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Editorial on the Research Topic

Innovative Models in Bone Biology: What can be Learned from Rare Bone Diseases?

INTRODUCTION

Since the elucidation of the human genome in 2000, all human genes are known. Subsequently,
medical science has bloomed in identifying disease-specific causative mutations. For rare bone
diseases, pivotal discoveries of causal genes were for instance the SOST gene encoding sclerostin for
Van Buchem disease and sclerosteosis (1) or ACVRI for fibrodysplasia ossificans progressiva (2).
For broadening mechanistic insight, such discoveries require animal- and cell-based models, for
instance mouse models with knocked-out or induced expression of the mutated gene (3) or induced
pluripotent stem cells (4). Such disease-tailored models were at the forefront of mechanistical
discoveries and can lead to therapeutical intervention in the near future (5). The current topic with
its 10 contributions, hopes to contribute to the new and still remaining challenges in the field of rare
bone diseases by identifying current models or by refining suitable and innovative models.

NEW ANIMAL MODELS IN RARE BONE DISEASE RESEARCH

Knock-out mice have been available since the early 1990s, soon followed-up by inducible knock-out
mice. These developments have turned out to be valuable for elucidating mechanisms in common
bone diseases such as periodontitis (6). Brommage and Ohlson have summarized the state-of-the art
of mouse models in bone research and their utility for the human equivalent. An impressive 96%
(249 out of 260) of genes that were studied in mice, mimicked a known human variant with skeletal
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anomalies. In the past decade, zebrafish models have come to the
forefront as new models for studying rare bone diseases. Tonelli
et al. introduce us to the bone biology of zebrafish and
demonstrate that this model is relatively easy for manipulating
genes, for instance using CRISPR-Cas9 technology, that can be
relevant for rare bone diseases.

CELL-BASED MODELS FROM PATIENTS
WITH RARE BONE DISEASES

To gain mechanistical insight, knowledge of the causative cell type
in rare bone diseases should be the starting point for in vitro
studies. Appropriate cell models to study rare bone diseases could
be challenging, but the most appropriate model seems bone cells
that are isolated from biopsies from patients. Thus, one could
consider ex vivo material of bone chips with viable osteocytes still
present (Pathak et al.). Osteocytes produce a variety of proteins and
signaling molecules such as sclerostin, cathepsin K, Wnts, DKK1,
DMP1, IGF1, and RANKL/OPG to regulate osteoblast and
osteoclast activity. Various genetic abnormality-associated rare
bone diseases are related to disrupted osteocyte functions is the
case in Van Buchem’s disease and sclerosteosis, which are related to
non-functional sclerostin. Pathak et al. suggest that future research
in rare bone diseases could also aim at restoring function of
osteocytes. Fibrodysplasia ossificans progressiva is a rare bone
disease where bone biopsy-related bone cells cannot be obtained
since this could lead to worsening of the disease. Useful alternatives
to study osteogenesic aspects, are skin (7) or periodontal ligament
fibroblasts, scraped and isolated from extracted teeth (8). Claeys
et al. describe the state-of-the art of fibroblast models in bone
research. The osteoclast has been entirely neglected in FOP
research, a disease with more bone. Schoenmaker et al. have used
monocytes isolated from peripheral blood from controls and FOP
patients to study the effect of FOP ligand and bone morphogenetic
protein (BMP) Activin-A on osteoclast formation. Although no
disease specific effect was observed, interestingly, this ligand caused
fewer but larger osteoclasts. Therefore, studies aimed at elucidating
rare bone disease mechanisms, may also contribute to more
fundamental knowledge on the formation of multinucleated cells.
Bone marrow derived mesenchymal stem cells (BMSCs) is yet
another example of an appropriate cell model for osteogenesis that
could be used in rare bone diseases. By manipulating its expression
in BMSCs, Liu et al. show an important role for Chordin-likel in
increasing BMP4 driven osteogenesis. In a series of complementary
experiments, the relationship between Chordin-likel and BMP4
was established, culminating in experiments with bone defects and
positive effects of Chordin-likel on bone healing. Mild phenotypes
of rare bone diseases may manifest later in life. Norwitz et al.
describe a case of a novel LRP5 mutation in a professional runner,
who turned out to be osteoporotic at the age of 18. Here, genetics
overrules the bone dogma that impact loading improves bone
quality. Huybrechts et al. update the current knowledge of Wnt
signaling and rare bone disease. The overview of the skeletal and
extra-skeletal phenotypes of the different monogenic skeletal
disorders were linked to deviations in the WNT signaling pathway.

NEW PERSPECTIVES

Our era has gradually unveiled mysteries of many rare bone
diseases by identifying genes, ligands, and pathways that are
causative. Nevertheless, despite this tremendous progress, one
could also step back and take the liberty to place an old disease
into a new framework. Pignolo et al. have done this for FOP, by
comparing clinical symptoms that coincide between progeria, or
expedited aging, and FOP. Progeroid features that may primarily
be associated with mutations in ACVRI include osteoarthritis,
hearing loss, alopecia, subcutaneous lipodystrophy, myelination
defects, heightened inflammation, menstrual abnormalities, and
perhaps nephrolithiasis.

For finding the genetical cause of rare bone diseases,
technological innovations in the field of sequencing, such as
massively parallel sequencing (MPS), have broad potential
applications. Maclnernery-Leo and Duncan describe the
historical development of finding causative mutations and
demonstrate that MPS has high potential for future findings of
new genetic insight in rare bone diseases. This technique speeds
up discovery of causative genes from years to weeks.

CONCLUSION

The 10 contributions to this topic on innovative models for rare
bone diseases have demonstrated the progress of rare bone
disease models in research. For future research, a lot can be
expected from CRISPR-Cas9 restored or induced gene function,
in combination with induced pluripotent stem cells, since this
could build reliable and clean read-out models, where only the
mutation is induced or restored. Technological advances in
speed of sequencing will faster and more accurately than ever
identify novel mutations. Together with our increased biological
understanding of the various rare bone diseases, it can be
anticipated that clinicians will have more comprehensive
guidelines for intervention for the benefit of the patient. In this
way, it can be foreseen that quality of life will increase of patients
with rare bone diseases.
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Review
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The Wnt-g-catenin pathway receptor, low-density lipoprotein receptor-related protein
5 (LRP9), is a known regulator of bone mineral density. It has been hypothesized
that specific human polymorphisms in LRP5 impact bone density, in part, by altering
the anabolic response of bone to mechanical loading. Although experiments in animal
models support this hypothesis, there is limited evidence that LRP5 polymorphisms
can alter the anabolic response of bone to mechanical loading in humans. Herein, we
report a young male who harbors a rare LRP5 missense mutation (A745V) and who
provides potential proof of principle for this mechanotransduction hypothesis for low
bone density. The subject had no history of fractures until age 18, a year into a career in
competitive distance running. As he continued to run over the following 2 years, his
mileage threshold to fracture steadily and rapidly decreased until he was diagnosed
with severe osteoporosis (lumbar spine BMD Z-score of —3.2). By contextualizing this
case within the existing LRP5 and mechanical stress literature, we speculate that this
represents the first documented case of an individual in whom a genetic mutation altered
the anabolic response of bone to mechanical stress in a manner sufficient to contribute
to osteoporosis.

Keywords: bone mineral density, LRP5, mechanical stress, osteoporosis, Wnt-g-catenin signaling

BACKGROUND

Low-density lipoprotein receptor-related protein 5 (LRP5) is a 1,615 amino acid transmembrane
receptor for the conserved Wnt-B-catenin signaling pathway, a pathway known to regulate bone
metabolism in humans. In canonical Wnt-B-catenin signaling, a Wnt ligand binds to a binding
site created by the 1%t and 3" B-propeller domains of LRP5 and to its co-receptor, Frizzled. This
enables LRP5 to sequester a cytoplasmic destruction complex and, thereby, prevent the degradation
of the protein p-catenin. Subsequently, B-catenin translocates into the nucleus, where it interacts
with TCF/LEF family transcription factors and alters gene expression to promote bone formation
(1) (Figure 1A). Genome-wide association studies (GWAS) have repeatedly classified LRP5 as a
key mediator of bone mineral density (BMD) (2-4), including the largest GWAS to date, which
identified LRP5 as a BMD and fracture risk locus at a significance level of p < 1.0 x 10721 (5).
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FIGURE 1 | (A) The cytoplasmic destruction complex constitutively targets
B-catenin for degradation. Mechanical or chemical stimulation of the
Wnt-B-catenin pathway receptor pair LRP5-Frizzled (Fz), in cells of the
osteoblast linage, causes LRP5 to sequester the destruction complex,
allowing p-catenin to accumulate and translocate to the nucleus where it
interacts with TCF/LEF family transcription factors and promotes osteogenic
gene expression. (B) Osteocytes (Ot) sense mechanical stress and respond by
increasing Wnt-B-catenin signaling and coordinating the anabolic activities of
osteoblasts (Ob) and the catabolic activities of osteoclasts (Oc). Wnt-B-catenin
signaling, in addition to (i) sensitizing osteocytes to mechanical stress, (i)
promotes the differentiation of mesenchymal stem cells (MSC) into
osteoblasts, (iii) prevents osteoblast apoptosis, and (iv) increases
osteoprotegerin expression by osteoblasts, thus inhibiting osteoclast-
mediated bone resorption. The net effect is a shift in favor of bone formation
over bone resorption.

LRP5 mutations are known to cause disorders of both
low and high BMD. Recessive loss-of-function mutations in
LRP5 cause osteoporosis-pseudoglioma syndrome (OPPG), a
condition characterized by severe osteoporosis and occasional
ocular abnormalities (1, 6), whereas gain-of-function mutations
in LRP5 are associated with abnormally high BMD (7).
Furthermore, LRP5 demonstrates haploinsufficiency (6, 8-11). In
fact, dominant loss-of-function mutations in LRP5 are among
the most common causes of familial exudative vitreoretinopathy
(FEVR), a congenital eye defect that often presents with
a comorbid low BMD phenotype (10, 11). Of note, LRP5
haploinsufficiency appears to affect BMD in men more severely
than in women (12-15). In addition to GWAS and clinical
associations, LPR5 heterozygous (LPR5T/~) mouse models

reliably exhibit low BMD (16-18). Consistent with data from
human studies, the loss-of-function phenotype is more severe
in male mice than in female mice, with male mice exhibiting
lower relative BMDs, shortened femurs during their youth, and
a reduced osteogenic response to mechanical stress (17).

There are a number of mechanisms by which LRP5-
mediated Wnt-f-catenin signaling in cells of the osteoblast
lineage may promote bone growth. These include (i) sensitizing
osteocytes to mechanical stress, (ii) promoting the differentiation
of mesenchymal stem cells (MSC) into osteoblasts, (iii)
preventing osteoblast apoptosis, and (iv) increasing osteoblast
expression of osteoprotegerin to decrease osteoclastogenesis (19—
24) (Figure 1B). While each of these mechanisms likely plays
a part in mediating the regulatory effects of the LRP5 protein
on BMD, the mechanical stress model (i) is the focus of this
report. There is an abundance of mouse data to support this
model. First, LRP5 gain-of-function mutations in mice do not
appear to increase basal rates of bone formation in the absence
of mechanical stimulation, but more than double bone formation
in response to mechanical stress (25, 26). Second, LRP5 gain-
of-function enhances the expression of bone formation genes in
response to mechanical stress (24). Third, conditional knockout
of LRP5 in murine osteocytes, cells which are believed to
serve as the mechanosensors of bone, diminishes the osteogenic
response to mechanical stress, whereas activation of Wnt-p-
catenin signaling in osteocytes is sufficient to increase the
osteogenic response (27-29). Thus, data from mice support a
model in which the LRP5 receptor influences BMD, at least in
part, by regulating mechanotransduction.

Three clinical observations of patients bearing LRP5
mutations also support the mechanical stress model. First,
LRP5 mutations do not appear to affect calcium homeostasis,
anabolic or catabolic hormones, collagen synthesis, or basal
levels of bone turnover, even in patients with severe osteoporosis
(9, 13). Second, LRP5 gain-of-function mutations can increase
BMD without affecting bone shape or causing bony lesions,
which are observed in genetic conditions that simply increase
basal osteoblast activity or decrease basal osteoclast activity
(30). Third, LRP5 gain-of-function mutations cause the greatest
enhancement of BMD in load bearing bones (30).

Two population-based studies add yet another level of support
to the mechanical stress model. In a subset of 868 men from the
Framingham Offspring Study Cohort, a polymorphism in exon
10 of LRP5 appeared to negatively affect the interaction between
physical activity and BMD. Specifically, men homozygous for the
common allele exhibited a positive correlation between physical
activity and BMD; heterozygous men exhibited no correlation;
and men homozygous for the less common allele exhibited a
negative correlation between physical activity and BMD (31).
Similar data were reported from the Odense Androgen Study.
In this study of 783 men aged 20-30, the LRP5 polymorphisms
A1330V and V667M were associated with low BMD in physically
active men, but not in sedentary men (32). Although these two
independent studies each suggest that polymorphisms in LRP5
can alter the anabolic response of bone to mechanical stress in
men, they were limited by the fact that they assessed physical
activity using questionnaires.
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We report a 23-year-old male ex-distance runner who
presented with primary osteoporosis and a rare LRP5 variant,
A745V in exon 10, at age 20. His mutation, medical
history, and athletic history complement and build upon
the mouse models, clinical observations, and epidemiological
data introduced above. In brief, this case represents potential
proof of principle for the mechanical stress model and
suggests the possibility that LRP5 mutations contribute to low
BMD, in part, by blunting the anabolic response of bone to
mechanical stress.

CASE REPORT

The Caucasian male subject was the product of an uncomplicated
pregnancy, although he did exhibit shortened femurs in

utero, similar to LRP5 loss-of-function male mice (17). He
demonstrated no signs of any chronic health condition during his
highly active youth or adolescence, during which he engaged in a
variety of sports, including basketball, soccer, rugby, and martial
arts. He began competitive distance running at age 17. For over
1 year, he consistently ran between 60 and 80 miles per week
without sustaining any bone injuries. At age 18, he sustained a
stress fracture in his right lateral tibial plateau. Subsequent to this
initial stress fracture, he began to experience stress fractures at
progressively lower mileage thresholds. After fracture resolution,
physical therapy, and a gradual return to running, he sustained
further tibial, femoral, and sacral alar stress fractures when
running 40, 20, and even 10 miles per week, consistent with
the notion that his bones were weakening as he continued to
run (Figure 2A).

] o

miles/week: 60-80

40 20 10

(no prior fractures) age 17,

begins running

age 20,
cuneiform fracture
during 5K; DXA scan
reveals osteoporosis

age 18,
first stress fracture

BMD of Total Body (Minus Head)

BMD of Lumbar Spine
g/cm? T-score | Z-score
0.742 -3.20 -3.20

BMD of Total Hip
g/cm? | T-score | Z-score
0.735 -2.00 -2.00

BMD of Femoral Neck
g/cm? | T-score | Z-score
0.628 -2.20 -2.20

BMD T-score Z-score
(g/cm?)
1.046 -1.60 -1.50
C Endocrine Assessment
Testosterone TSH 24-hr Cortisol
ng/dL puIU/mL ug
591 0.99 34
(250-1100) (0.27-4.20) (3.5-45)
PTH Alk Phos NTX/creatinine
pg/mL U/L ratio
15 83 49
(10-65) (45-115) (21-66)
Calcium 25-OH-Vit D BMI
mg/dL ng/mL kg/m?
9.7 48 21.1
(8.5-10.5) (30-100) >17.5)

FIGURE 2 | (A) Diagram of the subject’s running and stress fracture history. The subject had no history of fractures during his childhood and began distance running
at age 17. He successfully ran 60-80 miles per week for over 1 year before experiencing his first fracture in his right lateral tibial plateau. Over the subsequent years,
as he continued to run, his mileage threshold to fracture decreased precipitously (stress fractures are represented by arrowheads). At age 20, he fractured his right
cuneiform during a 5-kilometer road race. A follow-up of the unusual foot fracture revealed osteoporosis. (B) DXA scan of the subject’s lumbar spine, total hip, femoral
neck, and total body (minus head) at time of diagnosis. These data are consistent with the notion that the subject’s load-bearing bones failed to adapt to the
mechanical stress of running. (C) Endocrine assessment at time of diagnosis. Reference ranges are given in parentheses and BMI >17.5 kg/m2 is used because this
threshold is a surrogate marker for Relative Energy Deficiency in Sport (RED-S) in men (33, 34).
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At age 20, he sustained a complete fracture of his right
cuneiform during a 5-kilometer run. A dual-energy X-ray
absorptiometry (DXA) scan was performed given this history of
recurrent fractures and this revealed a lumbar spine BMD Z-
score of —3.2, total hip BMD Z-score of —2.0, femoral neck BMD
Z-score of —2.2, and total body (minus head) BMD Z-score of
—1.5 (Figure 2B). At the time of diagnosis, the subject had a
normal BMI (21.1 kg/mz), normal resting metabolic rate (1,613
kcal/day, measured by respirometry vs. 1,604 kcal/day, calculated
using the Harris-Benedict equation), normal testosterone, TSH,
24-h urine free cortisol, PTH, alkaline phosphatase, urinary N-
terminal telopeptide/creatinine, calcium, and 25-OH-Vitamin D
(Figure 2C). All other electrolytes, hormones, and kidney and
liver function tests were unremarkable, and the subject, now 23,
has exhibited no meaningful signs of endocrine dysfunction in
the years since initial evaluation.

A genetic screen revealed an undocumented paternally-
inherited polymorphism (A745V) in the LRP5 gene. His father,
a 54-year-old with a BMI of 37.2 kg/m?, did not exhibit low BMD
at the lumbar spine, total hip, or femoral neck (T-scores of 0.0,
0.9, and 0.1, respectively); however, the father did exhibit a radial
BMD T-score of —2.6 (age-adjusted Z-score of —2.0). The subject
completed a 13-month course of teriparatide, which increased
his lumbar spine BMD Z-score from —3.2 to —2.7, and he is
currently on denosumab.

The subject’s only other health condition is ulcerative
colitis, which was diagnosed at age 22, 4 years after his
first fracture. The colitis is mild and localized to the cecum
and sigmoid colon. As the subject never exhibited evidence
of malabsorption/malnutrition or systemic inflammation (his

high sensitivity CRP was consistently measured to be low
both before and after his colitis diagnosis), was never on
chronic glucocorticoids, and had absolutely no symptoms of this
condition at the time that he was having the fractures, it is
unlikely that his ulcerative colitis contributed to his low BMD.
This opinion was unanimously shared by three independent
gastroenterological consults.

DISCUSSION

The properties of the A745V variant suggest that it likely
contributed to the subject’s osteoporosis. A745V is extremely
rare, with a minor allele frequency of 0.0008 in the Genome
Aggregation Database (254/282476 alleles; 0 homozygotes), and
is perfectly conserved among mammals, birds, snakes, fish, and
even the Drosophila homolog of LRP5. It is located within the
Wnt-ligand-binding 3" B-propeller domain, adjacent to two
other residues (N740, from the Framingham Study, and W734)
mutations in which are also associated with low BMD in humans
(6, 31) (Figure 3). Other alanine to valine missense mutations in
LRP5 have been reported to contribute to low BMD. The A745V
variant was predicted to be consequential in in silico models and
was reported to contribute to a case of FEVR, which is often
associated with low BMD (3, 32, 35) (Figure 4).

Despite the evidence supporting the consequence of the
A745V variant mentioned in the previous paragraph, the
proposition that this inherited genetic mutation was a major
contributor to the subject’s osteoporosis raises two important
questions: (1) Why is there a discrepancy between the subject’s
BMD and that of his father? (2) If the subjects low BMD

1 2 3 45 6 7 8 9 10 12 14 17 18 19 23
| | | || ] I | |
| | Tl Il il 1l I I
697 TISRAFMNGSSVEHVVEFGLDYPEGMAVDWMGKNLY}XADTGTNRIEVARLDGQFRQVLVWRDLDNPRSLALDPTKG 773
g v v
Human (Homo sapiens) LYWADT GTNRTIEVARLDGOQFI ROQVLVWR
Horse (Equus caballus) LYWADT GTNRTIEVARLDGOQFU ROQVLVWR
Cow (Bos Taurus) LYWADT GTNRTIEVARLDG GO QFU RIOQVLVWR
Dog (Canis lupus familiaris) LYWADT GTNRTIEVARLDGOQFI ROQVLVWR
Mouse (Mus musculus) LYWADTGTNRTIEVARLDG G QFIROQVLVWR
Chicken (Gallus gallus) LYWADTGTNRTIEVARLDGQYRA QVLVWK
Snake (Notechis scutatus) LYWADT GTNRTIEVARLDGLTFIRAOQVLVWK
Rabbit (Oryctolagus cuniculus) LYWADT GTNRTIEVARLDGRT FIRQVLVWR
Zebrafish (Danio rerio) LYWADTGTNRIEVARLDGQYURU QVLVYVCHK
Arrow (Drosophila melanogaster) LI WSDAEARRIEVEBRLDAGSSIRRVYVLILWK

FIGURE 3 | The LRP5 gene is composed of 23 exons, coding for 1,615 amino acids. Exon 10 includes residues 697 to 773, 27 of which are sequence aligned with
the corresponding horse, cow, dog, mouse, chicken, snake, rabbit, and zebrafish LRP5 sequences, as well as with that of the homologous protein in Drosophila,
arrow. W734 (6), N740 (31), and A745 are underlined and identified by arrowheads. Red letters represent nonconserved residues.
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ii.  LRP5*- mice have low BMD

iii.

iv.

i GWAS identify LRPS5 as a BMD-associated locus, p < 1.0 x 102!

