
on the bone surface, the AP fluorescent signals are used to
identify cells in the osteoblast lineage. Our previous work
has shown that bone surface cells that express a differen-
tiated osteoblast-restricted GFP reporter and overlie a re-
cently formed fluorescent mineralization line have the
RNA profile of a fully differentiated osteoblast when iso-
lated by flow cytometry [22, 23]. Because these cells also
have a strong AP enzymatic activity, the fluorescent his-
tology utilizes the fluorescent AP signal that overlays the
fluorescent mineralization line to identify a bone surface
containing active matrix-forming osteoblasts. In addition,
a weaker AP signal that lies on the bone surface that is
GFP reporter negative and does not have an underlying
mineralization line is identified as a bone lining cell (non-
forming bone surfaces).

4. Osteoclast surface—The TRAP stain identifies cells with-
in the osteoclast lineage but does not discriminate be-
tween mono or multinucleated cells. This signal can be
detected over bone surfaces that are devoid of a mineral-
ization label (resorbing surfaces) or have a mineralization
label (remodeling surface).

5. Remodeling unit—The analysis also detects focal areas in
which AP, TRAP, and a mineralization line co-localize.
We have defined this area as a remodeling unit because it
shows the biological activity envisioned by the BFU iden-
tified morphologically using traditional histological
methods [24, 25].
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Statistical Analysis

The between-batch variation in all uCT and
histomorphometric measurement was greater than anticipated
for an inbred mouse strain, especially in the males. This is not
a unique phenomena for this project, as a similar degree of
batch-associated variation is evident in the DXA-derived
BMC and other biological measurements captured by the
IMPC as part of their phenotyping pipeline. A linear mixed
model statistical test for an interaction between genotype and
phenotype is especially useful for large-scale screening. It
uses the Fisher exact test [26] to assess for a significant dif-
ference observed between the knockout and control group for
each gender. By delineating batch in the model, we were able
to account for and correct for this variation in both the controls
and the experimental animals. Specifically, this was accom-
plished using the Phenstat package, which was developed by
the IMPC for this purpose [27]. We have applied the same
P <0.0001 significance threshold as is used by the IMPC to
account for multiple testing [17¢]. Second, we implemented a
test to control ratio threshold to further avoid type I statistical
error. The selected threshold ratio resulted in a 25-30/35-45%
low/high difference for femur BV/TV, a 20% difference for
vertebral BV/TV, a 15% difference for total cortical perimeter
area (TA) and femur trabecular compartment size (TV), and
13% body weight (Wt) measurements (see supplemental
Fig. 1). The position of a specific KOMP line relative to the
total control or KOMP population is presented on the web
portal in frequency distribution graphics. Thus, this dual “cer-
tification” is designed to provide confidence that a bone phe-
notype of a specific KOMP line is worthy of further investi-
gation. KOMP lines that met these criteria were “called” by
the computer program to be low or high for a specific mea-
surement, and this call is used by the database component of
the web portal to select for specific KO lines that manifest the
variant measurement.

Results

Influence of Body Weight on Bone Architectural
Measurements

The data generated from examining the control and KOMP
lines as a group revealed useful information regarding the
influence of body weight on the architectural measurements
obtained by uCT. Figure 1a plots the mean BV/TV femoral or
vertebral measurement of the individual KOMP line or control
group divided by the mean weight of all the control groups. It
demonstrates the absence of a correlation between these two
variables (+*<0.2) and calls into question the use of body
weight to correct the BV/TV measurement. However, Fig.
1b presents the relationship of bone size ratio, based on

femoral bone total cortical area and total volume versus the
body weight ratio and demonstrates a moderate correlation
(~*>0.5) in both sexes. Because DXA primarily measures
the cortical bone mass, a correction based on body size may be
justified although the correction factor cannot be established
from the information obtained for this study. These results are
summarized in Table 1.

Results of the Primary Screen by Micro-Computed
Tomography

Upon entering the database section of the web portal, a selec-
tion interface is presented in which specific bone architectural
measurements (BV/TV of distal femur and vertebra, the TV
and TA of the femur, and body weight) are expressed as a ratio
of the test versus the corresponding control value for each
KOMP line examined (Fig. 2a). The header of each measure-
ment provides a check box to select for a measurement that
was called to be either high or low. The criteria for making
these calls are shown in Fig. 1 of the supplement. A query for
a single measurement will produce all lines that had that ab-
normal value without consideration for other measurement.
The list can be sorted for the progression within either com-
partment or sex by clicking the appropriate hyperlink. To vi-
sually appreciate the degree of variance of any specific KOMP
line from the control and other KOMP lines, double click the
gene name. The frequency distribution curve (Fig. 2b) for any
of the primary measures can be selected from the tab at the top
of the page in which the specific KOMP line is presented in a
magenta column against the binned values of the control
(brown column) and KOMP lines (green columns).

