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Abstract

Fibro-osseous lesions in mice are progressive aging changes in which the bone marrow is replaced
to various degrees by fibrovascular stroma and bony trabeculae in a wide variety of bones. The
frequency and severity varied greatly among 28 different inbred mouse stains, predominantly
affecting females, ranging from 0% for 10 strains to 100% for KK/HIJ and NZW/LacJ female
mice. Few lesions were observed in male mice and for 23 of the strains, no lesions were observed
in males for any of the cohorts. There were no significant correlations between strain-specific
severities of fibro-osseous lesions and ovarian (r=0.11; P=0.57) or endometrial (r=0.03; P=0.89)
cyst formation frequency or abnormalities in parathyroid glands. Frequency of fibro-osseous
lesions was most strongly associated (P < 1078) with genome variations on chromosome (Chr) 8 at
90.6 and 90.8 Mb (rs33108071, rs33500669; P = 5.0 - 10710, 1.3 . 107%), Chr 15 at 23.6 and 23.8
Mb (rs32087871, rs45770368; P = 7.3 - 1077, 2.7 - 1076), and Chr 19 at 33.2, 33.4, and 33.6 Mb
(rs311004232, rs30524929, rs30448815; P=2.8 - 1075, 2.8 - 1076, 2.8 - 1075) in genome-wide
association studies (GWAS). The relatively large number of candidate genes identified in the
GWAS analyses suggests that this may be an extremely complex polygenic disease. These results
indicate that fibro-osseous lesions are surprisingly common in many inbred strains of laboratory
mice as they age. While this presents little problem in most studies that utilize young animals, it
may complicate aging studies, particularly those focused on bone.

"Corresponding author at: The Jackson Laboratory, 600 Main Street, Bar Harbor, ME 04609-1500, United States.
Current address: Center for Musculoskeletal Research, University of Rochester Medical Center, Rochester, NY, United States.

Disclosure
The authors state that they have no conflicts of interest.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Berndt et al.

Keywords

Page 2

Bone; Genome-wide association studies; Aging; KK/HIJ mice

1. Introduction

Idiopathic bone lesions are rare in inbred mice. Apart from inherited bone abnormalities
(Elefteriou and Yang 2011; Woodward and Montgomery 1978), “cage kyphosis” (Sass et
al., 1976; Sokoloff and Habermann 1958), and bone and cartilage tumors (Kavirayani and
Foreman 2010; Kavirayani et al., 2012), fibro-osseous lesions of the bone develop primarily
in the sternebrae, long bones, and vertebrae of female mice. Most commonly, those changes
have been reported for B6C3F1 mice (i.e., F1 hybrid mice generated by crossing C57BL/6
females with C3H/HeJ male mice) (Gervais and Attia 2005; Sass and Montali 1980).
Lesions can be observed in mice as young as 32 weeks (i.e., 4.5 months) of age. At 110
weeks (i.e., 16 months) of age the frequency of the lesions is 100% in female and less than
1% in male B6C3F1 hybrid mice (Albassamet al., 1991; Sass and Montali 1980). Although
the histologic features of fibro-osseous lesions have been described in detail, the strains
affected, the underlying genetic predisposition, and pathogenesis of the disease are still
unclear.

The comparison between fibro-osseous lesions in mice and humans is difficult. Fibro-
osseous lesions in mice are morphologically similar to fibrous osteodystrophy and
myelofibrosis in humans and other species. However, osteodystrophy is associated with
renal or parathyroid pathophysiology and mice with fibro-osseous lesions show no evidence
of renal or parathyroid dysfunction. Also, mice with fibro-osseous lesions do not have
associated myeloproliferation, a common observation with myelofibrosis. Thus, it has been
suggested that fibro-osseous lesions observed in aging mice have a distinct pathogenesis.
There is evidence for an associated hormonal imbalance, based on a strong sexual
dichotomy where females are almost exclusively affected. Also, when mice of both sexes
are treated with estrogen, they developmore severe fibro-osseous lesions earlier than seen in
the spontaneous disease (Highman et al., 1981; Sass and Montali 1980; Silberberg and
Silberberg 1970). Fibro-osseous lesions in B6C3F1 mice are often accompanied by ovarian
cysts and cystic endometrial hyperplasia and, thus, could be caused by estrogen-producing
cysts (Sass and Montali 1980). Misoprostol, an analog of prostaglandin E1, produces bone
changes similar to those caused by estrogens in mice (Dodd and Port 1987). Lesions were
also associated with increased plasma alkaline phosphatase levels in aged B6C3F1 hybrid
female mice (Albassam et al. 1991).