LRPS5 loss-of-function mutations cause osteoporosis-pseudoglioma syndrome (OPPG)
LRPS5 gain-of-function mutations cause high BMD

v.  LRPS haploinsufficiency causes familial exudative retinopathy (FEVR) and/or low BMD

LRP5

i.  A745V has been documented in FEVR

ii.

iii.

iv.

Alanine to valine missense mutations in LRPS5 have been associated with low BMD
A745V is consequential in in silico models

A745 is conserved among mammals, birds, snakes, fish, and Drosophila

v.  A745 is near W734 and N740 in the ligand-binding 3t 3-propeller domain

FIGURE 4 | A summary of the key evidence supporting the role of LRP5, the A745V variant, and mechanical stress in the etiology of the subject’s osteoporosis. Each
category of evidence builds upon, and is inset within, the previous category. The following references correspond to each line of evidence: LRP5 (j). Trajanoska et al.
(5) (ii). Sawakami et al. (17), Clement-Lacroix et al. (16), Yadav et al. (18) (iii). Gong et al. (6), Joiner et al. (1) (iv). Johnson et al. (30), Johnson (7) (v). Toomes et al. (11),
Qin et al. (10). A745V (j). Pefkianaki et al. (35) (ii). Brixen et al. (32), Estrada et al. (3) (iii). Pefkianaki et al. (35) (iv). NCBI sequence analyzer and alignment tools were
used to assess conservation (v). Gong et al. (6), Joiner et al. (1). Mechanical Stress (). Sawakami et al. (17), Zhao et al. (29), Robinson et al. (24), Johnson (7),
Niziolek et al. (25) and others (see text) (ii). Brixen et al. (32), Kiel et al. (31) (i, iv). Information from the subject’s medical history.

AT745V

is attributable to a congenital genetic defect, why did it only
manifest with fractures over 1 year into his running career when
he was a young adult? The discrepancy between the father’s
and son’s BMDs may be explained, in part, by the variable
expressivity observed repeatedly with LRP5 mutations. In the
first report of this A745V variant, the carrier father exhibited
only subclinical symptoms (35); and probands heterozygous
for inherited LRP5 mutations often exhibit BMDs significantly
lower than those of their carrier parents (8, 9). It is also
possible that the father’s higher BMI (37.2 kg/m?) was somewhat
protective for his BMD, or that it artifactually increased his
BMD. Adipose tissue can inflate DXA measurements of BMD,
particularly at the spine, hip, and femur, where overestimates can
approach 30% (36). By contrast, radial DXA cannot be easily
confounded by soft tissue, suggesting that the radius may be a
more accurate BMD measurement site for heavier individuals

(37). Therefore, the father’s radial BMD T-score of —2.6 (age-
adjusted Z-score of —2.0) may reflect the pathogenicity of the
A745V allele. Finally, and most interestingly, we speculate that
the subject’s running interacted with his genetics to precipitate
his osteoporosis.

The proposition that the A745V polymorphism altered the
anabolic response of the subject’s bones to mechanical stress not
only provides a potential explanation for why his phenotype
is more severe than that of his father, but can also explain
the peculiar chronology of his fracture history (Figure 2A). If
the subject’s bones were not able to adapt appropriately to
the mechanical stress imposed by distance running, one would
expect that he would only begin to experience fractures after
a sustained period of habitual distance running, as was indeed
the case in our patient. In addition, one would predict that
continued distance running would continue to weaken his bones
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and increase his susceptibility to fracture, as it did. Interestingly,
the subject’s DXA scan revealed that his lumbar spine, total
hip, and femoral neck BMD Z-scores, all of which represent
load-bearing sites, were notably lower than his total body (minus
head) BMD Z-score (Figure 2B). This observation mirrors the
observation that LRP5 gain-of-function kindred exhibit the
greatest increases in BMD at load-bearing sites (30). Notably,
the subject’s phenotype was more severe at the lumbar spine
than at the hip and femur. Counterintuitively, this is also what
the mechanotransduction model predicts. Although the spine,
hip, and femur are all load-bearing sites, LRP5 polymorphisms
have been reported to alter mechanotransduction in trabecular
bone more so than in cortical bone, and the spine has the
highest proportion of trabecular bone of these sites (26). The
mechanical stress response model is further consistent with
data from LRP5 mouse models, which collectively show that
LRP5 gain-of-function increases bone formation specifically in
response to mechanical stress and that LRP5 loss-of-function
reduces the response of bone to mechanical stress in a dose-
dependent manner (17, 24, 25, 29). Furthermore, results of the
Framingham Cohort and Odense Androgen Studies suggest that
LRP5 polymorphisms can affect the interaction between physical
activity and BMD in men, such that men carrying particular
polymorphisms do not appear experience the increases in BMD
usually associated with weight-bearing activities. Notably, the
physical activity data from these studies were limited to self-
report questionnaires (31, 32) (Figure 4).

Our report has certain limitations, chief among these being
that the subject had no DXA scans available for comparison
before his first tibial stress fracture or during his running career.
Therefore, we cannot rule out the possibility that the LRP5
mutation substantially impacted his BMD before the start of
his running career, or confirm that his BMD decreased with
continued running (as suggested by his decreasing mileage
threshold to fracture). We also could not assess the degree to
which other factors, such as the subject’s ulcerative colitis or
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Chordin-Like 1 Improves
Osteogenesis of Bone Marrow
Mesenchymal Stem Cells Through
Enhancing BMP4-SMAD Pathway

Tao Liu™, Bo Li', Xin-Feng Zheng', Sheng-Dan Jiang', Ze-Zhu Zhou', Wen-Ning Xu’,
Huo-Liang Zheng', Chuan-Dong Wang?, Xiao-Ling Zhang?* and Lei-Sheng Jiang ™*

" Spine Center, Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China, 2 Department
of Orthopedic Surgery, Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China

Chordin-like 1 (CHRDL1) is a secreted glycoprotein with repeated cysteine-rich domains,
which can bind to BMPs family ligands. Although it has been reported to play important
roles in several systems, the exact roles of CHRDL1 on human bone mesenchymal
stem cells (nBMSCs) osteogenesis remain to be explored. The present study aimed
to investigate the roles of CHRDL1 on the osteogenic differentiation of hBMSCs
and the underlying molecular mechanisms. We found that CHRDL1 was upregulated
during hBMSCs osteogenesis, and rhBMP-4 administration could enhance CHRDL1
mRNA expression in a dose and time dependent manner. Knockdown of CHRDL1
did not affect hBMSCs proliferation, but inhibited the BMP-4-dependent osteogenic
differentiation, showing decreased mMRNA expression levels of osteogenic markers
and reduced mineralization. On the contrary, overexpression of CHRDL1 enhanced
BMP-4 induced osteogenic differentiation of hBMSCs. Moreover, in vivo experiments
by transplanting CHRDL1 gene modified hBMSCs into nude mice defective femur
models displayed higher new bone formation in CHRDL1 overexpression groups,
but lower new bone formation in CHRDL1 knockdown groups, compared with
control groups. In consistent with the bone formation rate, there were increased
CHRDL1 protein expression in new bone formation regions of defective femur in
CHRDL1 overexpression groups, while reduced CHRDL1 protein expression in CHRDL1
knockdown groups compared with control groups. These indicate that CHRDL1
can promote osteoblast differentiation in vivo. Furthermore, the mechanisms study
showed that CHRDL1 improved BMP-4 induced phosphorylation of SMAD1/5/9 during
osteogenic differentiation of hBMSCs. Besides, promotion of osteogenic differentiation
and the activation of SMAD phosphorylation by CHRDL1 can be blocked by BMP
receptor type | inhibitor LDN-193189. In conclusion, our results suggested that CHRDL1
can promote hBMSCs osteogenic differentiation through enhancing the activation of
BMP-4-SMAD1/5/9 pathway.

Keywords: CHRDL1, hBMSCs, BMP-4, SMAD, RUNX2, osteogenic differentiation
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INTRODUCTION

Bone size and shape are precisely modeled and remodeled
throughout life to ensure the structure and integrity of the
skeleton (1). Bone remodeling is maintained by the regulation of
two essential cell types, namely, the bone resorption osteoclasts
and matrix-forming osteoblasts (2). Osteoporosis develops
when the rate of osteoclastic bone resorption exceeds that of
osteoblastic bone formation, which leads to loss of BMD and
deterioration of bone structure and strength (3). Although
osteoclast suppression machineries have been the focus of
many bone studies, osteogenesis of BMSCs and its underlying
mechanisms are also essential issues of bone remodeling (4).

Bone formation is mediated by osteoblasts recruited from
bone mesenchymal cells (5), which can also differentiate into
cells of other lineages, including myoblasts, chondrocytes,
and adipocytes. The fate determination of bone marrow
mesenchymal cells and their differentiation toward cells
of the osteoblastic lineage is tightly controlled by several
early regulators including: Wnt/B-catenin signaling, bone
morphogenetic proteins (BMPs), hedgehog proteins, endocrine
hormones, epigenetic regulators, and various growth factors.
Among them, BMPs are known to exhibit high osteogenic
activity (6).

BMPs usually function through BMPs-SMAD signaling
pathway by binding to and signaling through types IT and I BMP
receptors, which are transmembrane serine/threonine kinases
(7). Upon ligand binding, the types II(BMPR-II and ActR-IIA
and ActR-IIB) and I(BMPR- I A or ALK-3,BMPRIB or ALK-
6, and ActR- A or ALK-2) receptors form a heterotetrameric
complex (8), resulting in the phosphorylation of the type I
receptor by the type II kinase domain. The phosphorylation
of type I receptor facilitates the type I receptor to bind
and phosphorylate SMAD1/5/9 proteins. Once phosphorylated,
SMAD1/5/9 proteins form heterodimeric complexes with
SMAD#4 and translocate into the nucleus where they interact
with other transcription factors, such as RUNX2, and stimulate
the differentiation of BMSCs into osteoblasts (9). BMSCs
committed to osteogenesis continue to develop the genetic
profile and morphology of the osteoblast, expressing genes
such as alkaline phosphatase, osteoprotegerin, type I collagen,
and later osteocalcin (10). Osteogenic capability of BMPs, such
as BMP-2 and BMP-7 have already been vastly studied and
their recombinant proteins are currently being investigated
in human clinical trials of craniofacial deformities, fracture
healing, and spine fusion. However, several reports described the
heterotopic ossification associated with their use which restricted
their application (11, 12). It’s imperative to further explore the
osteogenic function and underlying regulation mechanism of
other BMPs.

BMPs are functionally regulated by a class of intra and
extracellular BMP-binding proteins, termed BMP antagonists,
such as noggin, chordin, short gastrulation (Sog), twisted
gastrulation (Tsg), and gremlin. BMP antagonists usually bind
BMP family ligands and prevent their contact with receptors,
thus inhibiting signaling. Chordin-like 1 (CHRDLI) is a
secreted glycoprotein, which is structurally related to certain

BMP antagonists and plays important roles in several systems,
including angiogenesis (13), neural stem cell fate determination
and neurogenesis (14), kidney protection from acute and
chronic injuries (15), and suppression of tumor growth and
metastasis(16, 17). Most of these functions are fulfilled by
acting as BMP-4 antagonist. However, the role of CHRDLI1
in human osteoblast differentiation induced by BMPs remains
ambiguous. The intent of this study is to investigate the
direct effect of CHRDLI on human bone remodeling and the
mechanisms involved.

MATERIALS AND METHODS

Isolation and Expansion of Human
BMSC (hBMSCs)

This study was approved by the Institutional Ethics Committee
of Xin Hua Hospital Affiliated to Shanghai Jiao Tong University
School of Medicine. Two male and two female patients averaged
45.7 years (range, 39-52 years) were recruited in this study.
They all accepted traumatic femoral or tibia shaft fracture
treatment by intramedullary nailing. Bone marrow samples from
these patients were obtained with written consent, and patients
presented with osteoporosis, other orthopedic or systemic
diseases were excluded from the study.

Bone marrow blood aspirated during reaming from the femur
or tibia of each donor was filtered through a 100 wm nylon mesh
cell strainer. The filtrate was incubated in a 10 cm dish containing
basal medium (BM) [low glucose Dulbecco’s modified Eagle’s
medium (#SH30021.01; HyClone, USA) supplemented with
10% fetal bovine serum (#16000-044; Gibco, AUS), 100 U/mL
penicillin G, and 100 mg/L streptomycin (#SV30010; HyClone,
USA)] at 37°C in a humidified atmosphere containing 5%
CO,. Non-adherent cells were discarded 72 h after cell-culture.
Adherent cells were washed twice with phosphate buffered saline
(PBS). Adherent hBMSCs cultured in complete medium were
replaced every 2 days. When the cells achieved 90% confluence,
the cultures were detached with 0.25% trypsin (#25200072;
Gibco, AUS) and stored or reseeded for the following culture.
Cells were used for subsequent experiments at passages 3 to 7.

Identification of hABMSC Lineage

Approximately 4 x 10°> hBMSCs at passage 3 were incubated with
1 ug fluorescein isothiocyanate-conjugated mouse anti-human
monoclonal antibodies at room temperature for 45 min. After
washing with fluorescence-activated cell sorting (FACS) buffer
(PBS with 10% bovine serum albumin and 1% sodium azide)
at 376 g for 5min, the stained cells were suspended in 250
pl of ice-cold FACS buffer and then analyzed with FACS (BD
Biosciences, USA). For each sample, 1 x 10* events were counted.
The percentage of positive signals was analyzed using technical
flow cytometry. The antibodies, including CD-29 (#555443;
BD Pharmingen), CD-34 (#555822; BD Pharmingen), CD-44
(#555478; BD Pharmingen), CD-45 (#566156; BD Pharmingen),
CD-90 (#551401; BD Pharmingen), and CD-105 (#323208;
Biolegend), were used in this study.
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Multi-Lineage Differential Potential

For osteogenic differentiation assays, the culture-expanded cells
were seeded at 1 x 10° cells/well in a six-well culture plate
and cultured in a complete culture medium until confluence.
The cells were then cultured in BM or osteogenic medium(BM
supplemented with 1nM dexamethasone (#D4902; Sigma-
Aldrich), 50mM ascorbic acid(#A4403; Sigma-Aldrich), and
20mM B-glycerolphosphate (#G9891; Sigma-Aldrich). The
culture medium was changed every 3 days. The cells were
cultured for 21 days for the assessment of Alizarin red S
(#A5533; Sigma-Aldrich)staining.

For chondrogenic differentiation assays, culture-expanded
cells were resuspended in BM at a density of 1 x 107 cells/ml.
A total of 20 ul cell suspension was carefully added to a 12-well
plate. The cells were allowed to adhere at 37°C in 5% CO, for
2h, followed by the addition of 1 mL of BM or chondrogenic
medium [BM supplemented with 10 ng/mL recombinant human
transforming growth factor (TGF) beta 1 (#7666-MB-005; R&D
Systems) and 50 ng/mL recombinant human insulin-like growth
factor 1 (#6630-GR-025; R&D Systems)]. The culture medium
was changed every 3 days. Micromasses were fixed for paraffin
sectioning and Alcian blue staining after 28 days.

For adipogenic differentiation assays, culture-expanded cells
were seeded at 1 x 10° cells/well in a six-well plate and then
cultured with BM. Upon reaching confluence, the medium
was replaced with BM or adipogenic medium, wherein the
BM was supplemented with 500 nM dexamethasone, 0.5 mM
isobutylmethylxanthine (#17018; Sigma-Aldrich), 50 mM
indomethacin (#I7378; Sigma-Aldrich), and 10 mg/mL insulin
(#13536; Sigma-Aldrich). The medium was changed every
3 days. The cells were cultured for 14 days for oil red O
(#00625; Sigma-Aldrich) staining.

siRNA Transfection
siRNA transfection was conducted using Lipofectamine 3000
(#L3000015;Thermo Fisher) according to the manufacturer’s
instruction. The sequences of siRNA targeting CHRDLI1
(GenePharma Co., Ltd., Shanghai, China) were as follows:
siRNA1: Sense 5'-GCAGCUGUUCGGAGGGAAATT dTdT-3
and antisense 5-UUUCCCUCCGAACAGCUGCTT dTdT-3';
siRNA2: Sense 5-GCAAGCAUCAGGAACCAUUTT dTdT-3
and antisense 5-AAUGGUUCCUGAUGCUUGCTT dTdT-3';
siRNA3: Sense 5'-GCCUGUGUAUGAGUCUGUATT dTdT-3'
and antisense 5'-UACAGACUCAUACACAGGCTT dTdT-3'.
The sequences of negative control siRNA (NC-siRNA)
that does not target any human gene product: 5'-
UUCUCCGAACGUGUCACGUTT dTdT-3' and anti-sense
5'-ACGUGACACGUUCGGAGAATT dTdT-3'.

Lentiviral Transduction Overexpression

Study

CHRDLI gene was ligated into pLVX-IRES-puro to construct
the CHRDL1 overexpression plasmid. The pLVX-IRES-puro and
pLVX-IRES-puro-CHRDLI1 were transfected into the HEK293T
viral packaging cell line together with pSPAX2 and pMD 2.G.
Exactly 48 h after transfection, the harvested cells were used for
real-time PCR or Western blot analysis.

ALP Staining

On the 7th day of osteogenic induction, ALP staining was
performed. Cells were washed thrice with PBS and fixed with 4%
paraformaldehyde for 15 min at room temperature. The samples
were then stained with 0.1% naphthol AS-Biphosphate (Sigma-
Aldrich, St. Louis, MO, USA) and 2% fast violet B (Sigma-
Aldrich). After 30 min incubation at 37°C, the cell layer was
washed thrice with deionized water to remove the dissociative
dye and was observed under a digital camera.

ALP Activity Assay

Cell layers were rinsed with PBS in triplicate and then lysated
with lysis buffer containing 0.5% Triton, 50 mM of Tris-HCI, and
5mM of MgCl, (Sigma). ALP activity was assayed at 37°C in a
buffer containing 0.1 M 2-amino-2-methyl-1-propanol (Wako),
2mM MgCl,, and p-nitrophenyl phosphate (pNPP) for 30 min.
The reaction was terminated by adding of 200 ml of 2 M NaOH
per 200 pl of reaction mixture. Absorbance values were measured
at 405 nm using pNPP (Sigma-Aldrich) as the substrate.

Alizarin Red Staining and Calcium Assay
On the 14th day of osteogenic induction, cells were fixed in
75% ice-cold ethanol for 1h and rinsed with distilled water.
Cells were then stained with Alizarin Red S solution (Sigma)
for 15min until orange-red in color. After staining, the cells
were washed thrice with deionized water, and observed under
a digital camera. All experiments were repeated independently
in triplicate.

Cell Proliferation Assay

We performed CCK-8 assay according to the manufacturer’s
instructions. Serum-starved synchronized hBMSCs were seeded
at 1 x 10* cells/well in 96-well plates and cultured for 0, 24, 48
or 72h and 10 ul Cell Counting Kit-8 solution (CCK-8; Dojindo
Laboratories, Kumamoto, Japan) was added into the well. After
4h incubation with CCK-8, cell proliferation was measured by
reading optical density value at a wavelength of 450 nm.

Real-Time PCR

Total RNA weighing about 1 ug was isolated using TRIzol reagent
(Invitrogen) and reverse transcribed using the PrimeScript RT
Master Mix cDNA Synthesis Kit (Takara, Japan) to obtain
first strand c¢DNA. Real-time PCR was performed with
a Roche LC 480 system using SYBR1 Premix (TaKaRa,
Inc., Dalian, China) according to the instructions of the
manufacturer. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was wused as an internal control. Data were
analyzed using the comparison Ct (2742¢') method and
expressed as the fold change relative to GAPDH. Each
sample was presented in mean with the standard error
of triplicate.