The initial query identifies 19 lines with a significant re-
duction in BV/TV in either bone compartment while 29
KOMP lines are found with a high BV/TV. Within these
groups, there are many examples of sexual and site (axial vs
appendicular) dimorphism. Table 2 demonstrates that a low
BV/TV that was limited to the femur was found in four
KOMP lines in females only, in one KOMP line in males only,
but in no KOMP line was it present in both sexes. A low BV/
TV limited to the vertebra was not encountered. Instead, both
the femur and vertebra were low in three females only and
four males only, and in two lines, it was low in both bone and
sexes. A similar distribution was observed for a high BV/TV
but with predominance in males. Within the measures of bone
size (femur total volume and cortical bone area) and body
weight, there was remarkable male bias of sexual dimorphism
with only a minority of both sexes having the same finding.
These findings underscore the need to examine both sites in
both sexes to not miss recognizing genes that impact bone
architecture and body size. The table also scores the number
of KOMP lines in each grouping that were scored by the
IMPC web portal to have abnormality in bone mineral content
or in body composition.
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<« Fig. 1 a Relationship between trabecular BV/TV of the femur and L4
vertebra versus body weight. The ratio of the mean test sample BV/TV to
the mean value of the BV/TV from C57BL/6NJ control group is plotted
on the vertical axis against the ratio of the test sample body weight
divided by the mean value of the body weight from C57BL/6NJ control
group (horizontal axis). KOMP lines are plotted in red and the control
lines are in blue. b Relationship between total volume (TV) of the
trabecular compartment ROI and subperiosteal area, Tt.Ar (abbreviated
as total area, TA) of the femur versus body weight. The ratio of the mean
test sample TV and TA to the mean value of the TV and TA from C57BL/
6NJ control group (vertical axis) is plotted against the ratio of the test
sample body weight divided by the mean value of the body weight from
CS57BL/6NJ control group (horizontal axis). KOMP lines are plotted in
red and the control lines are in blue

Because of the dimorphisms, the list of top 10 KOMP
genes for low and high BV/TV differs between male and
female lines (Fig. 3). The arrows point to KOMP lines that
are previously documented in the literature such as Ir/8 [28],
Osm [29], and Spp! [30]. The list emphasizes the large per-
centage of unknown or unappreciated genetic loci that can
impact skeletal variation. To examine a specific gene, double
click the gene abbreviation and the BV/TV value of the
KOMP line is plotted within the frequency distribution of
the control and all the KOMP lines. From the tab at the top
of the page, all the summary data and detailed graphical data
can be followed (Fig. 2b). The summary table tab provides
links to view the primary data that lead to the call of a measure
being normal, high, or low, and a video is available to dem-
onstrate how this feature is navigated. The links tab presents
both IMPC and web links that provide context to the gene and

Table 1 Impact of body weight on bone pCT architectural
measurements
Measurement Group Sex Y R
Femur BV/TV Control Female 0.89x +0.14 0.17
Control Male 0.91x+0.09 0.22
KOMP Female 0.34x+0.77 0.02
KOMP Male 1.14x - 0.05 0.19
Vertebral BV/TV Control Female 0.71x+0.30 0.28
Control Male 0.31x+0.68 0.08
KOMP Female 0.37x+0.63 0.07
KOMP Male 0.47% +0.54 0.11
Femur cortical area Control Female 0.61x +0.40 0.64
Control Male 0.42x+0.57 0.28
KOMP Female 0.46x +0.55 0.53
KOMP Male 0.60x +0.43 0.42
Femur total volume Control Female 0.80x +0.21 0.68
Control Male 0.69% +0.30 0.54
KOMP Female 0.72x +0.29 0.58
KOMP Male 0.83x+0.19 0.55

its potential relevance to understanding the skeletal pheno-
type. A video is present to demonstrate how the page is
intended to provide background information. The page reveals
that most of the BV/TV variation as determined by uCT was
not identified by the DXA particularly when the direct mea-
surement of bone mineral content was employed. Many of the
genes were identified in GWAS studies but only a few were
associated with a bone phenotype. One exception was the
Rin3 gene, which will be discussed later. OMIN is another
source that can identify human disorders that have been linked
to a specific gene. However, none on the list that had an
OMIN entry described a bone abnormality. The literature
search can also provide potential mechanisms or pathways
that might explain the phenotype. For example, the Cp gene
leads to the development of hemochromatosis in which the
high intracellular ferritin can be inhibitory to osteogenesis
[31] and may account for the association with a low BV/TV
phenotype. In contrast, the Elk/ gene, which is androgen reg-
ulated and essential for CSF1-dependent osteoclastogenesis
[32], is associated with male-restricted high bone mass.
However, other KOMP lines examined were inconsistent with
published literature. For example, Adora is described to have a
low bone mass [33] but in our analysis, it did not meet statis-
tical significance. The Gpnmb (osteoactivin) knockout has
been extensively studied in a naturally occurring mutation that
arose in a DBA background [34]. Although the KOMP-
derived mouse has a trend in the same direction, the pheno-
type is limited to the female femur raising the possibility that
other background genes could be responsible for the disparity
between the published and KOMP-derived line.