The most common fibro-osseous lesions seen in human bone include fibrous dysplasia,
ossifying fibroma (osteofibrous dysplasia), and central low-grade osteosarcoma. Molecular
classification of fibro-osseous lesions can be useful in differentiating these bone lesions. For
example, fibrous dysplasia is marked by a mutation in the alpha subunit of the G protein of
guanine nucleotide binding protein, alpha stimulating (GNAS) (Liang et al., 2011). Other
immunohistochemical markers such as cyclin-dependent kinase 4 protein (CDK4) and
murine double-minute type 2 protein (MDM2) help to differentiate benign fibro-osseous
lesions from low-grade osteosarcomas (Dujardin et al., 2011). Identifying the genetic basis
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of fibro-osseous lesions in the mouse provides the opportunity to compare these lesions on a
molecular level and thereby to characterize novel model systems, which can be used to
explore the human disease in greater depth.

This investigation aimed to identify the frequency and severity of fibro-osseous lesions of
bone in 28 inbred and wild-derived mouse strains at various ages. Genome-wide scans were
performed for female mice to identify the genetic variations associated with fibro-osseous
lesions in this aging mouse population.

2. Materials and methods

2.1. Mice

The following 31 strains of inbred and wild-derived mice were used in a large-scale aging
study (although only 28 strains survived to 20 months of age) (Sundberg et al., 2011; Yuan
et al. 2009) and, as part of a detailed histopathological analysis, bones were examined for
fibro-osseous lesions: 129S1/SvimJ, A/J, AKR/J, BALB/cByJ, BTBRT"tf/J, BUB/BnJ,
C3H/HeJ, C57BL/10J, C57BL/6J, C57BLKS/J, C57BR/cdJ, C57L/J, CAST/EiJ, CBA/,
DBA/2J, FVB/NJ, KK/HIJ, LP/J, MRL/MpJ, NOD.B10Sn-H2/J (NOD; a congenic strain
with the NOD genetic background but with a histocompatibility locus from a diabetes-
resistant strain), NON/ShiLtJ, NZO/HILtJ, NZW/LacJ, P/J, PL/J, PWD/PhJ, RINIS/J, SIL/J,
SM/J, SWR/J, and WSB/J. Mice were part of a larger aging study by The Jackson Aging
Center, which is described elsewhere (Sundberg et al., 2011). All mice were obtained from
The Jackson Laboratory (Bar Harbor, ME) at 6 to 8 weeks of age and sacrificed in cohorts at
12 and 20 months of age (cross-sectional study) or were allowed to age and were collected
when moribund (longitudinal study). Mice were euthanized by CO, asphyxiation using
methods approved by the American Veterinary Medical Association (Leary et al., 2013) and
complete necropsies were performed (Silva and Sundberg 2012).

The mouse rooms were maintained on a 12 h light/12 h dark cycle and at an ambient
temperature of 21-23 °C. Mice of the same gender (4 per cage) were housed in duplex
polycarbonate cages (31 x 31 x 214 cm) on pressurized individually ventilated mouse racks
(Thoran Caging System; Hazleton, PA) with a high efficiency particulate air-filtered supply
and exhaust. Mice were allowed ad libitum access to acidified water (pH 2.8-3.2) and fed
pellets containing 6% fat (LabDiet 5K52, PMI Nutritional International, Bentwood, MO).
Regular monitoring for viruses, bacteria, parasites, and microsporidium showed that the
colonies were free of any infestation (http://jaxmice.jax.org/genetichealth/index.html). All
protocols were reviewed and approved by The Jackson Laboratory Animal Care and Use
Committee (Animal Use Summary #07005).

2.2. Tissue fixation and preparation

Complete necropsies were performed at the time of euthanasia (Silva and Sundberg 2012).
Bones (i.e., calvaria, shoulder and elbow with associated long bones, hip and knee with
associated long bones, ribs, and vertebrae from the thoracic, lumbar, and coccygeal regions)
were collected, fixed in Fekete’s acid-alcohol-formalin overnight, and stored in 70% ethanol
until processing. Bones were decalcified overnight in Cal-Ex (Fisher, Pittsburgh, PA) and
briefly rinsed in water before trimming. Once the bones were trimmed and placed into the
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cassettes they were again rinsed in running water for a minimum of 4 h after which the
tissues were processed routinely for histology, embedded in paraffin, cut into 6 pm sections,
and stained with hematoxylin and eosin (H&E).

Additional serial sections were stained with Sirius Red and Mallory’s trichrome stains for
assessment of collagen deposition. Representative slides were subjected to
immunohistochemistry for CD31 (Abcam cat# ab28364, Abcam, Cambridge, MA) as a
marker of vascular endothelium (Ventana Medical Systems Discovery XT Automated
Immunostainer, Oro Valley, AZ; http://tumor.informatics.jax.org/mtbwi/
immunohistochemistry.jsp;jsessionid=747A7A0B4AE5B3AB58AFACFDCDFE5S496).