Primer sequences were as follows: GAPDH: forward,
5-AGGTCGGTGTGAACGGATTTG-3; reverse, 5-GGGG
TCGTTGATGG CAACA-3; CHRDLI1: forward, 5- CC
TGGAACCTTATGGGTTGGT-3'; reverse, 5-AACATTTG
GACATCTGACTCGG-3; ALP: forward, 5-ACCACCAC
GAGAGTGAACCA-3';  reverse, 5-CGTTGTCTGAGTAC
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FIGURE 1 | Identification and characterization of human bone marrow-derived mesenchymal stem cells (\BMSCs). (A) Flow cytometry analysis of the expression of

positive (CD29, CD44, CD90, CD105) and negative (CD34, CD45) cell surface markers of hBMSCs. (B) Alizarin Red S staining for hBMSCs culturing for 21 days in
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FIGURE 1 | medium or basal medium. (D) Chondrogenic differentiation potential of hBMSCs in vitro. Alcian blue staining for hBMSCs culturing for 28 days in
chondrogenic medium or basal medium with the method of micromass (magnification: x 100). Quantification of positively stained area recognized by image J was also
shown in graph. All experiments were repeated independently in triplicate. Data were presented as mean + SD (n = 3); #P < 0.01.
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FIGURE 2 | The expression models of CHRDL1 and ALP during the osteogenic differentiation of h(BMSCs. hBMSCs were cultured with osteogenic medium, and total
RNA was collected at O, 3, 7, 10, and 14 days, and the mRNA expression levels of ALP (A) and CHRDL1 (B) were evaluated by real-time quantitative PCR. GAPDH
was used as internal control. All experiments were repeated independently in triplicate. Data were presented as mean + SD (n = 3); #P <0.01vs. 0 day.

CAGTCCC; COL1A1l: forward, 5-GAGGGCCAAGACGA
AGACATC-3; reverse, 5-CAGATCACGTCATCGCAC
AAC-3’; osteopontin (OPN): forward, 5-CTGTGTTGGT
GGAGGATGTCTGC-3; reverse, 5-GTCGGCGTTTGG
CTGAGAAGG—-3’; OCN: forward, 5-GACAAGTCC CA
CACAGCAACT-3; reverse, 5-GGACATGAAGGCTTTGT
CAGA-3.

Western Blot Analysis

Cells were washed with ice-cold Dulbecco’s PBS and total
protein lysates were extracted with cell lysis buffer RIPA
(Biocolors, R0095) containing 1% PMSF (Meilunbio, MA0001).
For western blot analysis, 20 ug of proteins was resolved on 10%
SDS-PAGE gels (Bio-Rad, Richmond, CA) and transferred to
polyvinylidene difluoride membranes (Merch, ISEQ00010).The
membranes were blocked with TBS containing 5% (w/v)
non-fat dry milk and 0.1% Tween-20 for 1h, and then
incubated at 4°C overnight with the appropriate antibodies,
including CHRDL1 (Abcam, ab103369), BMPRII (CST, 6979),
RUNX2 (Santa Cruz, 10758), p-SMAD1/5/9 (CST, 13820),
SMAD1/5/9 (Santa Cruz, 6031), and GAPDH (CST, 5174). Blots
were developed with horseradish peroxidase-labeled secondary
antibody and visualized using the enhanced chemiluminescence
detection system (Millipore, Billerica, MA) according to the
manufactures’ instructions.

Surgical Procedure and Cell

Transplantation

We used mice femoral shaft cortical bone defect model in
vivo experiments, and all animal experiments were approved
by the Laboratory Animal Institutions Committee. Animal
care was provided in accordance with the Institutional
Guidelines. Eight-week-old male BALB/C nude mice (Vital
River Laboratory Animal Technology Co., Ltd. Beijing,

China) were ip. anesthetized with 1.5% pentobarbital
sodium (40 mg/kg). A decimal bone defect 0.8mm in
diameter was performed on the femoral shafts. hBMSCs
were suspended in the medium mixture and Matrigel (BD
Bioscience), and 5-10° cells/femoral shaft was transplanted
into the defective lesions. hBMSCs were infected with
si-CHRDL1 or pLVX- CHRDL1 before transplantation.
Control mice underwent the same surgical operation except
for transplantation of hBMSCs infected with pLVX-vector
or NC-siRNA.

Statistical Analysis

All statistical analysis was performed using SPSS (version
16.0; SPSS, Inc., Chicago, IL). All quantitative data were
presented as the mean =+ SD at least three separate experiments,
each performed with triplicate samples and analyzed by
Student’s t-test or one-way ANOVA. All tests were two-
sided with a P-value of 0.05 was used as the boundary of
statistical significance.

RESULTS

Identification and Characterization

of hBMSCs

Isolated cells all expressed MSC markers CD29, CD44, CD90,
and CD105 and did not express leukocyte and hematopoietic
markers CD45 and CD34, respectively (Figure 1A). Most cells
formed mineralized calcium deposits after 21 days of osteogenic
differentiation, which were confirmed by Alizarin Red staining
(Figure 1B). The adipogenic differentiation capacity of hBMSCs
was confirmed by oil red O staining. Lipid droplets were
detected 14 days after adipogenesis induction and were not
observed in host medium (Figure 1C). After 28 days of
micromass culture and induction, the cartilage differentiation
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FIGURE 3 | Knockdown of CHRDL1 suppressed hBMSCs osteogenesis. Three siRNAs were generated to suppress CHRDL1 expression. (A,B) CHRDL1 mRNA and
protein expression levels were detected 72 h after siRNAs transfection. Densitometric analysis of immunoblot band intensities for CHRDL1 normalized by GAPDH
were also detected. (C) CHRDL1 expression was detected at 0, 3, 7, and 10 days after SiRNA2 or siRNAS3 transfection. (D) /n vitro growth of NC-siRNA and siRNA3
transfected hBMSCs were measured by CCK8 assay at 24, 48, 72, 96 h after transfection. (E) The mRNA expression levels of OCN, COL1A1, OPN, ALP, OSX, and
RUNX2 were all detected using real-time quantitative PCR at 48 h after osteogenic induction and 72 h after sSiRNAS transfection. (F,G) ALP staining, ALP quantitative
analysis and Alizarin Red staining were performed to detect osteogenesis of h(BMSCs after siRNAS transfection. All experiments were repeated independently in
triplicate. Data were presented as mean =+ SD (1 = 3) (*P < 0.05 and #P < 0.01).

of hBMSC was verified by positive staining with Alcian  in high Alcian blue staining (Figure 1D). Quantification of
blue staining. Compared with chondrogenic induction in host  positively stained area recognized by image ] was also shown
medium, chondrogenic induction in micromass culture resulted  in graph.
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The Expression of CHRDL1 Increased

During Osteogenesis of hBMSCs

To understand the role of CHRDL1 during the process of
osteogenesis, we determined the mRNA expression profile
of CHRDLI and early osteogenic marker ALP in hBMSCs
cultured under osteogenic differentiation medium by using
real-time PCR.

During the process of osteogenic differentiation in
hBMSCs, CHRDLI mRNA expression, followed a similar
distribution to that of ALP. CHRDLlI mRNA expression
levels were detectable on day 0. During the first 7 days
in culture, CHRDL1 expression levels peaked on day
3. During these days, the cells exhibited elevated ALP
expression but the peak level appeared on day 7, which
slightly lagged behind that of CHRDL1. CHRDLI and ALP
mRNA levels gradually declined on day 10 and then further
declined to approximately half of the peak levels on day
14 (Figures 2A,B). These data showed that CHRDL1 gene
was expressed in osteoblastic cells and its expression levels
were regulated time dependently along with the osteogenic
differentiation process.

Suppression of CHRDL1 Decreased

Osteogenesis of hBMSCs
Three siRNAs were generated to suppress CHRDLI expression
to explore the possible function of CHRDLI during osteogenic
differentiation. Exactly 72 h after transfection, CHRDL1 siRNA2
and siRNA3 significantly reduced in corresponding CHRDL1
mRNA expression and protein levels (Figures 3A,B) in the
culture supernatant compared with transfection of control
siRNA. Transfection of CHRDLI siRNA1 did not change
CHRDLI expression at mRNA and protein levels significantly.
We conducted a time-course study with siRNA2 and siRNA3.
Reduced CHRDL1 mRNA expression was observed in siRNA2-
or siRNA3-transfected cells from day 0 to day 10 after
transfection compared with non-transfected (NT) and control
siRNA-transfected groups with the lower value that occurred
3 days after transfection by siRNA3 (Figure 3C). Given that
siRNA3 achieved the best suppression effect on CHRDLI1
expression, we conducted the following experiments with
CHRDLI siRNA3 only.

To make sure if CHRDLI knockdown could affect hBMSCs
proliferation, we conducted CCK8 assay according to the
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FIGURE 4 | Knockdown of CHRDL1 inhibited BMP4-induced osteoblast differentiation of hBMSCs. hBMSCs were either transfected with si-CHRDL1 or NC-siRNA,
24 h later, both groups were induced by BMP-2, BMP-4, or BMP-7. 3 days after transfection, mRNAs were harvested for real-time quantitative PCR (A-C). Western
blotting was used to detect levels of CHRDL1, p-SMAD1/5/9, and total SMAD1/5/9 in hBMSCs transfected with NC-siRNA and si-CHRDL1 either with or without
treatment with rhBMP-4 (D). Relative levels of p-SMAD/t-SMAD were plotted graphically in panel (E). The experiment was repeated three times. Data were reported
as mean + SE (n = 3) (*P <0.05 and # P <0.01).
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instructions. Fluorescence multi-well plate reader (Infinite M200
PRO, TECAN, Switzerland) with the optical density value set at a
wavelength of 450 nm was used to detect siRNA3 and NC-siRNA
transfected hBMSCs proliferation, no difference was detected at
24,48,72, 96 h after transfection between two groups (Figure 3D).
Exactly 24h after transfection with CHRDLI1 siRNA3,
hBMSCs were induced by osteogenic medium without exogenous
BMPs addition, and 72h after transfection, the cells were
harvested for quantitative PCR, mRNA expression levels of
osteogenesis genes, such as ALP, OCN, OPN, COLI1Al,
OSTERIX, and RUNX2 were also significantly reduced compared
with the control group (Figure 3E). ALP staining and ALP
quantitative analysis showed that after 7 days of osteogenic
induction, the transfection of CHRDLI siRNA3 reduced the
ALP activity of cells significantly (Figure 3F). Alizarin Red
staining showed that the group transfected with CHRDLI1
siRNA3 exhibited less calcium deposition than control groups.
Similar results were obtained in photomicrographs (Figure 3G).
A rescue experiment was performed by adding rhCHRDLI1
protein (0.1 ug/ml) (Abcam, ab164881) to osteogenic medium
24h after siRNA3 transfection. mRNA expression levels of
osteogenesis related genes decreased by CHRDL1 suppression
were largely rescued by thCHRDLI protein administration 72 h
after transfection. ALP staining showed similar results after 7
days of osteogenic induction. (Supplementary Figures 1A,B).

CHRDL1 Potentiate Osteogenesis Function
of BMP-4

We next used the siRNA system to assess the possible role
of CHRDLI in the BMP-SMAD signaling pathway. hBMSCs
were either transfected with si-CHRDL1 or NC-siRNA, 24h
later, both groups were induced by 0.1 ug/ml recombinant
human BMP-2, BMP-4, and BMP-7 addition to test the
dependence of BMPs function on CHRDLI. Three days after
transfection, cells were harvested for quantitative PCR, thBMP-
4 administration can slightly rescue the decreased ALP mRNA
level caused by CHRDLI suppression (Figure4A), whereas
rhBMP-2 and rhBMP-7 substantially increased ALP mRNA
levels (Figures 4B,C). Thus, we speculated that the induction of

osteogenesis by BMP-4 depends on the presence of CHRDLI.
Western blot was conducted to detect the level of SMAD-1/5/9
phosphorylation in response to rhBMP-4. Compared with cells
transfected with NC-siRNA, hBMSCs that suppressed CHRDL1
by siRNA3, showed decreased p-SMAD-1/5/9 (Figure 4D) in a
statistically significant fashion (Figure 4E). These data indicated
that the function of BMP-4 was enhanced by and depended on the
presence of CHRDL1 through BMP-SMAD signaling pathway
during hBMSCs osteogenesis.

Induced CHRDL1 mRNA Expression by

BMP-4 Treatment

Given that the function of CHRDL1 on hBMSC osteogenesis was
fulfilled via BMP-4, we next assessed the change of CHRDLI
mRNA expression during hBMSCs osteogenesis differentiation
induced by 72 h rhBMP-4 treatment. The expression of CHRDL1
mRNA was induced by rhBMP-4 in a dose-dependent manner.
In the range of 0-1 ug/ml thBMP-4, increased concentrations
of BMP-4 induced high expression of CHRDLI, and 1 ug/ml
rhBMP-4 induced the peak expression. mRNA expression of
CHRDLI declined as the concentration of BMP-4 increased from
1 to 50 mg/ml (Figure 5A). CHRDL1 mRNA was also induced
by BMP-4 in a time-dependent manner. The level of CHRDL1
mRNA induced by 0.5 ug/ml rhBMP-4 increased gradually
with time and increased significantly at 48 and 72h after the
addition of rhBMP-4, and after 96 h the upward trend became
gentle (Figure 5B).

Since CHRDL1 could be induced by BMP-4, we wonder if
CHRDLI expression could be blocked by BMP type I kinase
inhibitor LDN-193189. We detected hBMSCs ALP and CHRDL1
mRNA expression levels after 72h induction by rhBMP-
4 with LDN-193189 administration. LDN-193189 (100 nM)
significantly decreased ALP and CHRDL1 mRNA expression
which was upregulated by rhBMP4 (Supplementary Figure 2).

CHRDL1 Overexpression Enhances BMP-4

Induced Osteogenesis
We next examined whether CHRDL1 overexpression promoted
osteogenic differentiation of hBMSCs. Lentivirus that expressed

CHRDL1 mRNA expression
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FIGURE 5 | BMP-4 induced CHRDL1 expression in a time- and dose-dependent manner. (A) CHRDL1 mRNA expression of hBMSCs was tested using real-time
quantitative PCR after treatment with indicated doses of rhBMP-4 for 72h. *P < 0.05 and #P < 0.01 vs. the group without BMP-4 treatment. (B) CHRDL1 mRNA
expression of (BMSCs was tested with real-time quantitative PCR after treatment with 0.5 ug/ml rhBMP-4 for indicated time. All experiments were repeated
independently in triplicate. Data were presented as mean + SD (n = 3). *P < 0.05 and #P < 0.01 vs. the CHRDL1 expression level at Oh.
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human CHRDL1 (pLVX- CHRDL1) under the control of
the pLVX-vector were generated. pLVX-CHRDL1 was
transduced into cultures of hBMSCs, and CHRDL1 mRNA
and protein expression levels were analyzed by PCR and
Western blot analysis 72h after transfection. All these
expressions increased substantially in a dose-dependent
manner compared with cells transduced with control virus
(pLVX-vector) (Figures 6A,B).

We then tested hBMSCs osteogenic differentiation affected
by pLVX- CHRDLI alone, BMP-4 administration, or by both.
24h after transfection, hBMSCs were cultured in osteogenic
differentiation medium, 48 h later, osteogenic marker expression
was tested by real-time PCR. In cells transfected with
pLVX-CHRDL1 alone, no significant effect on osteogenic
marker expression was detected. However, 0.5 ug/ml rhBMP-
4 application cells had increased osteogenesis and showed
significantly higher ALP and COL1A1 mRNA levels and
slightly higher late-osteogenic markers, such as OPN and
OCN. Combined administration with rhBMP-4 and pLVX-
CHRDLI significantly enhanced ALP and COL1Al mRNA
levels over and above that of rhBMP-4 alone and also
significantly increased mRNA expression of OPN and OCN
(Figure 6C).

24h after pLVX- CHRDLI transfection, hBMSCs were
induced for 7 or 21 days for ALP staining and Alizarin
Red staining. Cells transfected with pLVX-CHRDL1 did not
change the intensity of ALP and Alizarin Red staining
compared with the control of the pLVX-vector, whereas rhBMP-
4 administration significantly increased the staining, and they
could increase further by combination of BMP-4 administration
and pLVX-CHRDLI transduction (Figures 6D,E). All these
results confirmed our hypothesis that CHRDLI acts to enhance
BMP-4-mediated osteogenesis of hBMSCs.

To verify the relationship of CHRDL1 and BMP-4 during
the osteogenic differentiation induced by them, we investigated
the effect of CHRDLI on downstream of the BMP-4-SMAD
signaling pathway events during osteoblastic differentiation 48 h
after pLVX-CHRDLI transduction. BMP-4 singly application
increased p-SMAD-1/5/9 level, and little such effect was observed
in hBMSCs transfected with pLVX- CHRDLI. However, BMP-4
administration combined with pLVX- CHRDLI transduction
increased the phosphorylation of SMAD-1/5/9 in a statistically
significant manner compared with BMP-4 alone (Figure 6F),
indicating that CHRDL1 potentiates BMP-4 activity by
increasing the activation level of SMAD-1/5/9.

In vitro gain of function experiment was also conducted with
rhCHRDLI1 addition instead of pLVX- CHRDLI1 transfection.
0.lug/ml rhCHRDLI1 was added to the osteogenic medium
72h for hBMSCs osteogenesis. Compared with control group,
osteogenic related genes mRNA expression, ALP staining, as
well as western blotting all showed results similar to those
of pLVX- CHRDLI transfection (Supplementary Figure 3).
These results further confirmed osteogenic function of secreted
glycoprotein CHRDLI.

To further confirm the functional connection between
CHRDLI and BMP-4, we examined the effect of LDN-193189
on pLVX- CHRDLI transfection and thBMP-4 administrated

hBMSCs osteogenesis. 24h after pLVX- CHRDL1 or pLVX-
vector transfection, LDN193189 (100 nM) in its vehicle DMSO
was applied during rhBMP-4 induced osteogenesis. 72h after
transfection, osteoblastic genes, such as COL1A1, ALP, OCN, and
OPN mRNA expressions, were detected. Compared with pLVX-
vector group, pLVX-CHRDL1 group showed higher mRNA
levels, whereas descended mRNA levels were detected when
treating with LDN-193189 (Figure 6G). All these data suggested
that CHRDL1 enhanced BMP-4 function by increasing SMAD-
1/5/9 phosphorylation level.

In vivo Study

To verify the role of gene CHRDLI1 in osteogenesis in
vivo, we performed two different experiments that used
either a gain or loss of CHRDLI function strategy. For
gain of function experiment, hBMSCs transfected with pLVX-
CHRDLI or pLVX- vector were transplanted into the femoral
defective lesions of immunocompromised mice. Two weeks
after implantation, micro-CT showed that pLVX- CHRDLI1
transduced cells generated more newly formed bone than cells
that were transfected with pLVX-vector (Figure 7A). Percentage
of bone volume (BV) to total tissue volume (TV) of callus
was calculated to be significantly higher in pLVX- CHRDLI
group compared with both sham and pLVX- vector groups
3 weeks post-transplantation. Mineralized bone defects in
pLVX-CHRDL1 group showed increased trabecular number
(Tb.N), decreased trabecular separation (Tb.Sp), and unaltered
trabecular thickness (Tb.Th) (Figure 7B). Newly formed bone
detected by immunofluorescent assay showed that CHRDLI
expression in the pLVX- CHRDL1 group was higher than
in the pLVX-vector group. consistently, H&E staining also
showed increased new bone formation in the hole regions of
defective femur of mice in PLVX- CHRDLI1 group compared with
the control groups (Figure 7C). These findings confirmed our
previous in vitro experiments that showed CHRDLI can enhance
hBMSCs osteogenesis.

For loss of function experiment, hBMSCs transfected with si-
CHRDLI had dramatically reduced bone formation compared
with cells transfected with NC-siRNA (Figure 7A) 2 weeks after
implantation. si-CHRDL1 group showed significantly reduced
percentage of BV to total TV, decreased Tb.N, increased Tb.Sp,
and similar Tb.Th compared with two control groups 3 weeks
post-transplantation (Figure 7B). CHRDLI1 expression in the
fibrous tissue around newly formed bone in the si-CHRDLI
group was lower and fewer new bone formation was also
detected in H&E staining of si-CHRDLI group (Figure 7C).
Reduction in bone formation appeared to be due to a diminished
ability of the si-CHRDLI transfected hBMSCs to undergo
differentiation, consistent with the reduction in the expression
of osteogenesis markers, ALP, COL1A1, OCN, and OPN mRNA
in vitro experiments.

We also conducted in vivo gain of function experiment
by injecting rhCHDRL1 (0.1 ug/ml) mixed with Matrigel to
the femoral defective lesions. Similar to the results of pLVX-
CHRDLI transfected hBMSCs transplantation, rhCHDRLI1 local
injection also significantly generated more new bone compared
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with the control group, assessed by micro-CT and HE staining 2
weeks after operation (Supplementary Figure 4).