This gene-by-gene examination can be extended to the oth-
er measures of bone size or body size but only adds to the
overwhelming complexity and disorganization in utilizing a
screening platform in an effective manner. It becomes a matter
of chance that a gene of interest will be identified that is
worthy of a more detailed analysis. We wanted to explore
whether there are patterns of bone architecture, bone, and
body size associated with histomorphometric findings that
are recognizable and provide a mechanistic strategy to bring
a degree of order into the screening process.

Classifications Based on Micro-Computed
Tomography and Body Size Measurements

The search page of the web portal allows for a logical “AND”
search for the three major categories and an “OR” search
within a specific category of the data obtained by the screen-
ing protocol. From this double search, two major subcate-
gories are defined as low or high bone mass encompassing
KOMP lines that demonstrate either a significant variation of
BV/TV and/or femur size. In the case of low bone mass
(LBM), there are nine lines with a low BV/TV but otherwise
have normal or high values of bone and body size (Fig. 4a).
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Fig. 2 a Search page interface. By checking the various boxes, the
KOMP lines that were called low, normal, or high for each
measurement category (BV/TV, femur TV and cortical area, body
weight) will be returned. The ratios of the test vs control value that are

called as being a meaningful variant are highlighted. The relative rank of

each category can be observed by sorting the list, which is performed by
clicking the hyperlinked female and male header for each category.
Individual genes can be examined by entering the gene symbol in the
search gene field. When any one box is checked within one category, no
restraint is placed on the other search criteria. When one box is checked in

The low values that exceed normal variation are highlighted in
yellow and again show dimorphism in sex and site. The ability
to include the normal or high criteria identifies /7/8 as having a

more that one category, an “AND” search is performed. When two criteria
are clicked within a single category, then an “OR” search is performed. b
Frequency distribution graphic of the BV/TV measurement of the /rf8
KOMP line as found in the femur and vertebra of female and male mice.
The plot of the test value (magenta bar beneath the arrow) can be
compared to controls only (brown), all KOMP lines (green), or both. In
the lower right of each graphic is the measured BV/TV value and the
calculated test/control value of the KOMP line. The same graphic can be
viewed for the femur TV and TA and the body weight by selecting the
tabs at the top of the page

high cortical total volume (magenta), which as discussed later,
is a reflection of the cortical bone remodeling in response to
the high osteoclastic activity in this KOMP line. It also draws

Table 2 Sex and site dimorphism

of bone volume, bone size, and Total number Female only Male only Both sexes
body weight
Low BV/TV 19 Femur only 4-0 10 0
Vertebra only 34 2 1
Both sites 3 1 1
High BV/TV 29 Femur only 20 8 4
Vertebra only 1 5 0
Both sites 0 4 0
Low FTV 4 Femur only 2 0 2
High FTV femur only 0 5 0
Low CV Femur only 0 4 1
High CV 19 Femur only 1 17 1
Low BW 24 Weight only 6 12 6
High BW 16 Weight only 7 6 3
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Fig. 3 Top 10 hits for BV/TV in male and female KOMP lines. This is a
composite of screen shots from the search page to illustrate the lines with
the greatest variation of the femur and vertebra BV/TV value. The arrows
point to previously published mutant mouse lines. The low/high call ratio

attention to Dnajc5g with the high body weight in females that
may be responsible for a similar finding in humans [35]. The
second subgroup of LBM is the six KOMP lines with low BV/
TV and either low bone size, low body size, or both (Fig. 4b).
In some cases, a potential explanation for the association ex-
ists such as the Ghsr (ghrein receptor), which can be a cause of
partial growth hormone deficiency [36], but in most cases, the
mechanism is not obvious. The third subgroup of LBM in-
cludes KOMP lines with a normal BV/TV but low bone or
body size (Fig. 4c). Note that two of these lines, Pitx3 and
Akri1b8, have a BV/TV that is relatively high, further contra-
dicting the association of low BV/TV with a small bone or
somatic size. Pitx3 is a well-studied knockout line known
primarily for its role in midline neurological structures, which
potentially could contribute to impaired pituitary function.
The gene also has an important role for skeletal muscle differ-
entiation, which could contribute to the small body and bone
size but does not appear to impact the trabecular bone

for female femur is 0.75/1.45 femur and 0.80/1.20 for female vertebra,
while the low/high ratio for male femur is 0.70/1.35 and 0.80/1.20 for
male vertebra

compartment. There is no obvious explanation for the
Akr1b8 phenotype.

Similarly, the high bone mass group (HBM) can be
subgrouped into those with high BV/TV only. Figure 5a
lists 10 of 18 KO lines with isolated high BV/TV, 7 of
which are in the top 10 list including the 2 previously
known genes (Osm [29] and Sppi [30]). There are nine
genes that have a high BV/TV and large bone size with
either normal or high body weight (Fig. 5b). The third
category of HBM with normal BV/TV but high bone
and or body size has seven lines. Only one within the
HBM group was detected by the DXA study (Bzw2) by
its bone mineral content or increased lean body mass.