2.3. Histopathologic analysis

All tissue slides were reviewed by the same experienced, board certified veterinary
pathologist (JPS) for histopathological analysis. Three strains (AKR/J, CAST/EiJ, and SJL/
J)were not included in further analyses as they did not reach the age of 20 months (Sundberg
et al., 2011). Fibro-osseous lesions were also evaluated by a board certified musculoskeletal
pathologist (JMC) and compared to human archival clinical samples.

Prevalence of bone lesions was defined as the percentage of mice with diagnosed fibro-
osseous lesions from the total number of mice per strain and gender (i.e., frequency).
Lesions were also characterized by severity scores for each mouse (0 — normal; 1 — minimal,
2 —mild; 3 — moderate; 4 — severe). Average severity scores of all affected mice per strain
and gender were calculated. Slides were reviewed and diagnoses were entered and coded by
individual mouse using the Mouse Disease Information System (MoDIS) (Sundberg et al.,
2009; Sundberg et al., 2008). Anatomical structures were defined using the Mouse Anatomy
Ontology (MA) (Hayamizu et al., 2005) and disease diagnoses were entered using the
Mouse Pathology ontology (MPATH) (Schofield et al., 2010a; Schofield et al., 2010b).
Representative images of lesions in addition to those presented here are available on
Pathbase (http://www.pathbase.net/) (Schofield et al., 2004a; Schofield et al., 2004b;
Schofield et al. 2010b) and in the Mouse Tumor Biology Database (http://
tumor.informatics.jax.org/) (Begley et al., 2014; Krupke et al., 2008).

2.4. Genome-wide association mapping

Genome-wide scans for frequency and severity of fibro-osseous lesions were performed
using the expedited efficient mixed-model association (EMMAX) algorithm (Kang et al.,
2010). Log-transformed strain frequencies of lesions in female mice were used as input data.
The genome-wide scans were performed using four million (4 Mio. single nucleotide
polymorphisms (SNP) by the NIEHS available for download at http://mouse.cs.ucla.edu/
mousehapmap/full.html. Each SNP was evaluated individually and P-values were recorded
as the strength of the genotype-phenotype associations.

2.5. Gene identification

Due to the possibility that the most significant SNPs are not the actual disease-causing
variations but are inherited in co-segregation with true disease-causing variations, an
arbitrary confidence interval of +1 million base pairs (Mb) was applied around each
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examined peak association and SNPs in this region were identified using The Jackson
Laboratory’s Mouse Genome Informatics tool (http://www.informatics.jax.org). SNPs were
annotated using the Ensembl Genome Browser (Ensembl) Variant Effect Predictor tool
(http://useast.ensembl.org/Homo_sapiens/UserData/UploadVariations). Ensembl’s amino
acid sequences of non-synonymous SNPs (CnSNPs) in the confidence interval surrounding
the top three most significant hits were analyzed for predicted functional effects using the
PolyPhen-2 (PPH2) predictor algorithm by the Sunyaev laboratory at Harvard (http://
genetics.bwh.harvard.edu/pph2/) (Adzhubei et al. 2010).

2.6. Analysis of lesion data

Analyses of fibro-osseous lesions by strain and gender were performed using JMP 8
statistical analysis software (SAS institute; http://www.jmp.com/software/jmp8/).

2.7. Interacting partner identification

3. Results

Interacting partners of candidate genes were searched on the Biogrid (Chatr-Aryamontri et
al., 2015) and STRING (Szklarczyk et al., 2015) databases (last accessed 20.2.15).

3.1. Fibro-osseous lesions in aging mice

Among all 28 analyzed strains, 370, 280, and 175 female and 362, 275, and 136 male mice
were examined at 12 and 20 months of age, and the longitudinal study, respectively. Fibro-
osseous lesions were found in 29 (8%), 80 (29%), and 20 (11%) female mice, but only in 0
(0%), 6 (1%), and 5 (4%) male mice in the respective age groups. In the two cross-sectional
age groups specifically evaluated, the frequency of lesions increased with age. Lesions were
essentially limited to females. Representative lesions for selected strains are illustrated in
Figs. 1A-J and 2A-J.

Histologically, fibro-osseous lesions consisted of a cytologically uniform fibrovascular
stroma interspersed with fine irregular trabeculae of woven bone. There was no evidence of
cytologic atypia, mitotic activity, osteonecrosis, permeative growth patterns, cortical
transgression, associated inflammation, or osteoblastic rimming. The presence of numerous
intralesional blood vessels was confirmed using immunohistochemistry for an endothelial
cell-specific marker (CD31, Fig. 2K and L).