To rule out the possibility of the secreted protein, CHRDLI,
promote bone formation via affecting other cells such as: resident
osteoblasts, osteoclasts and fibroblasts, immunohistochemical
staining for Osteoprotegerin (OPG), tartrate-resistant acidic
phosphatase (TRAP) and Gomori methenamine silver staining
were conducted. No significant difference of stained area
quantification in each experiment was detected between si-
CHRDLI and NC-siRNA group (Supplementary Figure 5), and
these results may indicate these cell groups may not get involved
in CHRDLLI potentiated osteogenesis.

DISCUSSION

Recent studies have advanced our understanding of the cellular
events and signals that are involved in bone metabolism, and
at the center of these advancements is the demonstration of the
role of BMP signaling in skeletal biology (7). The BMP signaling
pathway is highly conserved and vital to the development of
various systems. Since the first BMP was discovered by Marshall
Urist in the 1960s (18), more than 22 members of the BMP family
have been identified to be critical molecules for osteoblastic
activation and bone formation. These molecules are members
of the TGF family, among them, BMP-4 is generally known for
its critical roles in embryonic, hematopoietic, and mesenchymal
developments, and has been identified as a regulator of cartilage
and bone formation (19).

Although BMP-4 has been reported to work through other
mechanisms (20), it usually functions through BMPs-SMAD
signaling pathway. Many downstream molecules have been
reported concerning bone formation in this signaling pathway,
however, the complex regulation mechanism in several levels
has not been fully understood. In addition to intracellular
regulation, such as inhibitory SMADs, miRNAs, and methylation,
extracellular regulation by “BMP antagonists” has been regarded
as a pivotal morphogenetic mechanism of the BMPs-SMAD
signaling pathway. BMP antagonists are a set of structurally
distinct secreted proteins with repeated cysteine-rich (CR)
domains, which bind to the BMP family ligands and prevent
their contact with receptors, inhibiting BMP signaling. Secreted
proteins with CR domains, such as chordin, Sog, Tsg, noggin,
and gremlin-2, inhibit BMPs-SMAD signaling pathway via
binding to BMP receptors (21). These observations indicate that
BMP-antagonist expression is detrimental to bone formation.
However, not all proteins containing CR domains are BMP
inhibitors, some exert both stimulatory and antagonistic effects
in different contexts. BMPER antagonizes or enhances BMP
signaling, depending on the assay (22). Xiao also revealed that
BMPER stimulates bone formation by coupling angiogenesis
(23). Noggin plays varying roles during osteogenesis, inhibiting
osteogenesis by preventing BMPs from binding to their receptors
on the cell surface in some animal models, such as mice
(24), and enhances osteogenesis by inducing BMP-2 and OCN
in hBMSCs (25). Kielin/chordin-like protein is another BMP
enhancer with CR domains, increasing the affinity of the ligand

to the receptor and enhancing the stability of the ligand-
receptor complex (26), further attenuating the pathology of renal
fibrotic disease.

These studies extend our understanding of the role of “BMP
antagonists,” revealing that proteins containing CR domain
might also potentiate BMP-SMAD signaling and further benefit
bone formation. CHRDLL is a secreted glycoprotein containing
three characteristic CR repeats structurally related to that of
BMP antagonists and is reported to interact with several
members of the BMP family, for example, BMP-4,—7, and—5
and TGF- B. CHRDLI functions as a BMP antagonist in
several systems, however, the exact role of CHRDLI concerning
osteogenesis is unclear. Hugo Fernandes et al. conducted an
in vitro study, and showed that CHRDLI upregulated hBMSC
proliferation but unaffected osteogenic differentiation (27).
However, hBMSC osteogenesis was induced only by BMP-
2 in his study, whereas CHRDL1 was reported to interact
with BMP-4 rather than BMP-2. Thus, their conclusion may
be incomplete. Our results suggested that si-CHRDL1 did
not affect hBMSCs proliferation but suppressed osteogenesis.
And a stimulatory effect of CHRDL1 on osteogenesis of
human BMSCs with the presence of BMP-4 was also detected.
In addition, although hBMSCs with reduced CHRDL1 by
knockdown showed increased phosphorylation of p-SMAD-
1/5/9 in response to rhBMP-4 addition, phosphorylation level
was significantly lower when compared with cells transfected
with NC-siRNA, while CHRDLI overexpression plus rhBMP-
4 significantly upregulated SMAD1/5/9 phosphorylation, and
RUNX2 protein level. Both loss and gain of function experiments
consistently suggested that the induction of osteogenesis by
BMP-4 was enhanced by and depended on the presence
of CHRDLI. Furthermore, we noticed that BMP-4 induced
CHRDLI mRNA expression can be blocked by the addition of
LDN193189, a specific BMP type I kinase inhibitor. The positive
effect of combined administration of CHRDL1 and BMP-4 was
also alleviated by LDN193189, these results further confirmed
that osteogenesis of CHRDL1 was controlled by the BMP-4-
SMAD pathway.

In vitro, single CHRDL1 overexpression or rhCHRDLI1
addition did not significantly increase ALP activity and
calcification as well as the expression of several osteoblastic
genes, whereas combined addition of CHRDLI and rhBMP-4
significantly promoted hBMSC osteogenesis. Whereas, in vivo,
CHRDLI could singly promote osteogenesis in femur bone defect
models. The difference between in vivo and in vitro experiments
may be explained by the presence of endogenous BMP-4 in
bone defect models, which obviated the need for extra rhBMP-
4 addition, indicating that CHRDLI promotes osteogenesis
depending on the presence of BMP-4.

In summary, the mechanism of CHRDL1 on bone formation
may lie in a positive feedback loop and can be explained as
follows. During hBMSCs osteogenesis, BMP-4 induced CHRDL1
expression, and BMP-4 activity was potentiated by CHRDLI.
CHRDLI further sensitized BMSCs to BMP-4, maintained the
enhanced BMP-mediated signaling. As a CR domain containing
“BMP antagonists, CHRDLI1 does not inactivate BMP-4 but
rather acts as a novel inducer of hBMSCs osteogenesis through
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BMP4-SMAD signaling pathway although the possible roles
of other BMPs in CHRDLI-regulated osteogenesis cannot be
completely ruled out. Our study confirmed osteogenesis function
of rhCHRDLL1 in vivo, which lays a foundation for its clinical
application, although its systemic or local concentrations need to
be further studied to understand the diagnostic and therapeutic
potential of CHRDLLI.

In conclusion, our study indicated that osteogenesis induction
by BMP-4 was enhanced by and depended on the presence of
CHRDLI. The ability of CHRDL1 to enhance BMP-4 activity
might be an important mechanism to elucidate the mechanisms
of hBMSC:s osteogenic differentiation and bone remodeling, and
CHRDLI might be a potential treatment target for metabolic and
developmental bone diseases.
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Segmental progeroid syndromes are commonly represented by genetic conditions
which recapitulate aspects of physiological aging by similar, disparate, or unknown
mechanisms. Fibrodysplasia ossificans progressiva (FOP) is a rare genetic disease
caused by mutations in the gene for ACVR1/ALK2 encoding Activin A receptor type
I/Activin-like kinase 2, a bone morphogenetic protein (BMP) type | receptor, and results
in the formation of extra-skeletal ossification and a constellation of others features, many
of which resemble accelerated aging. The median estimated lifespan of individuals with
FOP is approximately 56 years of age. Characteristics of precocious aging in FOP include
both those that are related to dysregulated BMP signaling as well as those secondary to
early immobilization. Progeroid features that may primarily be associated with mutations
in ACVR1 include osteoarthritis, hearing loss, alopecia, subcutaneous lipodystrophy,
myelination defects, heightened inflammation, menstrual abnormalities, and perhaps
nephrolithiasis. Progeroid features that may secondarily be related to immobilization
from progressive heterotopic ossification include decreased vital capacity, osteoporosis,
fractures, sarcopenia, and predisposition to respiratory infections. Some manifestations
of precocious aging may be attributed to both primary and secondary effects of FOP. At
the level of lesion formation in FOP, soft tissue injury resulting in hypoxia, cell damage,
and inflammation may lead to the accumulation of senescent cells as in aged tissue.
Production of Activin A, platelet-derived growth factor, metalloproteinases, interleukin
6, and other inflammatory cytokines as part of the senescence-associated secretory
phenotype could conceivably mediate the initial signaling cascade that results in the
intense fibroproliferative response as well as the tissue-resident stem cell reprogramming
leading up to ectopic endochondral bone formation. Consideration of FOP as a
segmental progeroid syndrome offers a unique perspective into potential mechanisms of
normal aging and may also provide insight for identification of new targets for therapeutic
interventions in FOP.
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INTRODUCTION

Aging may be a unique biological process, since evolutionarily
there appears to be an absence of genes specifically selected
to cause it (I, 2). Rather, age-related changes may be the
unprogrammed results of optimization for early reproductive
success. Thus, senescence at the organismal level represents
a phenomenon with low mechanistic conservation among
disparate metazoans and so mechanisms of human aging do
not necessarily have metazoan counterparts in every situation.
For example, replicative senescence or the loss of proliferative
capacity in replication-competent somatic tissues is not a
potential mechanism for aging in organisms where soma
compartments are post-mitotic, such as C. elegans (3).

A complementary approach to studying a model system
for aging in a lower organism is to directly study human
aging. Although this would closely capture aspects of aging
that are relevant to humans, it does not obviate consideration
for the highly polygenic nature of age-related pathologies
(4), the confounding effects of outbreeding, or environmental
effects based on where and how individuals live. An approach
to providing a scientifically tractable system, at least with
respect to the former, is to study genetic diseases whose
phenotypes mimic at least some (i.e., “segmental”) features
of the usual human aging process (4, 5). Such segmental
progeroid (i.e., premature or accelerated aging-like) syndromes
are usually monogenic and may thus be simple enough to
provide insights into the causes of their pathology. Studied within
the context of theories for physiological aging, observations
made in segmental progeroid syndromes may also explain
certain aspects of normal aging. Despite being only partial
phenocopies of normal aging (i.e., some tissues show aging
features and other not), these segmental progeroid syndromes
provide experimental tractability, with varying fidelity, that is
the rationale for their use as paradigm for natural deteriorative
changes that occur over time. Single-gene mutations that impact
multiple aspects of the physiological aging phenotype may
exert their action through developmental alterations that have
consequences for post-maturational aging, and importantly,
for regulation of the rates of post-maturational aging after
normal development.

Here we propose that consideration of fibrodysplasia
ossificans progressiva (FOP) as a segmental progeroid
syndrome offers a wunique perspective into potential
mechanisms of normal aging and may also provide insight
for identification of new targets for therapeutic interventions
in FOP.

SEGMENTAL PROGEROID SYNDROMES
AS A MODEL TO INVESTIGATE HUMAN
AGING

Representative segmental progeroid syndromes are shown in
Table 1. Several are monogenic or at least affect the same
or similar pathways when more than one gene causes the
same phenotype within the same syndrome. The putative
mechanism(s) by which aging phenotypes are manifested are

similar in several syndromes, including decreased genome
maintenance and accelerated cellular senescence. All of the
syndromes reduce mean lifespan or life expectancy.

In the case of FOP, possible mechanisms for generation of an
accelerated aging phenotype include injury-induced senescence
and overactive activin A signaling. In comparison to other
segmental progeroid syndromes, FOP represents an opportunity
to study two different mechanisms by which aging phenotypes
may be produced. Injury-induced senescence, especially in soft
tissue such as muscle, has recently been described (8, 9) and
muscle injury is a known cause of episodic inflammatory
exacerbations or flare-ups in FOP (10, 11). Increased signaling
through the bone morphogenetic protein (BMP) pathway,
especially by activin A, has been implicated in osteoarthritis,
sarcopenia, neurodegeneration, and other features associated
with aging and FOP (discussed below under section Segmental
Progeroid Features of FOP). Furthermore, activin A is a
component of the senescence-associated secretory phenotype
(SASP) (12, 13) and in FOP the mutated ACVR1/ALK2 encoding
Activin A receptor type I/Activin-like kinase 2 (ACVR1/ALK2),
a BMP type I receptor, is exquisitely sensitive to increased
levels (14). Thus, injury-induced senescence leading to increased
production of activin A may precipitate flare-ups in FOP and
increased BMP signaling through activating mutations in ACVR1
may contribute to accelerated age-related changes in certain
tissues. To test this hypothesis it will be necessary to examine the
senescent cell burden in FOP lesion formation using markers of
senescence in both patient samples and mouse models of FOP as
well as analysis of the SASP in mouse models of FOP.

FIBRODYSPLASIA OSSIFICANS
PROGRESSIVA (FOP)

FOP is a strongly debilitating genetic disorder with hallmark
features of congenital first toe malformations, progressive
heterotopic ossification (HO) that produces normal bone at
extra-skeletal locations, and accelerated features of aging (10, 11).
The worldwide prevalence is 1/1,300,000-1/2,000,000 (15, 16).
There is no ethnic, racial, gender, or geographic predilection to
FOP. Early in life, episodic bouts of inflammatory soft tissue
protuberances (i.e., exacerbations or flare-ups) develop which are
often caused by injury, intramuscular injections, viral infections,
muscular overuse, or fatigue (17, 18). These exacerbations
convert connective tissues, including skeletal muscle, into HO.
Tendons, ligaments, fascia, and aponeuroses are also affected,
and together with transformed muscle, result in joint ankyloses
and immobility. Atypical forms of FOP have been reported (19).
Approximately 97% of patients with FOP harbor an activating
mutation (617G > A; R206H) in ACVR1/ALK2 (6). Individuals
with FOP variants also have heterozygous ACVRI1 missense
mutations in conserved amino acids. FOP is diagnosed clinically,
with confirmation by genetic testing if available. The majority
of FOP cases are sporadic (i.e., non-inherited mutations), but a
small number of cases demonstrate germline transmission with
inheritance in an autosomal dominant fashion (6). Although
progressive HO is a hallmark feature, changes in early adulthood
reminiscent of premature aging are evident.
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TABLE 1 | Representative segmental progeroid syndromes including FOP (4-7).

Syndrome Inheritance Approximate mean Causative mutation Possible mechanistic relevance to

life-span (years) natural aging

Down De novo trisomy 60 Many genes involved in Decreased genome maintenance

phenotype?

Werner Autosomal recessive 47 WRN Decreased genome maintenance; altered
DNA damage responses; accelerated cell
senescence

Dyskeratosis X-linked; autosomal Variable® DKC1; TERC Accelerated cell senescence

congenita® dominant

Cockayne Autosomal recessive 20 CS-A (ERCCB); CS-8 Decreased genome maintenance

(ERCCE)

Hutchinson-Gilford Dominant negative 12 LMNA Altered DNA damage responses;
accelerated cell senescence

Ataxia telangiectasia Autosomal recessive 20 ATM Decreased genome maintenance;
Accelerated neurodegeneration; Reduced
immune diversity

Berardinelli-Seip? Autosomal recessive 40 AGPAT2; BSCL2 Altered insulin signaling; decreased
membrane integrity; increased glycation
damage

Fibrodysplasia Sporadic; autosomal 56° ACVR1 (ALK2) Injury-induced senescence; overactive

ossifcans progressiva dominant

activin A-BMP pathway signaling

aFor examples, GATA1, JAK2, DSCR1, DYRK1A.
binformation shown for the two most common forms.
CLife expectancy ranges from infancy to 60s.
dCongenital generalized lipodystrophy type 1 and 2.
©Estimated median life expectation.

Currently, there are no curative interventions, and the
mainstay of treatment is focused on symptomatic relief using
brief courses of high-dose corticosteroids for flare-ups, which
may help to reduce the intense pain and edema associated with
the early stages of ectopic bony lesion formation (10, 20). Steps to
mitigate the likelihood of falls, decline in pulmonary function,
and acquisition of viral infections are important prophylactic
measures. The median life expectancy is about 56 years of age
(7). Most patients require partial or complete assistance for
ambulation by age 30, and common proximal causes of death
include thoracic insufficiency syndrome and pneumonia (7).
Factors contributing to the accelerated aging phenotype of FOP
may be primarily related to ACVR1/ALK2 mutation, secondarily
related to immobilization and disuse due to HO-associated joint
ankyloses, or a combination of the two. Endpoints of current
clinical trials focus on reducing heterotopic bone formation
(20), but it is unclear if those therapies targeting mutant
ACVRI1/ALK2 signaling will also delay, prevent, or ameliorate
the progeroid features of FOP. Furthermore, it is unclear if
targeting the activin-A ligand, vs. the receptor or post-receptor
pathways, will be sufficient to mitigate all aspects of the condition.
Also, it is unknown if or how targeting activin-A and its
signaling networks will impact its role in hypothalamic-pituitary-
gonadal feedback.

SEGMENTAL PROGEROID FEATURES OF
FOP

Progeroid features in FOP that may primarily be associated
with mutations in ACVRI include alopecia, subcutaneous

TABLE 2 | Progeroid features in FOP.

System or Aging features in FOP Characteristic(s) in FOP
tissue
Skin Alopecia; Alopecia seen in both sexes
Subcutaneous (19, 25-27);
lipodystrophy (21-24) lipodystrophy may be
associated with jaw ankylosis or
recurrent flare-ups
Central Hearing loss; Conductive and sensorineural
nervous Myelination defects hearing loss (19, 28-30);
re-myelination deficits (31-33)
Respiratory Decreased vital capacity; Restrictive pulmonary function
Pulmonary hypertension (7, 34)
Bone Osteoporosis; Osteoporosis (secondary) (35)
Fractures
Muscle Sarcopenia (36-38) Sarcopenia of disuse is
prominent
Joint Osteoarthritis (19, 39, 40) Often symmetrical
Immune Inflammation; Acute inflammatory episodes
Predisposition to (flare-ups) (10);
respiratory infections (7) chronic inflammatory state
(41-45)
Reproductive Menstrual abnormalities Amenorrhea (19, 46, 47)
Renal Nephrolithiasis (48) Three times more likely

compared to general population
(49)

lipodystrophy, hearing loss, myelination defects, osteoarthritis,
heightened inflammation, menstrual abnormalities, and perhaps

nephrolithiasis (Table 2).
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Alopecia is frequently observed in individuals with FOP and
clinically is seen in both males and females. Evidence suggests
that BMP signaling is involved in the control of the hair cycle
(25). Increased BMP signaling through expression of BMP4, or its
inhibition by the antagonist Noggin, causes progressive alopecia
(26). In androgen-dependent alopecia, elevated BMP signaling
in early (refractory) telogen likely mediates the retention of
quiescent bulge stem cells (27). The case for elevated BMP
signaling in lipodystrophy is less direct. Increased Fra-1 causes
severe lipodystrophy (21) and both BMP-2 and TGF- stimulate
AP-1 activities, including the DNA binding activity of Fra-1
(22). Alternative explanations for subcutaneous lipodystrophy
include decreased caloric intake after jaw ankylosis and the
effects of recurrent inflammatory flare-ups. With respect to
the latter, activation of the NF-kf pathway during periods
of acute or chronic inflammation may contribute to loss
of subcutaneous fat. For example, activation of the NF-kf
pathway due to ubiquitination defects has been associated with
lipodystrophy (23, 24).

Conductive and sensorineural hearing loss are common in
FOP (28) and with prebycusis. Conductive hearing loss occurs
when sound waves are not relayed efficiently to the inner ear,
while sensorineural hearing loss is related to sensory organ
(cochlea and associated structures) dysfunction or damage to
the vestibulocochlear nerve (cranial nerve VIII). In humans,
NOGGIN (NOG) gene mutations are associated with a few
autosomal dominant conditions like proximal symphalangism
and multiple synostoses which are characterized by skeletal
defects and fusion of adjacent bones. Synostosis of one or more
ossicles in the ear promotes conductive hearing loss. Proper
formation of the skeleton requires balanced levels of BMPs and
Noggin and the conductive hearing loss in Nog™/~mice results
from an ectopic bridge of bone between the stapes and the
tympanum, interfering with the normal mobility of the ossicle
(29). BMP signaling is also required for inner ear development,
including patterning of sensory regions in the cochlea that
process sound (30). It is likely that hearing loss in FOP is due
to increased BMP signaling very early in life affecting both/either
the cochlear sensory regions and/or motion of ossicles. Later in
life, synostosis of the ossicles due to HO may be the predominant
cause of progressive hearing loss.

Demyelinated lesions and focal inflammatory changes of
the CNS are seen in both mouse models of FOP and
in CNS white matter lesions in FOP patients (31). BMP
signaling is a potent inhibitor of oligodendroglial differentiation
and remyelination (32), and gain-of-function mutations in
ACVRI1/ALK2 predictably enhance this potent inhibition.
Dysregulated BMP signaling causes CNS demyelination, and
CNS demyelination is one of the underlying mechanisms
for the observed atypical neurologic phenotypes in FOP
patients. With normal aging, decreased CNS remyelination
becomes more prominent over time (33, 50). In addition,
aging is associated with decreased hippocampal neurogenesis
and concomitant hippocampus-dependent cognitive functions
(51). There is an inverse relationship between CNS levels
of BMP4 expression and noggin with age, with the former
increasing substantially in the mouse dentate gyrus and the

latter decreasing. This results in a profound elevation of
phosphorylated-SMAD1/5/8, a key effector of BMP signaling.
As with aging in mice, a large increase in BMP4 expression
is seen in the dentate gyrus of older humans without known
cognitive dysfunction (51). Increased BMP signaling is related
to impairments in neurogenesis and to age-related cognitive
changes (51) and aspects of these processes may be phenocopied
in FOP.