Finally, it should be noted that a number of KOMP lines
demonstrated significant variation in body weight (high and
low) without an impact on the bone architectural measure-
ments although a few show a trend in the same direction but
were not deemed significant (see supplemental data, Fig. 2).
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Fig.4 a Screened KOMP lines fulfilling the category of low mass (LBM)
in the subcategory of low BV/TV (LBV/TV) with either normal or high
values in the other measurements (NTV normal total volume of the
diaphyseal ROI, NTA normal subperiosteal area, Tt.Ar, NWt normal
weight). The low values are highlighted with yellow, while the high
value outliers are highlighted in magenta. b Screened KOMP lines

Addition of Histomorphometry
to the Architectural/Somatic Classification

Static, dynamic, and cellular histomorphometry was per-
formed on many of the KOMP lines that had significant var-
iation in the bone architectural measurements. The web portal
provides the primary data for these measurements (summary
table) and collates them in a horizontal slider graph format that
also includes the uCT and body weight measurements

@ Springer

fulfilling the category of low mass (LBM) in the subcategory of low
BV/TV and low values in one or more of the other measurements. ¢
Screened KOMP lines fulfilling the category of low mass (LBM) in the
subcategory of a normal BV/TV and low values in one or more of the
other measurements. The two KOMP lines with a relatively high BV/TV
are circled

(Fig. 6). The histological method does not produce the tradi-
tional visual measures of osteoblast or osteoclast surfaces, or
erosion surfaces. Instead, AP activity is used to identify all
cells in the osteoblast lineage. Bone surfaces actively making
bone matrix meet the criteria of an AP+ surface overlying a
mineralization line, while bone lining cells are identified as
AP+ but over a non-mineralizing surface. Similarly, cells in
the osteoclast lineage are identified by their TRAP activity.
They are partitioned into bone resorbing cells (TRAP+ over a
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Fig. 5 a Screened KOMP lines fulfilling the category of high bone mass
(HBM) in the subcategory of high BV/TV and either normal or low values
in the other measurements (NTV normal total volume of the diaphyseal
ROI, NTA normal subperiosteal area, Tt.Ar, NWt normal weight). The
high value outliers are highlighted in magenta, while the low value outlier
is highlighted in yellow. b Screened KOMP lines fulfilling the category of
HBM in the subcategory of high BV/TV and high values in one or more

non-mineralizing surface) and bone remodeling cells (TRAP+
over a mineralizing surface). Finally, focal regions where AP,

of the other measurements. The circled value for vertebral BV/TV in
Cedcl20 is an example of a result that met the ratio requirement of
being >1.20 but failed the statistical test of being <0.0001. ¢ Screened
KOMP lines fulfilling the category of normal bone mass (NBM) in the
subcategory of normal BV/TV and high values in one or more of the other
measurements

TRAP, and a mineralization line co-localize are considered as
a surrogate for a bone remodeling unit.
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Fig. 6 Summary graphic of all the architectural and histomorphometric
measurements of the /r/8 KOMP line. The top panel (a) presents the ratio
values obtained from the search page and the horizontal bar graphic
below (b) is reached by entering the detail pages and clicking the femur
tab. The same graphic can be seen for the vertebral measurements by
clicking the vertebra tab. Male and female values are color-coded and
there are four sections with four or eight boxes per section. The bars
project to the right or left by the fraction that they extend above or
below the mean value of the control measurement. Thus, the
highlighted BV/TV ratio of 0.32 for the male femur in search page is
shown as —0.68 in the horizontal bar graph of the upper left section (1.
bone architecture), while the female femur total volume and total cortical
areas of 1.12 and 1.14 of the search page project to the right as 0.12 and
0.14 of the lower left section (2. bone and body size). The two sections on
the right present histomorphometric information. The upper section (3)
shows the dynamic measurement based on the fluorescent mineralization
lines (matrix formation) and total osteoblast lineage surfaces (AP positive
surfaces). The distribution of the AP-positive surfaces to a labeling or
mineralization-inactive surface is used to discriminate bone-forming or

The application of this histological approach is illustrated for
the Irf8 line since it has been well characterized to have a low
trabecular bone mass secondary to an activated osteoclast lineage
resulting from the loss of the negative regulatory action of Irf8 on
the expression of nuclear factor of activated T cells c1 (NFATcl,
[37]). The KOMP line also demonstrates a very low BV/TV in
all bone compartments and in both sexes. Figure 6 summarizes
the architectural features by uCT and histomorphometry of the
female and male femur, and the same graphic is also presented
for the vertebral compartment on the web portal. On the left
upper four-box compartment, the bone architectural measure-
ments by pCT and histomorphometry show the bar extending
to the negative side of the normal value for trabecular number
and BV/TV. In both cases, the bone volume, cortical area, and
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bone-lining surfaces. The brown bar is the fraction of the total surfaces
that are AP positive while the green bar is the fraction of the total AP
signal that is on a forming or lining surface. Thus, in the example
presented, there is a greater proportion of the AP-positive surfaces on
the labeling versus the lining surfaces. The lower section (4) presents
the osteoclast-derived information. The total osteoclast surface is the
fraction of all bone surfaces associated with the TRAP signal. This
signal is divided into TRAP-positive surface that is associated with a
mineralization line (bone remodeling) or without a mineralization line
(bone resorbing) in the brown bar and the fraction of the total TRAP
signal that is assigned to either compartment (green bar). Thus, in this
KOMP line, a greater proportion of the greatly expanded total TRAP
signal is associated with a mineralizing (remodeling) surface. The far
right graphic represents the remodeling unit measurement as identified
by focal areas where the AP, TRAP, and mineralization signals coincide.
It is expressed as the fraction of the surface that has these three signals in
the KOMP line versus the same measurement of the control lines, and in
this case, the value is extremely high