3.2. Frequency and severity of fibro-osseous lesions among 28 strains

The frequency of mice with fibro-osseous lesions varied among strains (all per-strain data
are available in Table 1). In female mice the case frequency ranged from 0% for 10 strains
to 100% for KK/HIJ and NZW/LacJ mice (Table 1). We observed a strong gender
dimorphism with regard to lesion incidence as few lesions were observed in male mice.
Indeed, for 23 of the strains, no lesions were observed in males for any of the cohorts. Two
anomalies to this pattern were noted from a statistical point of view, but these observations
may be spurious do to small sample size. Specifically, for BUB/BnJ (Table 1) a 50%
frequency rate was observed, but only 2 male mice were available for examination. Further,
for BTBR T Itpr3!/J (2 of 6 evaluated), very few 20-month-old mice were available for
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analysis and none of the 12-month-old male mice (13 and 14 mice per strain, respectively)
had fibro-osseous lesions.

In an attempt to delineate severity, we compared the strains and scored the lesion using an
index ranging from 0 (normal) to 4 (severe, Table 2). The highest average severity score was
found for the 20-month-old KK/HIJ female mice (3.57). Frequency and severity were
significantly correlated for both females (r2=0.79; P-value <0.0001) and males (r2=1; P-
value <0.0001).

3.3. Correlation between fibro-osseous lesions and ovarian cysts

Previous reports suggested that fibro-osseous lesions are associated with hormonal
imbalances related to ovarian cysts and endometrial cystic hyperplasia (Sass and Montali
1980). In this investigation, frequencies of fibro-osseous lesions in female mice were not
significantly correlated with frequencies of ovarian follicular and bursal cysts (r = 0.18;
P=0.36) or endometrial cystic hyperplasia (r=0.07; P=0.74).

The correlation was also not significant between strain-specific severities and ovarian (r =
0.11; P = 0.57) or endometrial (r = 0.03; P = 0.89) cyst formation frequency. Representative
photomicrographs of ovarian and uterine lesions are available on Pathbase (http://
www.pathbase.net) and the Mouse Tumor Biology Database (http://
tumor.informatics.jax.org).

3.4. Correlation between fibro-osseous lesions and parathyroid gland abnormalities

Parathyroid Hormone (PTH), the hormone produced by the parathyroid gland, has profound
effects on mineral homeostasis and bone physiology (Ito 2007; Silva et al. 2011).
Abnormalities of bone structure may be associated with abnormalities in the parathyroid
glands that result in altered PTH levels. The parathyroid glands are small organs in the
laboratory mouse, but were collected and evaluated in most of the mice in this study. There
were no histologic differences of the parathyroid gland between strains affected with fibro-
osseous lesions and those totally unaffected (Fig. 1K—N). These results are consistent with
other studies that found that the kidneys and parathyroids in affected mice were usually
histologically normal (Frith and Ward 1988). No assays were done for PTH but serum
chemistry was done for blood urea nitrogen and creatinine, which varied based on strain
within normal parameters. Those strains with the most severe fibro-osseous lesions were
within the middle of the strain distribution for these parameters (http://phenome.jax.org/).