Accelerated osteoarthritis is commonly found in FOP.
Terminal differentiation of chondrocytes may be delayed or
prevented by abrogation of BMP signaling in articular cartilage,
and mitigation of this blockage or increased BMP signaling may
then contribute to endochondral ossification and breakdown
of cartilage matrix (39). In cartilage, TGF8 and BMP are
necessary for normal joint development and maintenance and
their dysregulation has been associated with the pathogenesis
of osteoarthritis. Interestingly, osteoarthritic patients have
significantly higher serum levels of BMP-2 and BMP-4 compared
to non-diseased humans and appear to characterize patients who
have degenerative joint disease severe enough to require total
joint replacement (40).

Heightened inflammation in FOP can be acute (as in episodic
flare-ups) as well as chronic (as in an elevated pro-inflammatory
state). The inflammatory nature of flare-ups in FOP is clinically
obvious and well-described (41). In FOP patients without
clinically evident HO, increased serum levels of cytokines,
including IL3-, IL-7, IL-8, and IL-10, suggest a persistent pro-
inflammatory state (42). So-called “inflammaging” refers to
the chronic, sterile, low-grade inflammation which develops
as part of normal aging, and is thought to contribute to the
pathogenesis of multiple age-related diseases (43). In FOP, both
acute and chronic inflammation may be related to the role of
activin A in the initiation and persistence of the inflammatory
response (44, 45).

Early menstrual abnormalities in FOP, including amenorrhea,
are clinically recognized but have not been objectively studied or
described. Roles for activin A in the ovulation cycle as well as
in endometrial repair after menses have been reported and are
perhaps causally related (46, 47).

Progeroid features in FOP that may secondarily be related
to immobilization from progressive HO include decreased vital
capacity, osteoporosis, fractures, sarcopenia, and predisposition
to respiratory infections (Table2). These manifestations
represent an opportunity to study the contribution of disuse to
the normal aging phenotype typified by the decreased physical
activity, sedentary predilection, and increased likelihood of
prolonged bed rest in older adults. If physiological aging
is the result of primary aging processes interacting with or
superimposed upon the pathophysiological consequences of
inactivity (36), then specific characteristics of precocious aging
in FOP due to disuse would be amenable to study in isolation.
As an illustration, unloading of the normotopic skeleton due
to bridging heterotopic bone results in osteoporosis. Another
example is the increase in chest wall rigidity and decreases in
elastic recoil and force-generating capacity of respiratory muscles
that contribute to diminished vital capacity and predisposition
to respiratory infection.
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Some manifestations of precocious aging may be attributed
to both primary and secondary effects of FOP. Sarcopenia in
FOP likely represents the effects of both disuse atrophy due to
joint ankyloses as well as increased activin A signaling causing
both increased muscle catabolism and inhibition of myoblast
differentiation (37, 38). Nephrolithiasis in FOP could be related
to inadequate fluid intake due to functional difficulties in voiding,
immobilization itself, and the effects of activin A on kidney
function (48, 49).

INJURY, REPROGRAMMING /N VIVO, AND
CELLULAR SENESCENCE

Injury, in general, is associated with accumulation of senescent
cells [see (8) and Figure1]. Growing evidence suggests that
injury-induced reprogramming in skeletal muscle is facilitated by
the accumulation of senescent cells at or near the site of damaged
tissue (8). Bothe acute and chronic injury enables transcription-
factor-mediated reprogramming in damaged muscle (8). The
reprogramming effect of senescence appears to be due to the
release of interleukin 6 (IL-6) and perhaps other components
of the senescence-associated secretory phenotype (SASP) (8,
52). Senescence and the SASP facilitate the reprogramming of
neighboring non-senescent cells but also recruit macrophages for
the removal of necrotic tissue (8).

Paracrine release of IL-6 and other factors secreted by
senescent cells promote reprogramming by Oct4, Sox2, Klf4, and
c-Myc (OSKM) in non-senescent cells (53) into pluripotent cells
(also called induced pluripotent stem cells or iPSCs). A direct
relationship has been demonstrated between senescence and
OSKM-driven reprogramming. In cells lacking p16INK4a/ARF
(i.e., cells that do not undergo senescence), their ability to
reprogram is severely compromised (9, 53). Furthermore,
pharmacological inhibition of NFkB, a major driver of cytokine
production and the SASP, reduces in vivo reprogramming
(9). Aging, which is associated with higher levels of cellular
senescence, also favors OSKM-driven reprogramming. Similarly,
in physiological conditions of wound healing, senescence
triggered by injury could promote cell dedifferentiation to
mediate repair of damaged tissue (9, 53).

No injury

FIGURE 1 | Muscle injury-induced senescence. Senescence-associated
B-galactosidase (SAB-gal) staining of the tibialis anterior muscle of a wild-type
mouse is shown without injury (left) and 5 days after injury via cardiotoxin
(CTX) injection. SAB-gal-stained cells appear blue. Images are courtesy of
Haitao Wang, Ph.D., Mayo Clinic, Rochester, MN, USA).

ROLES OF CELLULAR SENESCENCE IN
FOP LESION FORMATION

In FOP, injuries due to soft tissue trauma, viral infection,
muscular stretching, and even fatigue due to overuse can
precipitate a flare-up. Tissue damage causes pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) in response to microbial and endogenous
injury in the setting of a hypoxic microenvironment (54,
55). As the result of tissue injury, senescent cells accumulate
and potentially contribute to early events that enhance BMP
signaling and facilitate the reprogramming of tissue-resident
stem cells (Figure 2).

Senescence is a cellular response to damage characterized
by an irreversible cell cycle arrest and then by the SASP
(56, 57). The SASP produces at least two factors that can
directly promote increased BMP signaling and stem cells
reprogramming—activin A and IL-6, respectively (Figure 2).
It is well-established that activin A stimulates BMP signaling
in FOP cells, owing to the causative mutations in the
ACVR1 gene. In addition to the permissive effects of IL-6
in reprogramming, FOP cells show an increased efficiency of
iPSC generation (58). In normal cells, the generation of iPSCs
is facilitated by transduction of mutant ACVR1 or SMADI
or by the early addition of BMP4 during the reprogramming.
ID genes, downstream targets of BMP-SMAD signaling, are
important for iPSC generation and their signaling through this
pathway can inhibit cell senescence due to pl6/INK4A, which
otherwise serves to prevent reprogramming (58). Thus, ID1
and other ID genes may serve to both enhance expansion
of the FOP early lesion as well as stimulate production
of osteochondral progenitor cells. Enhanced BMP signaling
promotes a tremendous fibroproliferative response, perhaps
further accelerated by secretion of platelet-derived growth
factor (PDGF) and matrix metalloproteinases (MMPs) by
the SASP (Figure 2). Osteochondral progenitor cells derived
from reprogrammed stem cells ultimately contribute to the
endochondral bone formation which is the hallmark of mature
FOP lesions. Other events that may contribute to formation
of heterotopic bone cannot be excluded (59). However, in
mouse models it will be possible to demonstrate if senescence-
mediated tissue reprogramming in FOP lesions shifts lineage
determination from a myogenic to a chondrogenic fate
after injury.

Senescent cells may play multiple roles in the formation of HO
in FOP and drugs which target senescent cells and/or the SASP
may be candidates for therapeutic interventions. Compounds
which selectively clear senescent cells (so-called senolytics) were
first described on the basis of targeting pro-survival networks
in senescent cells (60). Compounds that reduce the SASP (i.e.,
senomodulators), including inhibitors of the JAK/STAT pathway
that plays an important role in regulating cytokine production,
reduce systemic and adipose tissue inflammation in old mice
(61). Rapamycin, a senomodulator, may be of particular benefit
in FOP, since it also reduces activin-A mediated mTOR signaling
(62). Many senotherapeutic agents have been reported, are
effective in delaying or alleviating multiple age-related conditions
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FIGURE 2 | Potential roles for cellular senescence in FOP lesion formation. The major hypothesized contributions of senescence are through the production of activin
A, IL-6, and other components of the SASP. 1, inhibitory pathways; 1, inhibitory action of senotherapeutic drugs.

re-programming

Osteo-
chondral
progenitor,

PDGF

MMPs

fibroproliferation —> endochondral bone

in pre-clinical models, and are now being evaluated in clinical
trials (63, 64). Their potential use in FOP offers a novel
therapeutic approach to injury-induced flare-ups in FOP which
should be further explored. We propose that senescent cell
clearance and/or reduction in the SASP will ameliorate HO
formation in mouse models of FOP and can be translated for use
in patients with FOP.

CONCLUSIONS

Monogenic segmental progeroid syndromes are important
models for studying aspects of physiological aging. Features of
precocious aging in FOP include both those that are related
to dysregulated BMP signaling as well as those secondary
to early immobilization and disuse. At the level of lesion
formation in FOP, soft tissue injury resulting in hypoxia, cell
damage, and inflammation may result in the accumulation
of senescent cells as in aged tissue. Production of Activin
A, interleukin 6, and other inflammatory cytokines as part
of the SASP could mediate the initial signaling cascade that
results in intense fibrosis as well as tissue-resident stem cell
reprogramming prior to ectopic endochondral bone formation.
This proposal requires experimental validation, but is amendable
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The 2019 International Skeletal Dysplasia Society nosology update lists 441 genes for
which mutations result in rare human skeletal disorders. These genes code for enzymes
(83%), scaffolding proteins (18%), signal transduction proteins (16%), transcription
factors (14%), cilia proteins (8%), extracellular matrix proteins (5%), and membrane
transporters (4%). Skeletal disorders include aggrecanopathies, channelopathies,
ciliopathies, cohesinopathies, laminopathies, linkeropathies, lysosomal storage diseases,
protein-folding and RNA splicing defects, and ribosomopathies. With the goal of
evaluating the ability of mouse models to mimic these human genetic skeletal
disorders, a PubMed literature search identified 260 genes for which mutant mice
were examined for skeletal phenotypes. These mouse models included spontaneous
and ENU-induced mutants, global and conditional gene knockouts, and transgenic
mice with gene over-expression or specific base-pair substitutions. The human X-linked
gene ARSE and small nuclear RNA U4ATAC, a component of the minor spliceosome,
do not have mouse homologs. Mouse skeletal phenotypes mimicking human skeletal
disorders were observed in 249 of the 260 genes (96%) for which comparisons are
possible. A supplemental table in spreadsheet format provides PubMed weblinks to
representative publications of mutant mouse skeletal phenotypes. Mutations in 11
mouse genes (Ccn6, Cyp2r1, Fina, Galns, Gnal3, Lemd3, Manba, Mnx1, Nsd1, Plod1,
Smarcall) do not result in similar skeletal phenotypes observed with mutations of
the homologous human genes. These discrepancies can result from failure of mouse
models to mimic the exact human gene mutations. There are no obvious commonalities
among these 11 genes. Body BMD and/or radiologic dysmorphology phenotypes
were successfully identified for 28 genes by the International Mouse Phenotyping
Consortium (IMPC). Forward genetics using ENU mouse mutagenesis successfully
identified 37 nosology gene phenotypes. Since many human genetic disorders
involve hypomorphic, gain-of-function, dominant-negative and intronic mutations, future
studies will undoubtedly utilize CRISPR/Cas9 technology to examine transgenic mice
having genes modified to exactly mimic variant human sequences. Mutant mice will
increasingly be employed for drug development studies designed to treat human genetic
skeletal disorders.

Brommage R and Ohisson C (2020)
High Fidelity of Mouse Models
Mimicking Human Genetic Skeletal
Disorders. Front. Endocrinol. 10:934.
doi: 10.3389/fendo.2019.00934

SIGNIFICANCE
Great progress is being made identifying mutant genes responsible for human
rare genetic skeletal disorders and mouse models for genes affecting bone mass,
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architecture, mineralization and strength. This review organizes data for 441 human
genetic bone disorders with regard to heredity, gene function, molecular pathways,
and fidelity of relevant mouse models to mimic the human skeletal disorders. PubMed
weblinks to citations of 249 successful mouse models are provided.

Keywords: skeletal dysplasia, skeletome, mouse models, genetic disease, nosology

INTRODUCTION

Rare human genetic diseases cumulatively affect about 1 in
200 individuals and involve an estimated 7,000 genes. Major
research efforts are underway to identify these mutant genes
and characterize their disease phenotypes. Knowledge gained
can guide therapies and provide hypotheses to develop future
treatments. As recently summarized (1), “Genome sequencing
has revolutionized the diagnosis of genetic diseases. Close
collaborations between basic scientists and clinical genomicists
are now needed to link genetic variants with disease causation.
To facilitate such collaborations, we recommend prioritizing
clinically relevant genes for functional studies, developing
reference variant-phenotype databases, adopting phenotype
description standards, and promoting data sharing.”

Rare human genetic skeletal dysplasias affect about 1 in 5,000
individuals (2) and account for 5% of all birth defects (3). The
International Skeletal Dysplasia Society (ISDS, https://www.isds.
ch), promotes scientific progress in the field of skeletal dysplasias
and dysostoses, meets every second year, and published skeletal
nosology summaries during 2001 (4), 2006 (5), 2010 (6), 2015
(7), and 2019 (8). There are presently 441 skeletal nosology genes,
with an average of 20 new genes identified yearly (Figure 1). The
classification aims to (i) identify metabolic pathways active in
cartilage and bone, and their regulatory mechanisms; (ii) identify
cellular signaling networks and gene expression sequences
implicated in skeletal development; (iii) identify candidate genes
for genetic disorders; (iv) facilitate integration of data coming
from spontaneous and genetically engineered mouse mutants; (v)
help in developing diagnostic strategies; (vi) stimulate the design
and exploration of new therapeutic possibilities; and (vii) provide
aknowledge framework accessible to physicians as well as to basic
scientists and thus to facilitate communication between clinical
genetics and pediatrics and the basic sciences (4).

The objectives of the present review include further
characterizations of these 441 skeletal nosology genes and
evaluating the reliability of mutant mouse models to mimic these
human skeletal disorders.

HISTORICAL HIGHLIGHTS

Short stature and other visually obvious skeletal dysplasias were
apparent throughout human history (9). The discovery of X-rays
by Wilhelm Rontgen (10) was quickly followed by the description
of osteopetrosis by Albers-Schonberg (11) and many skeletal
dysplasias during the following decades (12). Dual-energy X-
ray absorptiometry (DXA) technology, developed during the
1980s (13), permitting quantitation of bone mineral density
(BMD), and continued advances in computed tomography (CT),

providing 3 dimensional images, lead to increasing sophisticated
understanding of bone dysmorphology. The first nosology gene
identified was CA2 (carbonic anhydrase 2, osteopetrosis), initially
in 1983 using electrophoretic, enzymatic and immunologic
techniques on red blood cell extracts (14), and subsequently
by genetic mutation analysis in 1991 (15). The first genetic
mutation for any human disease to be identified by WES
was DHODH (dihydroorotate dehydrogenase), responsible for
postaxial acrofacial dysostosis, in 2010 (16).

NOSOLOGY

Nosology is the classification of diseases, which in its simplest
form involves symptoms and pathogenic mechanisms. No
classification system is perfect and there are often multiple ways
to classify a given disorder. At the extremes, “lumpers” and
“splitters” prefer few and many categories, respectively (17).
Heredity can be X-linked, autosomal dominant, or autosomal
recessive. Skeletal dysplasias can affect the skeleton only, or
be part of pleiotropic syndromes affecting multiple organs.
Mutations of various genes within a molecular pathway can each
produce similar phenotypes. Loss-of function (LoF) mutations
completely disrupt the activities of their encoded proteins
but hypomorphic mutations allowing reduced protein activities
occur. Gain-of-function (GoF) mutations increase the activities
of enzymes and receptors and produce different phenotypes than
LoF mutations. Dominant-negative mutations adversely affect
functions of wild-type proteins. Mutations can occur within the
protein-coding region of the genome (exome), within introns,
or between gene coding regions. Mutations include deletions,
duplications, and inversions.

The 2019 edition of the ISDS Nosology and Classification
of Skeletal Disorders database organizes mutant human skeletal
phenotypes into 42 groups, based on clinical observations
and known gene/phenotype relationships (8). A total of 461
disorders and 441 genes are provided, when all 10 genes
listed within the Notes sections of the tables (Table 1) are
included. Updated HGNU gene symbols for 11 genes (Table 2)
are employed. Supplemental Table 1 provides an alphabetical
list in spreadsheet format of all 441 genes, with information
on heredity, gene function and mouse model status. Genetic
disorders are not listed, as mutations in many genes result in
multiple phenotypes. Inheritance patterns are 242 autosomal
recessive, 135 autosomal dominant, 34 autosomal recessive or
autosomal dominant depending upon the exact mutation in
the gene, 21 X-linked and 11 non-inherited, somatic mutations.
Three genes can have either germline or somatic mutations.

RMRP encodes an RNA regulating DNA transcription,
RNU4ATAC encodes an RNA that is a component of an enzyme
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FIGURE 1 | ISDS Nosology gene identification.

TABLE 2 | Gene symbol nomenclature.

Nosology gene symbol HGNC gene symbol
CIAS1 NLRP3
CDC45L CDC45
PPGB CTSA
DHPAT GNPAT
EVC1 EVC
FAM58A CCNQ
HSGNAT HGSNAT
LEPRE1 P3H1
PCNT2 PCNT
WISP3 CCN6
ZAK MAP3K20

TABLE 1 | Genes identified in 2019 Nosology notes section.

Gene Model status Nosology notes comments
AFF3 (LAF4 in notes) Mouse model Microdeletion on Chr 2

C2CD3 Mouse model OFD phenotypes

COGH1 No data CDG type 2G

EED Mouse Weaver syndrome

LMBR1 Mouse model Deletion affecting SHH ZRS
MACROH2A1 Mouse model Deletion—PITX1 ectopic activation
(H2AFY in notes)

RASGRP2 Mouse Osteopetrosis —leukocyte adhesion
SDC2 Mouse Chr 8g22.1 duplication

SuUz12 Mouse model Weaver syndrome

VANGL1 (STB2) Mouse Caudal regression—OMIM 600145

complex, and MIR140 is a microRNA. Proteins (and the 3 RNAs)
function as enzymes (146, 33%), scaffold components (79, 18%),
ligand/receptor signaling molecules (72, 16%), transcription
factors (62, 14%), cilia components (36, 8%), matrix proteins
(23, 5%), membrane transporters (19, 4%), and cohesionopathy
proteins (4, 1%). These eight gene function categories are
informative but arbitrary, and other categories can be envisioned.
For example, 23 enzymes are involved in the synthesis,
processing, and degradation of protein and glycosaminoglycan
matrix components. Skeletal disorders include malfunctions of
lysosomal function. Signaling genes can be assigned to BMP, FGE,
WNT, and other pathways.

There are no orthologous mouse genes for human ARSE
(arylsulfatase E) and RNU4ATAC (RNA, U4atac small nuclear,
Ul2-dependent splicing). Supplemental Table 1 summarizes
published data on the availability and fidelity of mouse
models for the 439 human rare bone disease genes. Mutant
mice with bone phenotypic data exist for 260 of the 439
genes (59%) with similar bone phenotypes observed for
249 (96%) genes. Supplemental Table 2 contains PubMed
hyperlinks to publications for all 249 genes provided in
Supplement Table 1 having mutant mouse bone phenotypes.
These two supplemental tables should provide a major resource
for the bone research community.

HGNC, Human genome organization gene nomenclature committee.

Mutant mouse bone data are inconsistent with human skeletal
phenotypes for 11 genes (Ccn6, Cyp2rl, Flna, Galns, Gnal3,
Lemd3, Manba, Mnxl, Nsdl, Plodl, Smarcall). There are no
obvious explanations for or commonalities among these human-
mouse phenotype inconsistencies. For 97 genes (22%) mutant
mice have been generated and examined, but no skeletal data
were reported. Mutant mice do not appear to have been examined
for 82 genes (19%) and 36 (8%) of these genes belong to
the understudied Ignorome/Dark Genome (18-20). Individual
laboratories and/or consortia are encouraged to examine these
genes, now known to contribute to poorly understood human
rare bone diseases.