somatic sizes do not vary significantly (lower four boxes). The
dynamic and cellular measurements are shown in the 16 boxes to
the right side of the figure with osteogenic measures in the upper
panel and the osteoclast and remodeling units in the lower
panels. The striking feature is the high number of osteoclast
surfaces that are more prominent on remodeling surfaces than
resorbing surfaces. The net bone formation, as assessed by dy-
namic labeling to yield the BFR, is modestly increased while the
osteoblasts are more prominent on bone forming than inactive
bone-forming surfaces. Most striking is the very high bone re-
modeling unit measurement indicating a high turnover state. The
pathophysiological mechanism of the /7f8 is high osteoclasto-
genesis adjacent to Rankl-expressing cells [37], which would
be within the environment of a bone remodeling unit.
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Table 3  Histological subgroup within the LBM group
Process Osteoblast activity Osteoclast activity KOMP lines
(1) High remodeling * Normal to high BFR * Normal to high osteoclast surfaces Irf8, Htrld

(high turnover) * High activated osteoblasts
* High remodeling units

(2) Low modeling * Low to normal BFR

(adynamic bone) » Low to normal activated osteoblasts
* Low remodeling units
(3) Low modeling * Low to normal BFR
(uncoupling) » Low to normal activated osteoblasts

* High remodeling units

* Normal to low BFR

* Normal to high activated osteoblasts
* High remodeling units

(4) Impaired osteoblast
function

* High remodeling units

Ceacaml6, C19Rik, Arrbl,
Rab36, Tpm, Ahrr, Vcpkmt

» Low to normal osteoclast surfaces
* Low remodeling units

* Normal to high osteoclast surfaces
* High remodeling units

Dnajb3, Hspb3 (femur),
Tmem136, Pitx3

* Normal to low osteoclasts surfaces Cp
* High remodeling units

The dynamic and cellular measurements were used to sub-
categorize the LBM group based on the rationale that the low
bone volume would be expected to elicit a strong osteoblastic
response (Table 3). The reasons why the low bone mass per-
sists can be divided into four subgroups (Tables 3). First, the
osteoclastic activity does induce an osteoblast response but it
is insufficient to correct the defect. This results in a high bone
turnover phenotype with high bone formation, activated oste-
oblast in association with high osteoclast, and high remodel-
ing units. Besides the /78 KOMP line described above, the
Htrld also falls in this category.

The second histological grouping that is associated with the
LBM classification is an adynamic state characterized by a
minimal change in the bone forming and active osteoblast
markers and low osteoclastic activity. The key feature is a very
low bone remodeling unit value. This was the most common
classification in the LBM group examined to date.

The third histological presentation in the LBM category is
interpreted as impaired osteoblast coupling from activated os-
teoclast. Bone formation is low and the osteoblast lineage is
inactive even though osteoclasts are present and remodeling
units are moderately elevated. Because this is not a high bone
turnover state, the moderate increase in osteoclast resorbing

Table 4  Histological subgroup within the HBM group

activity is not compensated by an osteoblast response. This
was the second most common classification.

The fourth category differs from the others in that bone
formation is low but the osteoblast lineage is activated with
high remodeling units but with low osteoclastic activity. This
pattern may reflect a defect in bone matrix production where
active osteoblasts are present and osteoclasts are low, yet net
bone formation is not present. The only line that fell into this
group was Cp, which indirectly leads to hemochromatosis in
which the high intracellular ferritin can compromise osteo-
blast function [31].