3.5. Genome variants and their genes associated with susceptibility for fibro-osseous

lesions

Genome-wide scans were performed using the EMMAX algorithm and a four million SNP
panel by the NIEHS. Only female mice were evaluated due to the strong sexual dichotomy
with phenotype presentation. Also, in this study only the strain distribution for frequency
values was investigated because even after log-transformation severity values did not reach
a normal distribution. Specifically, strain distribution of dichotomized frequency and
logarithm of frequency was measured.
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Twenty-month-old mice were measured in 28 strains as mice of the strains AKR/J, CAST/
EiJ, and SJL/J did not reach this age (Sundberg et al., 2011). Frequency of fibro-osseous
lesions was most strongly associated (P < 1075) with genome variations on chromosome
(Chr) 8 at 90.6 and 90.8 Mb (rs33108071, rs33500669; P = 5.0-10710, 1.3 . 1076), Chr 15 at
23.6 and 23.8 Mb (rs32087871, rs45770368; P = 7.3-1077, 2.7 - 107%), and Chr 19 at 33.2,
33.4, and 33.6 Mb (rs311004232, rs30524929, rs30448815; P = 2.8.107,2.8 . 1076, 2.8 -
107%) (Table 3). The top hit lies within an intron of the Papd5 gene and a predicted enhancer
(Regulatory feature: ENSMUSR00000668842) not yet known to be used in bone or
connective tissue. Within a 1 Mb region surrounding these top three hits, thirty-six genes
contained coding region SNPs (CnSNPs), which were analyzed for potential functional
importance using PPH2. Three genes on Chr 8 (Rpgripll, Chd9, and Rbl2) contained
CnSNPs which are predicted to change the functions of the gene products (Table 4). The
CnSNP of Rpgriplll (RPGR-Interacting Protein 1-Like Protein) showed the highest
probability for a functional change of its protein (PPH2 Prob=1) and was located 468 kb
upstream of the significant SNP identified by the genome-wide scan. Twelve genes on Chr
19 (Tcirgl, Mrpl21, LRP5, Ptprcap, Adrbkil, Nudt8, Ndufvl, Aldh3bl, BC021614, Ndufs3,
Ighmbp2, and SSH3) contained CnSNPs predicted to alter the function of their gene products
(Table 4). CnSNPs in Nudt8 (Nucleoside Diphosphate Linked Moiety X-Type Motif 8) and
Ssh3 (Slingshot Homolog 3) had a high probability of damaging the protein (PPH2 Prob=1),
while a CnSNP in Lrp5 (Low Density Lipoprotein Receptor-Related Protein 5) was the
closest ChnSNP on Chr 19 predicted to have significant effects on gene product function
(PPH2 Prob = 0.997, distance from significant SNP = 264 kb) (Table 4).

4. Discussion

It is usual to associate similar or identical lesions with common metabolic or
pathophysiological processes; the concept of phenotypic modularity. In the case of fibro-
osseous lesions, previous reports followed this approach by suggesting that fibro-osseous
lesions in a hybrid line of mice (B6C3F1) or limited number of inbred strains were hormone,
and in particular estrogen, related (Highman et al., 1981; Sass and Montali 1980; Silberberg
and Silberberg 1970; Sokoloff and Zipkin 1967). This implication was based on those
lesions being diagnosed almost exclusively in females — particularly in females with
ovarian cysts and endometrial cystic hyperplasia. In the study reported here, where 28
strains were studied systematically, there was no statistically significant correlation of
ovarian cysts and endometrial cystic hyperplasia with fibro-osseous lesions. This suggests
that the pathogenesis of fibro-osseous lesions in mice is due to other causes. Some strains,
such as C3H/HeJ, one of the parental strains used to create the F1 hybrids B6C3F1 in
previous studies, have a short reproductive cycle in production colonies due to poor
fecundity (Flurky et al., 2009; Green and Witham 1997) associated with a high frequency of
ovarian cysts and tubulostromal ovarian adenomas (Husler et al., 1998). The discrepancy
between those previous observations and the study presented here is a good example how
single inbred strain or F1 hybrid research cannot reproduce all facets of diseases with
multiple etiologies.

Most previous reports of fibro-osseous lesions in mice involve the B6C3F1 hybrid stock
(Gervais and Attia 2005; Sass and Montali 1980) in which lesions can be observed in mice
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as young as 4.5 months of age. The sexual dichotomy is striking with 100% of females
developing fibro-osseous lesions compared to only 1% of males by 16 months of age
(Albassam et al., 1991; Sass and Montali 1980) This hybrid strain is made using a C57BL/6J
female crossed with a C3H/HeJ male. Most reports describe hybrid stocks because these
were commonly used in the large studies conducted by the National Center for
Toxicological Research (NCTR) and the Carcinogenesis Testing Program of the National
Cancer Institute (NCI) (Frith and Ward 1988). In our study, we focused only on inbred
strains. As shown in Table 1, C57BL/6J and C3H/HeJ females had relatively low frequency
of disease while 20% of males were affected in the very old C3H/HeJ longitudinal group
only. While limited numbers of mice were available, this result suggests that there are
environmental as well as genetic influences in the propensity to develop fibro-osseous
lesions.

The most severely affected inbred strain in the study reported here (i.e., KK/HIJ) also
develops systemic ectopic mineralization suggestive of a pseudoxanthoma elasticum-like
(PXE-like) disease (Berndt et al., 2013; Berndt et al., 2014; Li et al., 2012). Fibro-osseous
lesions suggest abnormalities in bone formation, which could be another aspect of the PXE-
like disease. PXE is thought to be at least partially due to polymorphisms in the gene ATP-
binding cassette, sub-family C (CFTR/MRP), member 6 (Abcc6). Among the 28 strains
studied in the genome-wide investigations in this study, there were 4 non-synonymous SNPs
in Abcc6 (rs53235089: P = 0.02; rs53252134: P = 0.006; rs53254144: P=0.02; rs53257951:
P=0.003) that were associated with frequency of fibro-osseous lesions. Therefore, Abccé
could be a link between the skin in PXE and bone lesions or could function as a modifier
gene. Furthermore, 129S1/SvimJ, C3H/HeJ, and DBA/2J strains all have the same allelic
mutation in Abcc6 (Berndt et al., 2013) and all develop fibro-osseous lesions, albeit with
different frequencies and severities. These strains also have PXE-like disease that varied in
severity from most severe in KK/HIJ, intermediate in 129S1/SvimJ, to mild in C3H/HeJ and
DBA/2J (Berndt et al., 2013). However, the other 18 strains that develop fibro-osseous
lesions do not have this particular polymorphism which suggests that although Abccé may
be a modifier gene, it is unlikely to be the primary cause in this disease process.