The number of bone nosology genes continues to increase
as novel genes affecting skeletal metabolism are identified
in human subjects. The genes described in this report form
an arbitrary “snapshot” taken during August 2019 and will
undoubtedly increase. Skeletal disorders for which mutant
genes have not been identified include CDAGS syndrome
(OMIM 603116), cherubism with gingival fibromatosis (OMIM
266270), chondrodysplasia punctata tibial-metacarpal type
(OMIM 118651), dysplasia epiphysealis hemimelica (OMIM
127800), femur fibula ulna syndrome (OMIM 228200),
hemifacial microsomia (OMIM 1642100, genochondromtosis
(OMIM 1373600, Moreno-Nishimura-Schmidt syndrome
(OMIM 608811), pachydermoperiostosis (OMIM 167100), and
thoracolaryngopelvic dysplasia (OMIM 187760).

Formation of a normal skeleton involves BMP, FGE, and WNT
signaling pathways and mutations in multiple genes within these
pathways often produce skeletal dysplasias. Bone cells respond to
parathyroid hormone, the active vitamin D metabolite calcitriol,
and circulating FGF23 as part of the calcium-phosphate
homeostatic system and disruptions in these hormones
produce skeletal endocrinopathies. Skeletal disorders involving
aggrecanopathies (13), channelopathies (21), ciliopathies
(22, 23), cohesinopathies (24), lamiopathies (25), linkeropathies
(26), protein-folding defects (27), ribosomopathies (28),
spliceosomopathies (29), and transcription factors (30) show
the importance of pathways not often thought to be involved in
bone development.
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SKELETAL DISORDER VIGNETTES

This section briefly summarizes selected skeletal disorders
resulting from various mutations, highlighting the wide range of
transcription and translation events that can be disrupted.

e Mutations can be benign with healthy nutrition but produce
disease when key nutrients are lacking. All humans have an
inactivating mutation in GULO, encoding an enzyme involved
in the synthesis of ascorbic acid, and develop scurvy without
sufficient dietary intake of vitamin C. The ascorbate synthetic
pathway, involving aldehyde and aldose reductases, was only
fully characterized in 2010 (31). Ascorbic acid is a required
cofactor for the hydroxylation of proline and lysine residues in
collagen and disruption of the mouse gulonolactone oxidase
gene results in spontaneous bone fractures (32). Similarly,
human and mouse HAAO and KYNU genes are involved in
the synthesis of the enzymatic cofactor NAD and inactivating
mutations in these human and mouse genes can result in
congenital malformations (33).

e X-linked human mutations comprise 6% of the total skeletal
disorders. X-inactivation of one of the two X chromosomes
in women by long non-coding RNA specific transcript XIST
occurs, but about 20% of X chromosome genes escape this
inactivation (34). AMERI and PORCN are X-linked genes that
code for components of the WNT signaling pathway, with
dominant mutations in women causing osteopathia striata
with cranial sclerosis and focal dermal hypoplasia (including
osteopathia striata), respectively. Due to developmental
lethality male patients are extremely rare, but a few males
having post-zygotic mosaic mutations have been identified
(35, 36). Amerl mutations in mice disrupt bone architecture
(37) and treating adult mice with inhibitors of the PORCN
enzyme reduces bone mass (38).

e Somatic gene mutations in 11 genes (AKTI, FLBN, GNAS,
GREM1, HRAS, IDHI1, IDH2, MAP2K1, NOTCH2, NRAS,
PIK3CA) arise in the developing zygote and are not
transmitted genetically. Loeys-Dietz syndrome includes
several skeletal dysplasias and can result from mutations
in SMAD2, SMAD3, TGFB2, TGFB3, TGFBRI, or TGFBR2
and 75% of affected subjects have somatic mutations (39).
Melorheostotic, dense hyperostotic bone lesions are caused by
somatic mosaic mutations in KRAS (40) and MAP2K1 (41).
MAP2KI mutations are thought to arise after the formation of
dorso-ventral plane (42). KRAS and MAP2K1 are not included
among the 441 Nosology disorders. Mutations in COLIIAL,
EZH2, and MET can be either germline or somatic.

e Deleterious mutations can occur at multiple sites within genes.
For example, there are 1053 COLIA1 DNA variants in the
Osteogenesis Imperfecta Variant Database as of September
2019 (https://oi.gene.le.ac.uk/home.php?select_db=COLI1Al,
accessed 13 December, 2019).

e Splicing mutations that disrupt normal exon transcription
within the spliceosome are estimated to contribute to
15% of human genetic diseases (43, 44). Acrofacial and
mandibulofacial dysostosis often involve spliceosome defects
and mutations in EFTUD2, EIF4A3, and SF3B4 genes each

result in distinct craniofacial phenotypes. Splice site mutations
in AIFM1 (45), SERPINFI (46), and TRAPPC2 (47) result in
skeletal dysplasias.

MicroRNAs are non-protein coding single-stranded RNAs
(48) that regulate gene expression in bone and other tissues.
Mouse studies show that microRNA-140 is involved in growth
plate development (49, 50). A gain-of function mutation in
microRNA-140 results in human skeletal dysplasia (51).
Subjects with intragenic duplications of IFT81 (tandem
duplication of exons 9 and 10) and MATN3 (tandem
duplication of exons 2-5), detected by WGS, have skeletal
dysplasias similar to subjects with LoF mutations in these
genes (52).

Autosomal-dominant  syndactyly, synpolydactyly, and
brachydactyly types D and E can result from dominant-
negative mutations in the homeobox gene HOXDI3.
Duplications of the HOXD gene cluster locus produce
mesomelic dysplasia with shortened limbs (53, 54).
Similar Hoxd locus GoF alterations in wulnaless mutant
mice, generated by X-irradiation, produce similar bone
phenotypes (55, 56).

ISDS nosology includes skeletal disorders resulting from
disruptions of calcium-phosphate homeostasis, including
various endocrinopathies. Regulation of calcium and
phosphorus homeostasis involves ALPL, CASR, DMPI,
ENPPI1, FAM20C, FGF23, GALANT3, HRAS, KL, NRAS and
TRPV6 genes. Parathyroid hormone synthesis and action
involve CDC73, FAM111A, GCM and PTHIR. Vitamin D
synthesis and actions involve CYP2RI, CYP27B1 and VDR.
Normal Ca and P homeostasis occurs in humans (57) and
mice (58) with deletions of the GC gene and thereby lacking
the circulating vitamin D-binding protein (DBP) that binds
serum 25-OH-D. Multiple neonatal bone fractures were
observed due to maternal hypoparathyroidism and vitamin D
deficiency (59).

HEREDITY OF BONE MASS WITHOUT
SKELETAL DYSPLASIA

Osteoporosis is a common skeletal disease in which reduced
amounts of otherwise normal bone lead to fragility and fractures.
Adult bone mass, even within the normal range, has a strong
heredity influence (60, 61) and identifying the genes involved in
bone mass accumulation during growth and loss during aging
has received great interest within the context of the etiology
and treatment of osteoporosis. GWAS studies over the past
decade described an increasing number of genes affecting BMD,
with 518 loci identified in the 2019 UK Biobank analysis (62).
Juvenile osteoporosis, although not a true dysplasia as bone
architecture is normal, usually has genetic causes (63, 64).
There are healthy subjects with unexplained high bone mass
(65, 66) and attempts are underway to identify the genes
responsible. Recent discoveries of such genes include LRP6 (67)
and SMAD?9 (68).
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MOUSE MODELS

All models are wrong, but some are less imperfect than others, and
many are useful - George Box

Mouse models make important contributions to
understanding and treating human diseases (69-72), including
skeletal disorders (73, 74). Mutant mice that model human
phenotypes also model successful drugs (75), help identify
genes responsible for human genetic disorders and can provide
insights for osteoporosis drug development (76). Bone mass
and architecture vary in healthy humans and among laboratory
mouse strains, with the most commonly studied C57BL/6 mouse
strain an outlier having limb bones with high diameters and low
cortical thickness (77-81).

The majority of mouse data summarized in this review involve
individual investigator-initiated studies examining possible
skeletal phenotypes in transgenic mice with specific alterations
in genes chosen by the investigator. This approach, known
as reverse genetics, utilizes the expertise of the laboratories
involved.

In contrast, human studies involve forward genetics,
with genes responsible for known skeletal phenotypes
identified. Forward genetics is also employed in mouse
studies, as genes responsible for spontaneous and mutagen-
induced skeletal malformations are identified. The Jackson
Laboratories (JAX), with a long history of studying mouse
strains, recently employed WES to identify 14 genes having
spontaneous mutations causing bone phenotypes (82, 83).
Several laboratories employed N-ethyl-N-nitrosourea (ENU)
in chemical mutagenesis campaigns to produce mouse
lines having a wide-range of phenotypes. This approach
yielded 41 genes having mutations causing bone phenotypes
similar to the corresponding human skeletal disorders.
These 41 genes with relevant citations are provided in
Supplemental Table 3.

Two high-throughput mouse reverse genetics gene knockout
phenotyping campaigns have been undertaken (84). The
International Mouse Phenotyping Consortium (IMPC,
www.mousephenotype.org) aims to characterize knockout
mouse phenotypes for all 20,000 genes (74, 85). Lexicon
Pharmaceuticals’ Genome5000™ effort examining the druggable
genome confirmed known bone phenotypes for 23 genes
and identified 11 genes, including Notum (86), for which
bone phenotypes were not previously characterized (87).
Importantly, skeletal phenotypes were described for Fam20c
(non-lethal Raine syndrome), Lrrkl (osteosclerotic metaphyseal
dysplasia), Pappa2 (short stature), Sfrp4 (Pyle’s disease), and
Slc10a7 (skeletal dysplasia) prior to knowledge of the human
skeletal dysplasias when mutated in humans (84). For the 439
mouse genes discussed in this review, 149 genes have been
examined by the IMPC, yielding 63 viable adult homozygous
mouse mutants. Skeletal phenotypes (either body BMD or
radiological dysmorphology) were observed for 28 genes.
Results from the IMPC phenotyping campaign are summarized
in Table 3.

TABLE 3 | Summary of International Mouse Phenotyping Campaign
(IMPC) models.

Category Number of genes

Total mouse protein-coding genes? 437 (100%)

52 (12% of total)

183 (42% of total)

56 (13% of total)

149 (34% of total)

86 (58% of 149 phenotypes)
7 (5% of 149 phenotypes)

5 (8% of 149 phenotypes)
23 (15% of 149 phenotypes)
28 (19% of 149 phenotypes)

Genes not assigned for IMPC analyses
Genes with ES cells generated, but no mice
Mice generated without phenotyping

Mouse phenotyping completed

Embryonic and preweaning lethality
Subviable (Few surviving homozygous mice)®
Lack of bone data®

No observed bone phenotypes®

Bone phenotypes®

@No mouse genes for human ARSE and RNU4ATAC; Mir140 and Rmrp are RNA-
coding genes.

bCant1, Chst14, Dnajc21, Dnmt3a, Dock6, Egot, and Zswime.

¢Skeleton not tested for Dmp1, Map3k20, Snx10 and Sulf1; no BMD data for Ltbp2.
ngn, Bhlha9, Cc2d2a, Cfap410, Cyp2r1, Gpce6, Haao, Ick, Idh1, Idh2, Knyu, Npr3, Orc4,
Picb4, Ptdss1, Pycr1, Serpinfl, Smarcall, Tctex1d2, Thpo, Tmem165, and Trappc2.
elow BMD for Hdac8, Lpin2, Nek1, P3h1, Phex, Plod1, PIs3, Setd2, Sparc and
Wnt10b; high BMD for Colla2, Fucal, Gnas, Hgsnat, Lrrk1, and Sgsh; skeletal
dysmorphology for Col9a2, Creb3l1, Ctsk, Ift80, Mmp9, Plekhm1, Sh3bp2, Suz12; low
BMD and dysmorphology for Cyp27b1; homozygous lethality with adult heterozygous
dysmorphology for Pitx1 and Pthip; and homozygous lethality with fetal dysmorphology
and adult heterozygous dysmorphology for Nxn.

Mouse models of human genetic disorders are employed
to evaluate potentially beneficial skeletal actions of therapies
approved for other disease indications. Teriparatide treatment
increases bone mass in Lrp5 KO mice mimicking humans with
osteoporosis pseudoglioma syndrome from loss of function LRP5
mutations (88, 89). Similarly, anti-sclerostin antibody treatment
increases bone mass in mutant mouse models with low bone
mass from gene disruptions (90) of Collal (91, 92), Colla2
(93, 94), Crtap (95), Dmp1 (96), Lrp5 (97), and Zmpste24 (98).
Mechanistic hypotheses can be tested, such as periostin treatment
retarding skull suture fusion in heterozygous TwistI mice with
craniosynostosis (99).

MOUSE STUDY PRECAUTIONS

Several experimental pitfalls should be avoided when performing
mouse studies (100).

e Knockout of individual genes can disrupt the functions of
neighboring genes (101). Examples include the presence
of orofacial defects resulting from a hypomorphic Pax9
allele during knockout of the neighboring Slc25a21 gene
(102) and glycosaminoglycan accumulation resulting from
reduced expression of the Naglu gene during knockout of the
neighboring Hsd17b1 gene (103).

e Transgenic Cre mouse lines are invaluable for conditionally
activating or inactivating genes of interest. Several reporter
genes are available for visualizing bone cells at different stages
of development (104). But not all Cre lines are as specific as
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originally believed (105-107). Understanding these limitations
is critical for experimental design and interpretation.

e Quantitative PCR methods are often not optimized and
MIQE (Minimum Information for the publication of gPCR
Experiments) guidelines have been established (108, 109).
Selection of the appropriate reference gene(s) is important
(110-112).

e Many antibodies suffer from a lack of specificity resulting
from cross-reactivity to similar epitopes present on multiple
proteins. Clifford Saper in 2005, as Editor-in-Chief of The
Journal of Comparative Neurology, repeatedly received “...
distressed communications from authors ... to withdraw
papers because an antibody against a novel marker was found
to stain tissue in knockout animals ...” (113). Excellent
reviews (not cited here) provide guidelines for successful
antibody validation and the purposeful joviality in their
titles (“Antibody Can Get It Right ... Antibody Anarchy ...
Antibody Crimes ... A Guide to the Perplexed ... Garbage
In, Garbage Out ... Hitchhiker Antigens ... Not for the
Faint-Hearted ... The Dark Side of the Immunohistochemical
Moon ... The Good, Bad, and Really Ugly”) emphasizes the
seriousness of the problem. Antibodies claimed to be specific
for particular proteins should not react against tissues from
KO mice missing the gene of interest and validation of
antibody specificity using tissues from KO cells or mice is
strongly encouraged.

e Established cell lines employed in conjunction with mouse
studies can become contaminated and replaced by more
robust, faster growing cells (114). Cell line authentication
methods exist and should be employed (115, 116). MC3T3-E1
cell subclones vary as models of osteoblast biology (117).

LARGE ANIMAL AND ZEBRAFISH MODELS

Large animals can have advantages over rodents for
understanding human genetic disease and drug development.
Hypophosphatasia occurs in sheep (118) and dogs (119)
having mutations in ALPL. Canine genetic skeletal disorders
include mutations in ADAMTSL2—geleophysic dysplasia (120),
COL1A2—osteogenesis imperfecta (121), DVL2—Robinow
syndrome (122), HES7—spondylocostal dysostosis (123),
and SERPINHI—osteogenesis imperfecta (124). Spontaneous
mutations in chicken KIAA0586 (125) and LMBRI (126) genes
result in the expected bone phenotypes.

Zebrafish are increasing contributing to our knowledge of
skeletal genomics (127, 128) and advantages over mouse models
include acquiring data more rapidly. Zebrafish mutants have
been described for several of the 441 genes in this review. One
complication of zebrafish studies is that zebrafish underwent
a teleost-specific whole genome duplication and have more
than 26,000 protein-coding genes (129). There is a one-to-
one relationship between 47% of human genes and a zebrafish
ortholog. There are multiple zebrafish genes associated to a single
human gene, and vice versa.

DRUG DEVELOPMENT

Exciting advances are being made in developing drug treatments
for patients with genetic skeletal disorders (130, 131) and
mouse models invariably contribute to this progress. These
advances are best reviewed by the laboratories involved, but
three examples are illustrative. An antibody to NOTCH2 reverses
osteopenia in a mouse model of Hajdu-Cheney syndrome
(132). Cinacalcet corrects hypercalcemia in a mouse model of
familial hypercalcemia type 2 (133). ENPP1 enzyme replacement
therapy improves blood pressure and cardiovascular function
in a mouse model of generalized arterial calcification of
infancy (134).

Understanding genetic skeletal disorders provides key
knowledge for developing osteoporosis therapies (76, 135).
Disruptions in genes coding for proteins in the RANK—
RANKL—osteoprotegerin  signaling pathway involved
osteoclast generation cause human skeletal disorders. The
RANKL neutralizing antibody denosumab is a successful
osteoporosis  therapy. The recently approved anabolic
osteoporosis treatment romosozumab, a sclerostin neutralizing
antibody, was developed with knowledge gained from subjects
with osteosclerosis resulting from SOST gene mutations. Subjects
with pinocytosis have mutations in the cathepsin K coding gene
CTSK. Treatment with odanacatib, an inhibitor of cathepsin K in
osteoclasts, reduced bone fractures in postmenopausal women
but cardiovascular side effects precluded regulatory approval.

in

FUTURE DIRECTIONS

Since many human disorders involve hypomorphic, gain-of-
function, dominant-negative and intronic mutations, future
studies will undoubtedly utilize CRISPR/Cas9 technology
and other evolving techniques to examine transgenic mice
having genes modified to exactly mimic variant human
sequences (72, 136). RNA sequencing will increasingly be
employed for diagnosis and mechanistic understanding of
genetic diseases (137-141).

The IFMRS (International Federation of Musculoskeletal
Research Societies), in collaboration with the Broad Institute,
is establishing a Musculoskeletal Genomics Knowledge Portal
(MGKP) to integrate, interpret and present human data linked
to musculoskeletal traits and diseases (http://www.kp4cd.org/
about/bone).
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From Skeletal Dysplasias and
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Center of Medical Genetics, Antwerp University Hospital, University of Antwerp, Antwerp, Belgium

Skeletal dysplasias are a diverse group of heritable diseases affecting bone and cartilage
growth. Throughout the years, the molecular defect underlying many of the diseases has
been identified. These identifications led to novel insights in the mechanisms regulating
bone and cartilage growth and homeostasis. One of the pathways that is clearly important
during skeletal development and bone homeostasis is the Wingless and int-1 (WNT)
signaling pathway. So far, three different WNT signaling pathways have been described,
which are all activated by binding of the WNT ligands to the Frizzled (FZD) receptors. In
this review, we discuss the skeletal disorders that are included in the latest nosology of
skeletal disorders and that are caused by genetic defects involving the WNT signaling
pathway. The number of skeletal disorders caused by defects in WNT signaling genes
and the clinical phenotype associated with these disorders illustrate the importance of the
WNT signaling pathway during skeletal development as well as later on in life to maintain
bone mass. The knowledge gained through the identification of the genes underlying
these monogenic conditions is used for the identification of novel therapeutic targets.
For example, the genes underlying disorders with altered bone mass are all involved in
the canonical WNT signaling pathway. Consequently, targeting this pathway is one of
the major strategies to increase bone mass in patients with osteoporosis. In addition
to increasing the insights in the pathways regulating skeletal development and bone
homeostasis, knowledge of rare skeletal dysplasias can also be used to predict possible
adverse effects of these novel drug targets. Therefore, this review gives an overview of
the skeletal and extra-skeletal phenotype of the different skeletal disorders linked to the
WNT signaling pathway.

Keywords: skeletal dysplasias, Wingless and Int-1 (WNT)/planar cell polarity (PCP) pathway, Wingless and int-1
(WNT)/B-catenin pathway, Wingless and int-1 (WNT)/Ca?+ pathway, osteoporosis

INTRODUCTION

In the last decades, plenty of examples have been generated where the identification of causal genes
for rare, monogenic diseases resulted in novel insights into the role and functioning of already
known pathways. A textbook example of this is Wingless and int-1 (WNT; pronounced “wint”)
signaling and its role in bone formation and homeostasis. First indications of this involvement
were generated by studying rare monogenic conditions with abnormal bone mass, delivering novel
targets for drug development for osteoporosis, a common disorder characterized by decreased
bone mass in late life. Recently, an antibody against a WNT signaling inhibitor was approved as
an anabolic agent for the treatment of osteoporosis.
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The name WNT was introduced almost 30 years ago referring
to the wingless-type mouse mammary tumor virus integration
site (int-1) which was the first member from this gene family
being described (I, 2). Meanwhile, three different pathways
have been described, one canonical pathway also known as
the WNT/B-catenin pathway and two non-canonical pathways,
the WNT/Ca?"-dependent pathway and the WNT/planar cell
polarity (PCP) pathway (Figure 1). All three are initiated by
the binding of an extracellular WNT ligand to the N-terminal
domain of one of the seven transmembrane-span FZD receptors.
Depending on the pathway, also co-receptors are involved
with the low-density lipoprotein (LDL)-related receptor (LRP)-5
and—6 being specific for canonical WNT signaling.