The rational for segmenting the HBM group is based on
expectation that the osteoclast lineage should be activated
in an attempt to prevent excessive bone matrix accumula-
tion and to remodel the bone to maintain mechanical integ-
rity [38]. Three categories based on the magnitude of bone
remodeling and modeling were identified to be associated
with a HBM phenotype (Table 4). The first and most pop-
ulated group is characterized by low remodeling due to a
low osteoclast number. Bone formation and osteoblast ac-
tivation and bone remodeling units are all low despite the
high total bone volume. The second grouping is another
mechanism for low bone remodeling. Although the

Process

Osteoblast activity

Osteoclast activity

KOMP lines

(1) Low remodeling—low
Oc surfaces

(2) Ineffective
remodeling—normal
Oc surfaces

(3) Continued modeling

* Normal to low BFR
» Low active osteoblasts
* Normal to low remodeling units

* Normal to low BFR

* Low active osteoblasts
* High remodeling units
* Normal to high BFR

* High active osteoblasts
* Low remodeling units

* Normal to low osteoclast surfaces
* Normal to low remodeling units

» Normal to high osteoclast surfaces
* High remodeling units

* Low osteoclast surfaces
* Low remodeling

R3hcel, Fam186b, Osm, Lipn, Elkl,
Akapll, Try4, Tex29, Neurl2,
Mfsdl10, Ces4a, Pycrl, Sptssb,
1124, Bzw2

Ocstamp, Ptpru, *Hsd17b11,
Cedcl20, Tspan, *Dixdcl

Rin3
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measures of bone formation and activated osteoblasts are
low, the osteoclast number and remodeling units are high.
We interpret this combination as ineffective remodeling
that might occur by functional defect of the osteoclast to
degrade bone matrix. Within this group is Ocstamp, which
has been shown to have impaired bone resorbing properties
due to a defect in osteoclast fusion [39].

The third group, which was defined by Rin3, is particularly
interesting because it appears to be an example of continuing
bone modeling. Unlike the other cases in which the measures of
bone matrix formation are low, Rin3 has high bone formation,
activated osteoblast, and high remodeling in the context of low
osteoclast surfaces. This is a pattern that is expected during
somatic growth when bone modeling builds bone mass but
would be expected to be downregulated once maturity is
reached. However, the underlying mechanism in this case may
be derived from the osteoclast lineage, such as coupling, since
the literature has identified point mutations within the gene that
are associated with Paget’s disease [40] as well as GWAS hits
that link the gene to Paget’s disease and high bone mass [41, 42].

Discussion

The experience of the IMPC, other bone screening projects,
clinical genetic units, the GWAS group, and numerous
investigator-initiated studies indicate that there will be an over-
whelming number of genes that can impact bone mass varia-
tion. This emerging reality probably explains the high polymor-
phic basis for bone disease in humans and confounds efforts
based on exome and whole-genome sequencing to be predic-
tive of personalized risk for developing bone disease. Progress
towards the ultimate goal of providing a personalized risk as-
sessment and therapeutic modality will require knowing the
impact and molecular mechanism of each genetic element on
bone variation. This is a big data problem and will require
applying the principles of big data management and organiza-
tion. The IMPC is providing the fundamental experimental
platform, and the bone community needs to develop an effec-
tive mechanism to screen, present, and interpret the KO lines
that have an impactful effect on factors affecting skeletal health.

Design of the Screening Program

Given the number of IMPC lines that will have to be screened, a
balance between throughput and sensitivity of the screening has
to be reached. Although the whole-body DXA performed by
the IMPC is reporting over 300 lines on their portal (http://
www.mousephenotype.org/data/phenotypes/MP:0010122),
our analysis using uCT indicates that most of the cases in which
the trabecular component of the bone is abnormal are not being
detected by DXA. Those that are identified appear to have
variation in bone size or the animal having low or high body
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weight [43¢]. Furthermore, puCT reveals that variation in the
trabecular and cortical measurements exceed the variance
usually observed in published studies particularly in male
animals. In addition, the architectural measurements are
strikingly dimorphic for the sex and bone compartment. The
latter is not unexpected since the axial and appendicular
lineages have different embryological origins and thus
different genetic mechanism for skeletal homeostasis. Thus,
to capture the full spectrum of the skeletal architecture, the
screen should include a minimum of eight animals from each
sex and both axial and appendicular bone should be examined.

Besides identifying KOMP lines with significant variation,
the screen may have resolved one of the questions regarding
the relationship between body size and bone measurements.
The lack of a significant correlation between BV/TV in either
compartment to body weight is a significant observation. Mice
with small body size did not have a corresponding low BV/TV
measurement. However, there was a modest relationship be-
tween femur bone size and both total area selected within the
ROI of the distal femur and the mid cortical bone area with
body weight. Whether there should be a correction factor to
these measures based on weight for selecting a line as being
variant is debatable since a number of KOMP lines showed
significant body weight variation without a change in BV/TV
or bone size (supplemental data, Fig. 2).

There are limitations to the screen that still need to be
addressed. The most glaring one is the impact of different
microbiomes at the different analysis locations have on skel-
etal measurements [44—46]. The use of the same control lines
within the 11-phenotyping centers is the best solution to date,
but site variation of control values between sites is well doc-
umented on the IMPC site. (http://www.mousephenotype.org/
data/phenotypes/MP:0010122). Bone architecture and
presumably dynamic/cellular histomorphometry will be par-
ticularly sensitive to differences in microbiome composition.
Another variable is the molecular mechanism of the gene in-
activation, which is a concern of IMPC such that many of the
IMPC lines are being regenerated using CRISPR/Cas9. Thus,
arepeat of the current KOMP lines using the new standard for
gene inactivation may be required.