Based on histopathological features, fibro-osseous disease in mice has some similarity to
human Gorham-Stout Syndrome or Gorham’s massive osteolysis/angiomatosis (Moller et
al., 1999; van der Linden-van der Zwaag and Onvlee, 2006). This rare human disease is
usually discovered during radiographic evaluation of pathologic fracture. Osteolysis is
associated with fibrovascular stroma replacing normal bone marrow, as is the case with
fibro-osseous disease in laboratory mice. In addition, CD31 immunohistochemistry
disclosed an increased vascular density within the fibro-osseous lesions in mice. Fibro-
osseous disease in mice was considered to be a relatively rare disease of aging until this
strain survey was conducted. Routine histological evaluation of multiple bones revealed
lesions, often initially in the calvaria, but scattered in many bones, suggesting that if bones
are systematically evaluated in mice and humans, subtle lesions will be found revealing that
this may be a common and overlooked disease in both species.

On chromosome 8 the most highly associated SNP lies within a predicted enhancer in intron
2 of Papd5. While this enhancer has not been shown to be active in bone or connective
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tissue, the gene is known to regulate miR21 which is involved in stem cell to osteoblast
differentiation. Further investigation would be required to establish if this SNP or the
surrounding enhancer altered the control of Papd5 in fibro-osseous disease (Boele et al.
2014; Meng et al. 2015). Three further genes on Chr 8 (Rpgripll, Chd9, and Rbl2) contain
CnSNPs which are predicted to change the functions of the gene products (Table 4). The
CnSNP of Rpgripl1l (RPGR-Interacting Protein 1-Like Protein) showed the highest
probability for a functional change of its protein (PPH2 Prob = 1) and was located 468 kb
upstream of the significant SNP identified by the genome-wide scan. The protein coded for
by Rpgripl-like (Rpgripll) is located at the basal body of cilia. Null mutations in this gene
in mice (RpgriplIt™Urt. Rpgrip1|tMla(EUCOMM)WS)) regylt in numerous developmental
defects including abnormal bone development (Vierkotten et al., 2007), and it is one of the
genes involved in the human ciliopathy, Joubert Syndrome (Arts et al., 2007; Delous et al.,
2007). Chromodomain helicase DNA binding protein 9 (Chd9) is involved in chromatin
remodeling and mesenchymal stem cell differentiation (Shur and Benayahu 2005). It has
been shown to interact directly with Esr1, the estrogen receptor (Surapureddi et al., 2006),
and is involved with osteogenic precursor differentiation (Benayahu et al., 2007; Shur et al.,
2006). The known biology is certainly relevant to the phenotypes examined here but no
phenotypes related to bone have been reported for the only allele to have been investigated,
Chdoimla(EUCOMMWS  athough elevated alkaline phosphatase is seen in homozygous
female mice (data from http://www.mousephenotype.org/, last viewed 1.11.15). No human
variants have been linked to bone-related disease to date.

Retinoblastoma-like 2 (Rbl2 tMMruy nyll mice have neurological developmental defects,
which, in BALB/c mice, result in embryonic death (LeCouter et al., 1998). No skeletal
evaluations were reported in these mice, however. Mice have not been created which carry
other alleles (MGI). Twelve genes on Chr 19 (Tcirgl, Mrpl21, Lrp5, Ptprcap, Adrbkil,
Nudt8, Ndufvl, Aldh3bl, BC021614, Ndufs8, Ighmbp2, and Ssh3) contained CnSNPs
predicted to alter the function of their gene products (Table 4). Mice carrying homozygous
mutant alleles of the T cell, immune regulator 1, ATPase, H+ transporting, lysosomal VO
protein A3 gene (Tcirgl) had severe osteopetrosis with increased bone density due to failure
of secondary bone resorption. In addition, these mice lacked teeth and died around 30-40
days of age. (Li et al., 1999) Tcirgl interacts directly with Abcc2 (Havugimana et al.,
2012)which is another member of the ATP-binding cassette (ABC) transporter family of
which Abcc6 has been discussed above. Abcc2 has itself been implicated in the pathobiology
of PXE (Hendig et al., 2008). Human variants of TCIRG1 have been strongly implicated in
causing osseous disease and a wide spectrum of mutations in this gene is responsible form
alignant infantile osteopetrosis (Sobacchi et al., 2001; Susani et al., 2004).