In mammalians, 19 different WNT ligands have been
identified and 10 FZD receptors (3), already illustrating the
involvement of this pathway in a broad range of cellular
processes. All three pathways have a number of functions both
during embryonic development and in adult life. These include
cell fate specification, cell proliferation and migration, as well
as body axis patterning. Furthermore, they are also important
for cell functioning as well as processes of cell death. For some
processes, only one of the three pathways is involved, but for
others, evidence was generated indicating convergence of some
of them (4).

At the beginning of this century, an additional role of WNT
signaling was discovered following new gene identifications in
some rare monogenic skeletal dysplasias. As explained in detail
below, the study of conditions with either decreased or increased
bone mass resulted in the identification of mutations in several
genes involved in especially canonical WNT signaling (5). The
most recent revision of the nosology and classification of genetic
skeletal disorders (6) includes 461 different diseases. These
disorders are interesting experiments of nature to gain insights
into the regulatory mechanisms of bone formation, resorption,
and homeostasis both during development and during adult life.
In this review, we aim to discuss those skeletal disorders in which
abnormal WNT signaling contributes to their pathogenesis.
Furthermore, the implications of the novel insights toward more
common bone disorders such as osteoporosis are highlighted.

EXTRACELLULAR MODULATORS

As previously mentioned, the WNT signaling pathway is
activated by the binding of WNT ligands. Because of the broad
functions of this pathway, additional regulation mechanisms are
required to ensure proper timely and spatially functioning of the
pathway. Extracellular modulators, including WNT inhibitors
and activators, contribute to this complex regulation. Not
surprisingly, mutations in various components of this pathway
have been described in skeletal dysplasias.

WNT Ligands

WNT ligands are secreted glycoproteins with a length of 350-
400 amino acids. In humans, 19 different ligands have been
identified, all containing 23-24 conserved cysteine residues (7, 8).
A distinction between canonical (e.g.,, WNT1 and WNT3) and
non-canonical (e.g,, WNT5A) WNTs can be made, although

overlap between the different pathways has been suggested.
Various WNT ligands are associated with skeletal disorders, as
described below.

WNT1

WNT1 is of major importance for the regulation of bone
homeostasis, through binding with the co-receptor LRP5.
Mutations in the WNTI gene are found in families with
osteogenesis imperfecta (OI) type XV and early-onset
osteoporosis (9-11).

Ol is a hereditary connective tissue disorder, characterized by
bone fragility, hearing loss, and dentinogenesis imperfecta. In
the majority of patients, the disease is caused by heterozygous
mutations in COLIA1 and COLIA2, which encode the type I
collagen pro a-chains. However, also recessive forms of OI do
exist. One example is OI type XV caused by bi-allelic loss-of-
function mutations in the WNTI gene (11-15). Moreover, the
importance of the WNT signaling pathway in OI is emphasized
by the observation of increased serum levels of Dickkopfl
(DKK1), an antagonist of the canonical WNT pathway, in OI
patients. However, so far, no disease-causing OI mutations have
been described in DKK1 (16).

Osteoporosis is a common skeletal disorder characterized by
low bone mass, impaired bone quality, and increased fracture
risk (14, 17). Whereas, most patients show symptoms later in
life, early-onset osteoporosis can already present in adolescence.
Some of this early-onset forms of osteoporosis are caused by
heterozygous WNTI mutations (10, 12-15). These mutations
result in disturbed bone remodeling and subsequent imbalance
in bone homeostasis (13).

WNT3

WNT3 is critical for axis formation and limb growth in
vertebrates (18, 19), and a homozygous nonsense mutation
(p.Glu83*) in the WNT3 gene has been reported in tetra-amelia
syndrome type 1 (19). Tetra-amelia is an autosomal recessive
disorder, characterized by the absence of all four limbs. It is
extremely rare, with an incidence of 1.5-4 per 100,000 births (19-
21).

WNT5A

Unlike the other WNT ligands discussed in this review,
WNT5A belongs to the non-canonical WNT/PCP pathway.
In order to exert its functions, such as promoting osteoblast
differentiation, WNT5A binds to the cysteine-rich domain of
receptor tyrosine kinase-like orphan receptor (ROR) 1/2 (22-24).
Heterozygous loss-of-function mutations in the WNT5A gene
are associated with autosomal dominant Robinow syndrome
(RS) type 1 (ADRSI1) (24-27). RS is characterized by skeletal
abnormalities (short stature, brachydactyly, and mesomelic
limb shortening predominantly of the upper limbs), genital
hypoplasia, and typical facial dysmorphisms. The disorder is
genetically and clinically heterogeneous, showing both dominant
and recessive inheritance patterns. Additional phenotypic
features of RS include hypertelorism, dental problems, and
kidney abnormalities.
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FIGURE 1 | Overview of the different WNT signaling pathways. WNT ligands can activate the canonical or WNT/-catenin signaling pathway (left) by binding to a
receptor complex formed by low-density lipoprotein (LDL)-related receptor (LRP)5/6 and Frizzled (FZD). This activation results in the translocation of
hypophosphorylated p-catenin to the nucleus. In the inactive state, p-catenin is degraded by the proteasome after phosphorylation by a glycogen synthase kinase 38
(GSK3p)-Axin-casein kinase 1 (CK1)-adenomatous polyposis coli (APC) complex and subsequent ubiquitination. The activation of the non-canonical WNT/planar cell
polarity (PCP) pathway (middle) results in the activation of c-jun NH2-terminal kinase (JNK) via disheveled (DVL) and the Rac and Rho small GTPases. Activation of the
non-canonical WNT/Ca?+ pathway (right) by binding of WNT to an FZD receptor results in intracellular Ca®* release which activates a number of calcium-sensitive
enzymes [protein kinase C (PKC), calcineurin (CaN), calmodulin-dependent protein kinase Il (CamKIl)]. More downstream nuclear factor of activated T cells (NF-AT) is

activated and translocates to the nucleus to induce the expression of target genes.

WNT6
Acro-pectoro-vertebral dysplasia (F-syndrome) is a rare
skeletal disorder with a dominant inheritance pattern

(28, 29). Symptoms include carpal and tarsal synostosis,
malformations of the first and second fingers with frequent
syndactyly, and spina bifida occulta (28-30). Although
the molecular basis remains unknown, Thiele et al. (29)
mapped the disease to a 6.5cM region on chromosome
2q36, where the WNT6 gene is located. As this gene is
expressed during limb development, it is a promising
candidate gene for harboring disease-causing mutations for
F-syndrome (6, 29).

WNT7A

WNT7A forms a receptor complex with LRP6 and FZD5 in
order to activate the canonical WNT signaling pathway (31, 32).
It is expressed in the dorsal ectoderm and involved in the
formation of the dorsoventral axis in limb development (32-
34). Moreover, it also contributes to anteroposterior patterning
by maintaining sonic hedgehog expression (32-34). Consistently,
mutations in WNT7A cause limb malformations in Al-Awadi-
Raas-Rothschild syndrome (AARRS) and Fuhrmann syndrome
(FS) (31-37). Patients with AARRS display short upper limbs,
severe malformations of the lower limbs, hypoplastic pelvis,
anteriorly displaced genitalia, underdeveloped nails, and absence
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of uterus. The phenotype observed in FS is milder (e.g., solely
ulnar deficiency and oligodactyly) since this is due to only a
reduced function of the protein compared to complete loss-of-
function mutations as seen in AARRS (32, 34-37). Although
both are rare autosomal recessive disorders, different mutations
contribute to the highly variable disease phenotypes (31, 34-36,
38, 39).

WNT10B

The WNT10B ligand is a key regulator for osteogenesis and is
involved in all stages of limb development (24, 40-42). WNT10B
plays an important role in the development of hands and feet, and
bi-allelic mutations can cause split-hand/foot malformation type
6 (SHFMS6). Generally, SHFMs are complex limb malformations
that affect the central rays of hands and feet (42-44). From a
clinical and genetic point of view, SHFM is highly heterogeneous.
Both isolated and syndromic forms can be distinguished, as well
as reduced penetrance has been reported (42-44). While most
types of SHFM are autosomal dominantly inherited, SHFM6
follows an autosomal recessive pattern of inheritance (43, 44).

WNT Inhibitors

SOST

Sclerostin, encoded by the SOST gene, is an osteocyte-derived
secreted glycoprotein with a cysteine-knot motif (45). It acts
as an extracellular antagonist of the canonical WNT signaling
pathway by binding to the first B-propeller domain of LRP5/6
(46-49). Hence, sclerostin functions as a key regulator in bone
metabolism and, particularly, bone formation (46, 50). Moreover,
an interaction with the extracellular domain of LRP4 has been
described, and studies demonstrated that this interaction is
essential for normal sclerostin functioning (51, 52).

SOST was identified as the disease-causing gene for several
high bone mass disorders, including sclerosteosis type 1. This rare
skeletal dysplasia, caused by bi-allelic loss-of-function mutations
in the SOST gene, is characterized by hyperostosis, tall stature,
and syndactyly. The bone overgrowth affects predominantly the
skull, mandible, and tubular bones in the limbs. Involvement
of the skull base may cause compression of the cranial nerves
and subsequent facial palsy, hearing loss, and blindness (50, 53—
55). In 1998, Van Buchem disease, another autosomal recessive
high-bone mass disorder, was mapped to the same chromosomal
region as sclerosteosis (56). The molecular cause was a bi-
allelic 52-kb deletion 35-kb downstream of SOST (23, 57).
Since the deleted region contains a myocyte-enhancer factor
2C (Mef2c) binding site, imperative for SOST expression,
the deletion results in reduced transcription of SOST (23).
Although there is phenotypic overlap between sclerosteosis and
Van Buchem disease, the phenotype of the latter is usually
milder, as the patients have normal stature and do not exhibit
syndactyly (54, 55). Another very rare sclerotic bone disorder
is craniodiaphyseal dysplasia (CDD), inherited in an autosomal
dominant manner. Clinical manifestations include sclerosis and
hyperostosis, especially of the skull and facial bones, resulting
in facial dysmorphism or “leontiasis ossea” (49, 58). Mutations
causing CDD are located in the signal peptide of sclerostin and
affect the secretion of sclerostin in a dominant negative manner.

GREM!1

Gremlin has been characterized as a bone morphogenetic protein
(BMP) inhibitor that regulates limb and kidney formation
during development (59). However, WNT antagonistic activity
has also been described since luciferase assays showed reduced
stimulatory effects of WNT3A in the presence of gremlin (60, 61).
In 2010, Dimitrov et al. (62) described a monoallelic 1.7 Mb
duplication containing both the GREMI and the FMNI locus
in a patient with Cenani-Lenz-like non-syndromic bilateral
oligosyndactyly. FMNI contains a cis-regulatory region that is
essential for the activation of gremlin in the limb bud. Hence,
genomic rearrangements can lead to an altered function of
gremlin and subsequent phenotypic abnormalities (39, 62-64).
Interestingly, the phenotype of the patient is similar to that
of the transgenic chick with overexpression of Greml (65,
66). Furthermore, GREM1 has been suggested to decrease the
metastatic potential of osteosarcoma. Besides reduced gremlin
levels in osteosarcoma cells, downregulation of GREM1 was
also associated with an increased degree of proliferation and
angiogenesis (67).

SFRP4

Secreted FZD-related protein (sFRP) 4 is one of the five
members of the sFRP family, known for antagonizing the
WNT signaling pathway (68-70). sFRPs contain a C-terminal
netrin-like domain (NTR) and an N-terminal cysteine-rich
domain, sharing up to 50% sequence homology with the
cysteine-rich domain of FZD receptors (24, 68, 70, 71).
Consequently, sFRPs serve as decoy receptors for WNT
ligands, thereby preventing activation of both canonical and
non-canonical WNT signaling (24, 68-70). sFRP4 is a 346-
amino acid protein, expressed in the majority of tissues (70).
Regarding skeletal tissue, it contributes to maintaining normal
osteoblast and osteoclast function during bone development
and in the adult skeleton (68-70). A disrupted function of
sFRP4 was discovered in Pyle disease, a recessive disorder
affecting long bones with metaphyseal widening, cortex thinning,
increased trabecular bone, decreased bone mineral density,
and bone fragility (24, 72-74). Since 2016, various bi-
allelic truncating mutations in sFRP4 have been confirmed
to cause Pyle disease (70, 72, 73). These nonsense mutations
prohibit appropriate WNT and BMP signaling interaction,
which is crucial to maintain appropriate stability of cortical
bone (70, 71, 73).

WNT Activators

Glypicans

Glypicans (GPCs), a subfamily of heparin sulfate proteoglycans,
are linked to the cell surface via a glycosyl-phosphatidylinositol
(GPI) anchor (75-77). The main function of the GPCs is
regulating the activity of growth factors, such as hedgehogs and
(non-)canonical WNTs (77-80). Six highly conserved GPCs have
been identified in mammals, and pathogenic variants in GPC4
and GPC6 have been found in patients clinically diagnosed with
skeletal dysplasia.
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GPC4

GPC4 is located on chromosome Xq26 and is a regulator of
the WNT/PCP pathway (79, 81). Only recently, hemizygous
truncating and frameshift mutations were found in families with
Keipert syndrome (82). These mutations are recognized as loss
of function due to the subsequent loss of essential domains,
such as the GPI anchor. Keipert syndrome is characterized
by craniofacial and digital abnormalities, accompanied by
learning difficulties and deafness (82, 83). Furthermore, there are
indications that hemizygous pathological variants could result
in an X-linked form of RS. White et al. (84) described a non-
synonymous missense variant (p.Arg412Lys) in a male patient
with an RS-like phenotype, including brachydactyly, mesomelia,
and facial dysmorphisms.

GPC6

GPC6 is the smallest protein of the GPC family and is widely
expressed in the growth plate during skeletal development (76,
77, 85). Genetic null mutations in GPC6 prevent anchoring
to the membrane, thereby disrupting the action of GPCé6
in developmental processes (75-77). Such mutations were
found in omodysplasia type 1 (OMODI), an autosomal
recessive skeletal dysplasia. Both nonsense mutations and
genomic rearrangements have been described to contribute
to the development of OMODI (76). This rare syndrome is
characterized by cranial dysmorphisms, short stature of prenatal
onset with severe shortening of the humeri (“omo” is the Greek
term for humerus) and femora, and restricted mobility in elbows,
hips, and knees. In addition, extra-skeletal manifestations,
including congenital heart defects and cognitive delay, can also
be observed (76, 77). There is also an autosomal dominant form
of OMOD (OMOD?2), which is milder with normal stature and is
caused by heterozygous mutations in the FZD2 gene (see below).

RSPO2

R-spondins (RSPO) are secreted proteins and activators of the
canonical WNT signaling pathway (86-88). The WNT agonistic
activity is a direct result of the formation of a ternary complex
with leucine-rich repeat-containing G protein-coupled receptor
4, 5, or 6 (LGR4/5/6) and Zinc and ring finger 3 (Znrf3)
or Ring finger protein 43 (Rnf43), as this complex prevents
ubiquitination of the WNT receptors (86, 89-91). RSPOs are
key regulators in bone development and bone homeostasis,
partly mediated by RSPO2, which has high expression levels
in the apical ectodermal ridge of limb buds, but also in the
postnatal skeleton, lungs, and brain tissue (86). Similar to WNT3
alterations (see above), an impaired RSPO2 function contributes
to the development of tetra-amelia. However, patients affected
with RSPO2 mutations exhibit additional hypoplasia or aplasia
of the lungs (91). Bi-allelic nonsense mutations, deletions, and
frameshift mutations were described in families with tetra-amelia
type 2 (91). Furthermore, a homozygous missense mutation
(p.Arg69Cys) was reported in humerofemoral hypoplasia with
radiotibial ray deficiency, albeit in only one consanguineous
family. The affected family members showed severe dysostosis
with malformation of all four limbs, absence of tibiae, and
hypoplasia of the pelvis (91).

RECEPTORS AND CO-RECEPTORS

Both the canonical and non-canonical WNT signaling pathways
are activated by the binding of WNT ligands to the FZD
receptors alone or in combination with specific co-receptors.
Identification of single disease mutations in LRP5, LRP6, and
ROR2 highlights the importance of these co-receptors in the
regulation of canonical and non-canonical WNT signaling
during skeletal development.

FZD2

FZD2 is a member of the FZD receptor family that includes nine
G protein-coupled receptors. These FZD receptors interact with
disheveled (DVL) upon activation by one of the WNT ligands
which results in the initiation of one of the different WNT
pathways. In 2015, Saal et al. (92) demonstrated that mutations
in FZD2 can cause autosomal dominant OMOD, also referred
to as OMOD2. OMOD? is a rare skeletal dysplasia which is
marked by severe rhizomelic shortening of the upper limbs, mild
facial dysmorphism (frontal bossing, depressed nasal bridge, and
short nose), and genital hypoplasia (92). Clinically, OMOD?2
can be distinguished from OMODI1 (recessive form—discussed
previously) by the presence of short first metacarpals and normal
stature (93).

As mentioned, heterozygous mutations in FZD2 can cause
OMOD?2. To date, one missense mutation (p.Gly434Val) and two
nonsense mutations involving adjacent amino acids (p.Ser547*
and p.Trp548*) have been reported (92-95). The nonsense
mutations are located in the intracellular domain of FZD2,
more precisely in the conserved DVL binding motif (KTxxW).
Subsequent functional studies have demonstrated that in the
presence of p.Trp548* mutant FZD2, the localization of DVL
at the membrane and the activation of the canonical WNT
signaling pathway upon WNT treatment are lost (92). The effect
of the identified mutations on the non-canonical WNT signaling
pathways was not investigated. Several of the clinical features
that are reported in patients with OMOD2 are also present in
patients with RS (described previously). Therefore, it is likely
that the causal genes for these disorders are involved in the same
pathway(s). As it is shown that WNT5A/ROR?2 interaction can
induce WNT/PCP signaling (see below), it is likely that FZD2 is
also involved in this pathway.

ROR2

ROR?2 is a member of the ROR kinase family of orphan receptors
with tyrosine kinase activity which is involved in the WNT
signaling pathway as co-receptor of the non-canonical PCP
pathway. The extracellular domain of ROR2 which is important
for protein—protein interactions contains several conserved
domains such as an immunoglobin-like domain, an FZD-like
cysteine-rich domain (CRD), and a Kringle domain (KD). The
intracellular region contains a tyrosine kinase (TK) domain
followed by serine/threonine-rich and proline-rich structures.
Mutations in ROR2 can cause either autosomal dominant
brachydactyly type B1 (BDB1) or autosomal recessive RS type 1
(ARRSI1) (96, 97).
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ARRSL1 is characterized by short stature, mesomelic limb
shortening, genital hypoplasia, and typical facial dysmorphisms
(including hypertelorism). In addition, patients with ARRS1 may
also have vertebral segmentation defects such as hemivertebrae
and rib fusions (98). Since the identification of ROR2 as a disease-
causing gene for ARRS1, more than 25 different mutations
have been identified (99). These mutations include missense,
nonsense, and frameshift mutations located in both the intra- and
extracellular regions of the protein (96, 98-101). Based on the
phenotypic overlap between ARRSI and Ror2 knockout mouse,
it was suggested that the mutations result in loss of function
of ROR2 due to decreased protein stability and intracellular
entrapment of the mutant protein (98, 101). ROR2 serves
as a co-receptor for WNT5A-induced non-canonical WNT
signaling of which WNT/PCP signaling is shown to be most
important for limb development. Loss of function of ROR2 will
most likely result in decreased WNT/PCP signaling and limb
deformities (102).

BDBI1 is the most severe form of brachydactyly and is one
of the first described types of heritable brachydactyly. It is
characterized by hypoplasia and/or aplasia of the distal phalanges
and nails in hand and feet resulting in an amputation-like
phenotype (101, 102). The BDBI causing mutations in ROR2
are all nonsense or frameshift mutations that are located in
the intracellular region of the protein and co-localize in two
domains, either immediately N-terminal or C-terminal of the TK
domain (101). Genotype-phenotype correlation demonstrated
that the latter group of mutations results in a more severe
phenotype (103). Since parents of ARRSI patients do not show
brachydactyly, it is suggested that BDB1 causing mutations are
gain-of-function mutations (96).

LRP Receptors

The LRPs are a group of evolutionary conserved receptors
regulating a wide range of cellular processes. In order to
regulate these processes, LRPs can modulate a variety of
pathways, including canonical WNT signaling activity (104). The
extracellular region of the majority of the LRP receptors contains
at least one ligand-binding domain composed of cysteine-rich
ligand-binding-type repeats and one epidermal growth factor
(EGF)-precursor homology domain composed of EGF repeats
and a YWTD/B-propeller domain. Most LRP receptors have in
the intracellular region at least one NPxY-(endocytosis) motif.
However, LRP5/6 are lacking this motif (105). Mutations in three
members of the LRP family, namely, LRP4, LRP5, and LRP6, are
reported to result in rare skeletal disorders (51, 106, 107).