A strong case can be made that the screen should be based
on the mechanical/material properties of bone [16¢]. This is an
approach being used at the IMPC bone group at Wellcome
Trust Sanger Institute (http://www.boneandcartilage.com/
currentwork.html). When used in conjunction with uCT, it is
useful to detect abnormalities of cortical bone that may not be
appreciated by the architectural measurements [47]. Another
approach might include an assessment of bone mineral
composition. However, neither of these methods are high
throughput. Others have argued that selecting mice at
12 weeks of age when they are at peak bone mass is not
optimal for gene discovery because aging the mice will
reveal abnormalities that would not be apparent at the earlier
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time in life. This is a cost question of maintaining a minimum
of four cages (four mice per cage) per time point for 2 months
(12 weeks of age) versus 5 months (6 months of age) or even
longer. For both the suggestion of mechanical properties or
changes with aging, we believe the most cost-effective ap-
proach is to focus on IMPC lines that show a significant var-
iant at the time of peak bone accumulation to identify IMPC
lines likely to have an abnormality in material/mechanical
properties or predisposition for susceptibility or resistance to
bone disease with advancing age.

The one additional test that was performed in mice with a
significant variation was histomorphometry of the trabecular
bone. The fundamental features of this methodology are the
relative speed and throughput of the sectioning/imaging pro-
cedures relative to traditional plastic/paraffin-embedded tissue
and the observer-independent computer analysis of the
resulting computer-controlled imaging acquisition. The ability
to make corrections to the staining and imaging protocol as
well as alteration in the computer algorithms was based on the
application of the analysis to the monthly controls. For exam-
ple, control measures of image intensity of the test samples
and reference standard were incorporated to detect technical
issues affecting the image acquisition. As changes to analysis
algorithms were developed, the entire control and KOMP
dataset was recalculated to remain consistent in the analysis
through the entire time samples were being processed. Despite
these efforts to generate reliable and interpretable data, the
approach only was applied to KOMP lines with architectural
outliers and does not identify patterns that represent a success-
ful compensation to maintain a normal bone structure and
function. Inclusion of serum markers of collagen-derived deg-
radation peptides or enhanced collagen formation could be
included to identify other candidate KOMP lines for analysis
or to interpret KOMP lines with ineffective osteoclast or os-
teoblast function. An additional problem is the inherent low
BV/TV of the trabecular bone in the femur of the C57BL/6NJ
line, which increases the variance of the bone surface mea-
surements. Thus, features that were less obvious in the femur
were more apparent in the vertebral bone because there is
more bone surface to analyze. Going forward, algorithms for
assessing cortical bone in either longitudinal sections of the
femur or transverse sections of the mid tibia are being devel-
oped to provide a histological analysis of the endocortical and
periosteal determinants of the cortical bone. Mapping the
Raman spectrometry signals of cortical and trabecular bone
is an additional step that could be applied to selected KOMP
lines to further define the skeletal phenotype.

Presentation and Interpretation of the Knockout
Mouse Project Lines

A major effort was expended to develop effective web-based
tools to assist the user to identify KOMP lines of interest and to

present the screening information in a convincing and interpret-
able manner. The entry screen of the database portion of the web
portal allows the user to search for KOMP lines with a specific
architectural or somatic variance, and subsequent graphics are
used to illustrate the histomorphometric findings. Behind these
graphics is the primary data by group, individual animal, and
even individual uCT image or histological section. The goal is
to make the data component transparent to the user and even
available for downloading for independent data calculations.

The initial search for a low or high total bone volume phe-
notype returns a large number of responses that can be over-
whelming due to the number and dimorphic complexity of the
findings. However, the initial list has the advantage that it
places the severity of a known skeletal mutation relative to
other genes affecting bone mass. This gene effect scale may
become important when assessing the composite outcome
when multiple skeletal genes are present in the same individ-
ual. The screen also reveals almost twice as many HBM lines
as LBM. This may reflect that as the LBM phenotype be-
comes more severe, it becomes a homozygous embryonic
lethal that can only be identified by screening heterozygous
KOMP lines. In contrast, the HBM should not be a lethal
phenotype except in the most extreme cases of osteopetrosis.