Mice with homozygous mutations in the low density lipoprotein receptor-related protein 5
gene (Lrp5) have various degrees of bone loss, decreased osteoblast proliferation, and a
variety of other medical conditions related to organ systems other than the skeletal system,
all of which depend on allelic combination and strain background, suggesting that this gene
may have an important role as a genetic modifier of bone biology (Cui et al., 2011). While
loss of LRP5 results in decreased bone mass because of decreased bone formation, LRP5
does not seem to be essential for the stimulatory effects of PTH on cancellous and cortical
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bone formation (Iwaniec et al., 2007). It is, however, heavily implicated in bone physiology
through human studies. It is the gene responsible for osteoporosis-pseudoglioma syndrome
(Narumi et al., 2010), autosomal dominant osteopetrosis type | (VanWesenbeeck et al.,
2003), and autosomal dominant endosteal hyperostosis (VanWesenbeeck et al., 2003).
Variants in LRP5 have also been associated with osteoporosis in post-menopausal women
(Sassi et al., 2014).

X-ray repair complementing defective repair in Chinese hamster cells 5 (Xrcc5) null mice is
defective in DNA double-strand break repair and show impaired growth and severe
combined immunodeficiency due to defective assembly of TCRs and immunoglobulins.
Mutants die early with osteopenia, atrophic skin and hepatic abnormalities (Nussenzweig et
al., 1996).

Mice null for protein tyrosine phosphatase, receptor type, C polypeptide-associated protein
(Ptprcap) have impaired T and B cell responses to antigen receptor stimulation with no
apparent bone abnormalities (Ding et al., 1999; Matsuda et al., 1998).

Targeted mutant mice for immunoglobulin mu binding protein 2 (Ighmbp2) die early,
develop progressive limb muscle atrophy, decreased grip strength, severe motor neuron and
axonal degeneration, dilated cardiomyopathy, myocardial fiber necrosis, increased heart rate
variability, systolic dysfunction and respiratory failure, but without any reported bone
phenotype (Cook et al., 1995; Krieger et al., 2013). Mutations in this gene cause Charcot-
Marie-Tooth type 2S disease in humans but show no bone or connective tissue phenotypes
apart from scoliosis (Cottenie et al., 2014).

Carnitine palmitoyltransferase 1a, liver (Cptla) homozygous null mice are embryonic
lethals, while heterozygous null mice have decreased serum glucose and increased serum
free fatty acid levels after fasting, but no recorded bone disease (Nyman et al., 2005).
Similarly, in humans with PT deficiency, hepatic, type IA, there are no bone-related diseases
(Gobin et al., 2002).

Dnajc19 (DnaJ (Hsp40) homolog, subfamily C, member 19) is responsible for 3-
methylglutaconic aciduria, type V disease which shows no bone phenotypes (Davey et al.,
2006). The only reported mouse mutant has broad effects on body growth, reduced
hemoglobin levels, hypernatremia, hyperglycemia, and other metabolic disturbance (MGI:
4435205).

No live mice are currently available from ES cells containing various constructs of the
mitochondrial ribosomal protein L21 (Mrpl21), nudix (nucleoside diphosphate linked
moiety X)-type motif (Nudt8), PAP associated domain containing 5 (Papd5), cadherin 18
(Cdh18), CTD nuclear envelope phosphatase 1 regulatory subunit 1 (synonym Tmem188),
aldehyde dehydrogenase 3 family, member B1 (Aldh3bl), cDNA sequence BC021614
(BC021614), or NADH dehydrogenase (ubiquinone) Fe-S protein 8 (Ndufs8) (MGI 3 Dec.
2015). Adrbki1 and Ndufyl had no genes listed on MGI. Predicted gene 7729 (Gm7729) was
listed as a pseudogene.
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CnSNPs in Nudt8 (Nucleoside Diphosphate Linked Moiety X-Type Motif 8) and Ssh3
(Slingshot Homolog 3) had a high probability of damaging the protein (PPH2 Prob=1),
while a CnSNP in LRP5 (Low Density Lipoprotein Receptor-Related Protein 5) was the
closest CnSNP on Chr 19 predicted to have significant effects on gene product function
(PPH2 Prob = 0.997, Distance from significant SNP = 264 kb) (Table 4). All three of these
genes are expressed in the osteoblast (PMID: 24945404) and additionally, Ssh3 exhibits
robust expression in the osteoclast (www.biogps.org).