To assist the user to develop subgroups of lines with a
common phenotype, the search page was designed to perform
an AND query to include or exclude a specific measurement
in the screening process. From the selection capability, the
beginning elements of a classification schema have been ini-
tiated. In the classification of LBM, there are three architec-
tural subdivisions in which the low BV/TV phenotype occurs
independent or in association with a low bone size or body
weight and those with a normal BV/TV but a low bone size
and body weight. The underlying assumption is that genes that
affect the trabecular bone only are more likely to be bone
restricted, while those affecting trabecular, cortical, and body
size are genes having a more systemic effect or at least affect-
ing skeletal muscle that secondarily influences the mineralized
skeleton [48—50]. The latter category may contain genes,
which contribute to a frailty phenotype that is manifested at
the time of maximal somatic development and would be pre-
dicted to be most susceptible to degenerative changes to the
musculoskeletal system with aging. The group with HBM and
large bone and body weight may represent a fitness phenotype
[51]. GWAS studies imply that genes contributing to frailty
and fitness can be identified [52, 53], and these subgroups of
mice may be helpful in understanding the importance and
mechanism of this degenerative process. As more KOMP
lines are examined, it is likely that the classification will ex-
pand to identify subgroups that are restricted to dimorphism of
sex and gender as well as the basis for the altered body weight
as determined by total body NMR which is more sensitive to
body and bone marrow fat, muscle, and body water compart-
ments than the DXA tool [54].
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Within the LBM group, four classifications based on
histological features emerged although more are anticipat-
ed as more KOMP lines are examined. Most distinctive is a
high turnover/low bone mass phenotype [55] in which the
activated osteoblastic lineage is unable to compensate for
the high bone resorptive state of the osteoclastic lineage.
The basis for the high osteoclast activity can be inherent to
the molecular regulation of the osteoclast as in the case of
the Irl8 gene to dysregulation of immune cell production of
Rankl or defects in the quality of the bone matrix as found
in osteogenesis imperfecta. The other example of an acti-
vated osteogenic linecage was found in the Cp line, but it
differed from high turnover in that the bone formation rate
was low and the osteoclast lineage was not activated. The
mechanism may be inherent to the osteoblast lineage pos-
sibly affecting incomplete differentiation but without pro-
ducing a defective matrix that activates the osteoclast line-
age. The other two categories have the primary feature of
low bone formation and relatively dormant osteogenic lin-
eage. The most populated group has features of an adynam-
ic bone in which neither the osteoblast nor osteoclast line-
age is activated, and the number of bone remodeling units
is extremely low [56, 57]. The other classification demon-
strates an activated osteoclastic lineage with a high number
of remodeling units, yet an osteogenic response is lacking.
This uncoupling effect is likely to have multiple causes
arising in either lineage or from an external source [58—60].

The same reasoning for classification can be applied to the
HBM group that is formulated on the basis of modeling or
remodeling aspects of bone mass accumulation. The most
populated group has a state of low remodeling in which bone
formation, osteoblast and osteoclast activation, and remodel-
ing units are low, yet bone mass is high. The mechanisms
could be an impediment to the expansion of osteoclast lineage
[61] or a deficiency of coupling of the osteoblast to the oste-
oclast lineage [38]. Two previously unappreciated bone-
related genes, R3hccl and Fam186b, top the list in this cate-
gory as having the highest BV/TV measurement. The second
grouping that also results in low remodeling occurs in the
presence of an activated osteoclast lineage with high remod-
eling units. Because this activated state does not result in a low
bone mass phenotype, we assume that a defect in osteoclast
function must be present. The appearance of the Ocstamp line
into this category supports this interpretation, but these histo-
logical features need to be confirmed by measuring the serum
or excretion levels of collagen degradation peptides. The third
group was defined by the Rin3 line as having continued bone
modeling in the absence of a remodeling response. This pat-
tern resembles the histological phenotype of the well-studied
high bone mass LRP5 G171V mutation [62, 63].

The groupings are based on cellular processes as an
example of how classification might direct a subsequent
investigation of a KOMP line. Note that neither the frailty
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nor fitness group fit into a single histological category.
Clearly, the segmenting rules that were selected here could
be organized in a different manner such that a molecular
pathway or cell autonomous—cell non-autonomous mecha-
nism of action might be developed for a focus directed at
either a genetic or pharmacologic treatment strategy.

Improvements to the Screening and Evaluation
Platform

Currently, there are bone phenotyping centers in England,
Germany, Austria, Australia, South Korea, and the USA.
Given the expected number of IMPC lines that will eventu-
ally be produced, this number of centers is well justified.
However, each site has a different screening strategy, which
precludes developing a unified web portal to report and
interpret their findings. Finding a way to provide consisten-
cy in the screening and analysis has to be developed either
by using similar instruments and protocols and/or by dis-
tributing tissues to specific groups that perform one or more
of the specialized tests discussed above. Furthermore, a
mechanism needs to be developed that notifies specific re-
search groups that an IMPC line has been identified that fits
their area of interest and to ship breeders to them to facili-
tate their further evaluation of the line. Expansion of the
phenotype to include craniofacial and dental features would
be amenable to the uCT platform while histological char-
acterization of articular and growth plate cartilage could be
included into the bone histological workflow. The study of
heterozygous IMPC mouse lines that generate late embry-
onic or neonatal lethal offspring are most likely to have
defects in skeletal genes with significant architectural and
somatic variation. In fact, they are likely to have a greater
gene effect than the heterozygous mice derived from the
homozygous lines examined by us to date. Including the
variable of aging and other comorbidities must also be fac-
tored into the assessment. The fundamental point of the
screen and analysis steps is that the IMPC is providing a
once-in-a-life time opportunity for studying functional ge-
nomics, and the skeletal biology community needs to take
advantage of this resource.
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