These results indicate that fibro-osseous lesions are surprisingly common in many inbred
strains of laboratory mice as they age. While this presents little problem in most studies that
utilize young animals, it may complicate aging studies, particularly those focused on bone.
The relatively large number of candidate genes identified in the GWAS analyses suggests
that this may be an extremely complex polygenic disease. Variations in frequency from
other published aging studies, using the same inbred or hybrid mice maintained at different
facilities, further suggest that environment also plays a role in frequency of fibro-osseous
disease within a particular strain. The relationship between this disease, in particular its
severity, with pseudoxanthoma elasticum and the genes associated with it in humans and
mouse models beyond Abcc6 (Li and Uitto 2013) will require further investigation.
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Fig. 1.

Fe?nur (knee joint)with normal cortical bone and marrow cavity (blue, A, B, female LP/J,
372 days old) compared to diffuse fibro-osseous lesions (C, D, female KK/HIJ, 586 days
old). Boxed areas in low magnification overview (A, C) are enlarged in the image to the
right (B, D). Normal lumbar vertebral body (E, F, female DBA/2 J, 618 days old) compared
to a moderate case of fibro-osseous lesion (G, H, female LP/J, 621 days old). Suture in the
calvaria of normal bone (I, female SWR/J, 395 day old) and thickened bone due to fibro-
osseous lesions (J, female KK/HIJ, 418 days old). Parathyroid glands from KK/HIJ female
mice with fibro-osseous lesions (K, 427 days old, L, 647 days old) are indistinguishable
from those from C57BL/6J females with normal bones (M, 372 days old, N, 908 days old).
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Fig. 2.
Femurs from an LP/J female (372 days, A-D, essentially normal bone and marrow), LP/J

female (621 days, E, F, moderate, localized fibro-osseous lesions), and KK/HIJ female (586
days, G-J, severe diffuse fibro-osseous lesions) stained with Mallory’s (A, B, E-H) and
Sirius Red (C, D, 1, J). Note the decreasing thickness of cortical bone and increase in
medullary trabeculae as the disease progresses. Left column 4x (bar=200 pm), right column
25% (bar=50 pm). Immunohistochemistry localization of CD31 for endothelial cells reveals
few capillaries in the normal bone marrow of a 372 day old LP/J female compared to
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numerous vascular spaces in the 427 day old KK/HIJ female mouse with severe diffuse
fibro-osseous lesions that completely efface the bone marrow cavity. 40x, Bar = 20 um.
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Average severity of fibro-osseous lesions in female mice per strain in different age groups.

Table 2

Sex Strain 12month 20 month  Longitudinal group
Female 129S1/SvimJ 15 1.75 3.0
Al - 0.0 -
BALB/cByJ - 15 -
BTBRT< + >tf/J - 1.0 -
BUB/BNJ - 0.0 -
C3H/Held - 0.0 1.0
C57BL/10J - 1.0 -
C57BL/6J - 1.0 -
C57BLKS/ 1.0 1.0 -
C57BR/cd) - 1.0 20
C57LA - 3.0 -
CBA/ - 2.33 -
DBA/2J 3.0 1.0 1.0
FVB/NJ - 15 1.33
KK/HI 2.78 3.57 35
LP/J 1.0 12 -
MRL/MpJ 1.0 1.0 2.0
NOD - 1.0 -
NON/LtJ - 0.0 -
NZO/HILY 2.0 1.0 -
NZW/Lac) - 15 2.0
P/ - 15 -
PL/A - 0.0 -
PWD/PhJ - 0.0 -
RINS/A - 2.25 1.0
SMA - 0.0 -
SWR/J 2.0 0.0 -
WSB/EiJ 15 25 1.0
Average 21 1.78 1.9
Male 129S1Sv/ImJ - 1.0 -
Al - - -
BALB/cByJ - - -
BTBRT< + >tf/J - 1.0 -
BUB/BNJ - - -
C3H/HeJ - 1.0 -
C57BL/10J - - -
C57BL/6J - - 20
C57BLKS/ - - -
C57BR/cd) - - 1.0
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Strain

12 month

20 month

Longitudinal group

Average

C57LA
CBA/
DBA/2]
FVB/NJ
KK/HI
LP/J
MRL/MpJ
NOD
NON/LtJ
NZO/HILY
NZW/LacJ
P/

PL/A
PWD/PhJ
RINS/A
SMA
SWR/J
WSB/EiJ

1.0

1.0

1.0
1.4
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