LRP5

Almost 20 years ago, genetic research highlighted the
importance of LRP5 in the regulation of bone formation
with the identification of disease-causing mutations in patients
with abnormal low or high bone mass. Subsequent studies
demonstrated that LRP5, as a co-receptor of the canonical
WNT signaling pathway, regulates osteoblast proliferation
and differentiation as well as osteocyte apoptosis (108). More
specifically, homozygous loss-of-function mutations in LRP5 can
cause the osteoporosis-pseudoglioma (OPPG) syndrome which
is characterized by reduced bone mass, increased bone fragility,

and severely reduced visual acuity (109). So far, over 70 different
mutations in LRP5 have been reported to cause OPPG, and these
mutations are spread throughout the gene. Mutations affecting
splicing or introducing premature stop codons result in the most
severe phenotypes (110). Furthermore, reduced bone mass is also
reported in heterozygous mutation carriers (111). Besides the
severe OPPG phenotype, it is reported that heterozygous OPPG
loss-of-function mutations in LRP5 can cause juvenile-onset
osteoporosis without an ocular phenotype in children (112).

As mentioned, mutations in LRP5 can also result in a skeletal
phenotype with increased bone mass (106, 113, 114). When
consulting OMIM or the nosology of skeletal disorders (6),
mutations in LRP5 are identified in patients diagnosed with high
bone mass (HBM) phenotype, autosomal dominant osteopetrosis
type 1, autosomal dominant Van Buchem disease, Worth disease,
endosteal hyperostosis, or osteosclerosis. Although these rare
disorders have a different name, they represent the same disorder
which is characterized by increased bone mass especially affecting
the skull and tubular bones and a reduced fracture risk (106). Due
to the increased bone mass of the skull, headaches and cranial
nerve entrapment are commonly reported in these patients (115).
Furthermore, these disorders are all caused by heterozygous gain-
of-function mutations in LRP5. All mutations are located in the
first B-propeller domain of the protein, and functional studies
demonstrated that they disrupt the binding of canonical WNT
signaling inhibitors sclerostin and DKK1 with the co-receptor.
Although mutations in DKKI1 are not reported in patients with
monogenic skeletal disorders, different studies have shown that
DKKI1 is an important regulator of the WNT signaling pathway
and bone mass via its interaction with LRP5 (116). As a result,
mutations disrupting the binding of LRP5 with sclerostin and
DKK1 result in increased canonical WNT signaling activity
which consequently leads to increased bone formation (116-
118).

LRP6

LRP6 is the closest homolog of LRP5, and functional studies
demonstrated that LRP6, similar to LRP5, is a co-receptor of the
canonical WNT signaling pathway (104). However, mutations
in LRP6 are less common compared to LRP5, most likely
due to a more important role for LRP6 during embryonic
development. However, recently, heterozygous mutations in
the first B-propeller domain of LRP6 were identified in two
families with HBM phenotype. The amino acids mutated in
LRP6 are homologs to known LRP5 mutations (107). Although
no functional studies were performed, it is highly likely that
the mutations, similar to those reported for LRP5, disturb the
binding of sclerostin and DKK1 and consequently result in
increased WNT signaling activity and increased bone mass. The
skeletal phenotype of LRP6 mutant patients was similar to the
phenotype reported in patients with LRP5 mutations. However,
in the small group of patients with HBM mutations in LRP6,
no cranial nerve entrapment was reported which is commonly
found in LRP5 HBM mutant patients. In addition, in patients
with HBM mutations in LRP6, absence of the adult maxillary
lateral incisors was reported. Since the latter is never reported
in LRP5 HBM mutant patients, this finding can maybe be used
to distinguish between both HBM types (107). Besides the high
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bone mass phenotype, heterozygous loss-of-function mutations
in LRP6 are previously shown to cause coronary artery disease
and tooth agenesis (119, 120). Remarkably, in the family with
coronary artery disease due to a mutation in LRP6 described by
Mani et al. (119), osteoporosis was also reported. Based on the
role of LRP6 in WNT signaling, it was suggested that the observed
osteoporosis phenotype was also caused by the mutation in LRP6.

LRP4

Another LRP receptor which is implicated in the regulation of
bone formation is LRP4. In contrast to LRP5/6, LRP4 is involved
in the inhibition of the canonical WNT signaling pathway
through its interaction with sclerostin. The identification
of disease-causing LRP4 mutations in syndromic disorders
demonstrated that LRP4 is not only important in the regulation
of bone mass but also regulates limb and kidney development
among others (51, 121, 122). Mutations in LRP4 can cause
sclerosteosis type 2, Cenani-Lenz syndrome (CLS), isolated
syndactyly, and congenital myasthenia gravis depending on type
and location of the mutations (51, 122-124). As myasthenia
gravis patients have no skeletal phenotype and the mutations do
not affect WNT signaling activity (125), it is not further discussed
in this review.

The clinical phenotype of sclerosteosis type 2 is highly similar
to the sclerosteosis type 1 phenotype previously described.
Sclerosteosis type 2 causing mutations in LRP4 are located in
the third B-propeller domain and result in decreased binding
of sclerostin (51, 124). Due to the impaired LRP4-sclerostin
binding, serum levels of sclerostin are elevated in these patients
and the activity of the canonical WNT signaling pathway is
increased in osteoblasts, leading to increased bone formation
(51, 124).

As mentioned, bi-allelic mutations in LRP4 can also cause
CLS. CLS is marked by syndactyly, synostosis, and renal
abnormalities, similar to what has been discussed above for
patients with a mutation in GREMI that interacts with LRP4.
CLS-causing mutations are spread throughout LRP4, except
for the third B-propeller domain (122, 123). Functional studies
indicated CLS-causing mutations result in a decreased expression
of the receptor at the cell membrane. This indicates that CLS-
causing mutations have an effect not only on the inhibition of
the canonical WNT signaling pathway by sclerostin but also on
the regulation of other pathways such as MUSK-agrin signaling.
In addition, in an individual with isolated syndactyly, compound
heterozygous missense mutations within the fourth B-propeller
domain have been described (126). In vitro studies demonstrated
that the presence of the mutations results in decreased inhibition
of the WNT signaling activity by LRP4 similar as reported for
CLS mutations. Therefore, it is suggested that these patients
might suffer from a mild type of CLS.

INTRACELLULAR REGULATORS OF WNT
SIGNALING

Activation of the different FZD receptors and co-receptors results
intracellularly in a complex signaling cascade which ultimately
leads to transcription of target genes and regulation of a wide

range of cellular processes. There are many proteins involved
in this intracellular signaling; however, only a few underlie the
development of rare inherited skeletal dysplasias.

Disheveled

The disheveled protein family consists of three members (DVLI-
3) which all act downstream of FZD receptors in both the
canonical and non-canonical WNT signaling pathway. The
DVL proteins share highly conserved regions, namely, the
amino-terminal DIX (N-terminus) domain, a PDZ (central)
domain, a carboxyl-terminal DEP (C-terminus) domain, and
two regions with positively charged amino acid residues (127).
These conserved regions are important to mediate protein—
protein interactions and define the further propagation of the
signal through either the canonical or non-canonical pathway.
Furthermore, DVL can move from the cytoplasm to the nucleus,
and this is also required for proper propagation of the WNT
signaling. To ensure the movement of DVL to the nucleus, DVL
proteins contain a nuclear export sequence (NES) and nuclear
localization sequence (NLS) (128).

DVL proteins are highly important for normal functioning
of the different WNT signaling pathways. Genetic defects can
consequently affect the skeleton. Heterozygous mutations in
both DVLI and DVL3 have been identified in individuals with
autosomal dominant RS (ADRS) types 2 and 3, respectively (129-
131). As mentioned, ADRS is marked by skeletal abnormalities,
genital abnormalities, and dysmorphic facial features (132).

DVLA1

In 2015, two independent research groups reported the
identification of de novo frameshift mutations in exon 14 of
DVLI in patients with ADRS without mutations in WNT5A
(129, 130). In total, nine different frameshift mutations, all
located in the penultimate exon of DVLI, have been reported
so far. All mutations result in the same premature stop codon
in the last exon and escape nonsense-mediated mRNA decay.
The mutations are located downstream of the abovementioned
conserved domains, and all mutations result in a novel shared,
highly basic C-terminal tail sequence that most likely exerts
novel signaling functions (129-131). More in detail, in vitro
luciferase reporter assays demonstrated that co-transfection of
wild-type and mutant DVLI, representing the heterozygous
mutations, results in significantly increased canonical WNT
signaling activity compared to the effect of wild-type DVLI1
alone. More interestingly, several patients with mutations in
DVLI show increased bone mass which is not seen in the other
autosomal dominant or recessive forms of RS (129). Most likely,
the increased bone mass in ADRS2 patients is caused by the effect
of DVLI mutations on canonical WNT signaling. In addition,
ADRS?2 patients often have macrocephaly and normal stature
(>10% percentile) (129, 130).

DVL3

In a subsequent study, it was shown that not only mutations
in DVLI but also DVL3 can cause ADRS (131). Similar as for
DVLI, the mutations result in a frameshift to the—1-reading
frame and a shared premature stop codon in the last exon. The
DVL3 mutants are shown to escape nonsense-mediated mRNA
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decay. All identified mutations have 83 C-terminal amino acids in
common (131, 133). The functional effect of this C-terminal tail
on regulation of canonical and/or non-canonical WNT signaling
pathway is still unknown. Patients with mutations in DVL3
(ADRS3) can be distinguished from ADRS2 patients based on
the presence of short stature and macrocephaly. Furthermore,
congenital heart defects and cleft lip and/or cleft palate were
reported in the majority of the patients (131).

NXN

Nucleoredoxin (NXN) is an oxidative stress response protein
which is highly expressed during murine limb bud development
and can directly bind DVL via the PDZ domain. By binding to
DVL, NXN can inhibit DVL signaling activity and consequently
different WNT signaling pathways (134-136). It is suggested that
the interaction of NXN with DVL is a key regulatory mechanism
to maintain spatial and temporal balance between canonical
and non-canonical WNT signaling during development (84).
Recently, NXN was identified as the causative gene for autosomal
recessive RS type 2 (ARRS2). In two families without mutations
in the known causative gene ROR2, White et al. (84) identified
bi-allelic variants which segregated with the ARRS2 phenotype
consisting of short stature, mesomelic shortening, genital
hypoplasia, and typical facial dysmorphisms. Mice lacking Nxn
also show craniofacial defects, suggesting that the mutations
reported in the patients are loss-of-function mutations (136, 137).

RAC3

RAC3 is a member of the Rac subfamily of the Rho family
of GTPases. Upon activation by WNT ligands, RAC3 can
interact with DVL to activate downstream signaling including
c-jun NH2-terminal kinase (JNK)/c-jun phosphorylation which
is necessary for cytoskeletal organization. White et al. (84)
reported in 2018 the identification of a rare variant in RAC3
in a patient with a Robinow-like phenotype including facial
dysmorphism and developmental delay, seizures, an abnormal
electroencephalogram, and a thin corpus callosum. Based on the
role of RAC3 in the WNT/PCP pathway (Figure 3), they suggest
that the identified de novo variant can cause the Robinow-like
phenotype in the patient (84). However, additional functional
studies or identification of additional affected individuals with
possible pathogenic variants is necessary. In a more recent
study, Costain et al. (138) also identified heterozygous missense
variants in RAC3 in patients with neurodevelopmental disorder
with structural brain anomalies and dysmorphic facial features.
Since there is some overlap between the clinical phenotype of
the patients described in both reports, most likely the patients
described by both research groups suffer from the same disease.

APC2

Adenomatous polyposis coli (APC) is a tumor suppressor gene
that can regulate canonical WNT signaling as a part of the
multiprotein destruction complex that targets B-catenin for
phosphorylation and degradation (139). APC2 or APC-like
protein is a homolog of APC which is mostly expressed in the
postmitotic neurons during development (140). Both proteins
share a 20-amino acid repeat motif that is capable of binding

B-catenin. However, in addition to this shared motif, APC also
contains a second motif which is lacking in APC2 and can bind p-
catenin with a higher affinity. Nevertheless, APC2 is still capable
of depleting intracellular p-catenin, although less efficient than
APC (141).

Homozygous loss-of-function mutations in APC2 have
recently been described in patients with a Sotos-like phenotype
(142). Sotos syndrome is an overgrowth syndrome, also
known as cerebral gigantism. Individuals with APC2 mutations
resemble patients with Sotos syndrome because they show
intellectual disability and relative macrocephaly with a long face
and prominent chin (142). The role of the canonical WNT
signaling pathway in the development of this disorder is not
yet investigated.

AMER1

APC Membrane Recruitment Protein 1 (AMERL1), also known as
FAM123B or Wilms tumor on the X chromosome (WTX), is an
intracellular inhibitor of the canonical WNT signaling pathway.
AMERI can interact with the AXIN/APC/GSK3p/B-catenin
multiprotein complex and enhances the ubiquitination and
degradation of B-catenin (143, 144). AMERI is located on the X-
chromosome, and loss-of-function mutations or gene deletions
can cause the X-linked dominant disorder osteopathia striata
with cranial sclerosis (OSCS) (145). Radiographs of patients
with OSCS show cranial sclerosis and dense linear striations
in the submetaphyseal regions of the long bones and pelvis.
Besides these radiographic signs, patients with OSCS often also
present with macrocephaly, broad nasal bridge, frontal bossing,
ocular hypertelorism, hearing loss, and palate abnormalities. Less
common symptoms of OSCS are cardiac malformations and
cognitive defects. In males, OSCS can be lethal due to severe heart
defects and/or gastrointestinal malformations (143, 145, 146).

PORCN

Porcupine O-acyltransferase (PORCN) is a member of the
evolutionarily conserved porcupine (PORC) gene family of
endoplasmic reticulum transmembrane proteins that are
involved in the processing and secretion of WNT ligands.
PORCN is located on the X-chromosome, and heterozygous
loss-of-function mutations can cause focal dermal hypoplasia
(FDH) also known as Goltz syndrome in female patients. Goltz
syndrome caused by mutations in PORCN is rarely reported
in males which leads to the suspicion that non-mosaic Goltz
syndrome is embryonically lethal for males (147, 148). Goltz
syndrome is a multisystem syndrome that is characterized
by dermal abnormalities including focal dermal hypoplasia
among others, ophthalmologic features, facial anomalies, and
skeletal abnormalities. The latter are reported in ~80% of the
patients and include syndactyly or polydactyly, osteopathic
striae, hypoplasia or absence of digits, scoliosis, and/or facial
asymmetry (148, 149).

DISCUSSION

The identification of novel disease-causing genes for rare
skeletal dysplasias accelerated significantly in the last decades,
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TABLE 1 | Overview of the main skeletal dysplasias caused by mutations in genes involved in WNT signaling.

Gene Phenotype OMIM Skeletal Other symptoms LOF/GOF Genetic
associations
EXTRACELLULAR MODULATORS
WNTT1 Osteogenesis 615220 Recurrent bone fractures Blue sclerae (not all patients) LOF BMDab
imperfecta type XV (AR) Bone deformity Brain malformations (not all patients)
Short stature Hearing loss
Low bone mass Dentinogenesis imperfecta
Early-onset 615221 Recurrent bone fractures LOF
osteoporosis (AD) Low bone mass
Impaired bone quality (trabecular
and cortical)
WNT3 Tetra-amelia syndrome 273395 Absence of all limbs Cleft lip/palate LOF /
type 1 (AR) Pelvis hypoplasia Pulmonary abnormalities
Urogenital defects
Kidney/spleen/adrenal
glands hypoplasia
WNT5A Robinow syndrome 180700 Short stature Genital hypoplasia LOF /
type 1 (AD) Mesomelic limb shortening Kidney abnormalities
Hypertelorism
Mandibular hypoplasia
Dental problems
WNTE Acro-pectoro-vertebral 102510 Carpal/tarsal synostoses Craniofacial anomalies LOF /
dysplasia (F-syndrome, Skeletal malformations Spina bifida occulta
AD) Syndactyly/polydactyly
WNT7A Fuhrmann syndrome 228930 Limb shortening Partial /
(AR) Fibular/ulnar hypoplasia LOF
Oligosyndactyly
Al-Awadi-Raas— 276820 Limb shortening Kidney agenesis LOF
Rothschild syndrome Absence of ulna/fibula Genital hypoplasia (females: absence
(AR) Oligosyndactyly of uterus, anteriorly displaced
Pelvis hypoplasia genitalia)
Hypoplasia/absence of nails
WNT10B  Split-hand/foot 225300 Malformations of hands/feet LOF BMD°
malformation type 6
(AR)
SOST Sclerosteosis type 1 269500 Progressive skeletal overgrowth (tubular ~ Cranial nerve compression due to LOF BMD?2P /fractures®d
(AR) bones, skull, mandible) increased bone mass of the skull
Tall stature
Syndactyly
Van Buchem disease 239100 Increased thickness of bones (tubular Cranial nerve compression due to Partial
(AR) bones, skull, mandible) increased bone mass of the skull LOF
Craniodiaphyseal 122860 Sclerosis Severe neurologic impairment LOF
dysplasia (AD) Hyperostosis (skull/facial bones) (dominant
Facial distortion (= leontiasis ossea) negative)
Grem1 Cenani-Lenz-like NA Bilateral oligosyndactyly LOF /
non-syndromic
oligosyndactyly
(SP/AD)
SFRP4 Pyle disease (AR) 265900 Metaphyseal widening (long bones) LOF BMD® /fractures®
Cortex thinning
Increased trabecular bone mass
Decreased bone mineral density
Fractures
Genu valgum
Dental abnormalities
GPC4 Keipert syndrome 301026 Craniofacial abnormalities Learning difficulties LOF /
(X-linked) Digits abnormalities Deafness
Robinow-like Brachydactyly
phenotype (X-linked) Mesomelia
Facial dysmorphism
(Continued)
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TABLE 1 | Continued

Gene Phenotype OMIM Skeletal Other symptoms LOF/GOF Genetic
associations
GPC6 Omodysplasia type 1 258315 Short stature Cryptorchidism LOF BMD2b
(AR) Severe limb malformations (shortening of ~ Hernias
humeri/femora) Congenital heart defects
Restricted mobility in elbows/hip/knees Cognitive delay
Craniofacial dysmorphism
RSPO2 Tetra-amelia syndrome 618021 Absence of all limbs Lung hypo/aplasia LOF BMD?
type 2 (AR) Pelvis hypoplasia Cleft lip/palate
Dysmorphic features
Humerofemoral 618022 LOF
dysplasia (AR) Severe dysostosis
Malformation of all limbs
Absence of tibiae
Femoral deficiency (not all patients)
Absence of digits (preaxial side)
Pelvis hypoplasia
(CO-)RECEPTORS
FzD2 Omodysplasia type 2 164745 Craniofacial dysmorphism Genital hypoplasia LOF /
(AD) Limb shortening
ROR2 Robinow syndrome 268310 Short stature Genital hypoplasia LOF BMDf
type 1 (AR) Limb shortening
Facial dysmorphisms
Brachydactyly type B1 113000 Hypoplastic/aplastic distal phalanges GOF
(AD) and nails in hands and feet
Hypoplastic middle phalanges
LRP5 Osteoporosis- 259770 Reduced bone mass and strength Blindness due to abnormal blood LOF BMD?®/fractures?
pseudoglioma vessel development in the eye
syndrome (AR)
(Juvenile) osteoporosis Reduced bone mass and strength LOF
(AD)
Endosteal hyperostosis 144750 Cortical thickening of the long bones Cranial nerve compression due to GOF
(AD) Generalized sclerosis increased bone mass of the skull
Increased thickness of the skull
Increased bone strength
Torus palatinus (some patients)
Osteopetrosis type 1 607634
(AD)
Van Buchem disease 607636
type 2 (AD)
High bone mass 601884
phenotype (AD)
LRP6 High bone mass Cortical thickening of the long bones absence of the adult maxillary lateral GOF BMD2P
phenotype (AD) Generalized sclerosis incisors
Increased thickness of the skull
Increased bone strength
LRP4 Sclerosteosis type 2 614305 Progressive skeletal overgrowth Cranial nerve compression due to Partial BMDaP
(AR) Cortical thickening of the tubular bones increased bone mass of the skull LOF
and skull
Facial asymmetry
Syndactyly
Cenani-Lenz syndrome 212780 Distal bone malformations Kidney anomalies LOF
(AR) Syndactyly
Mild facial dysmorphism
INTRACELLULAR REGULATORS
DVL1 Robinow syndrome 616331 Limb shortening Genital hypoplasia LOF/GOF* /
type 2 (AD) Facial dysmorphisms
Osteosclerosis
Short stature (rare)
(Continued)
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TABLE 1 | Continued

Gene Phenotype OMIM Skeletal Other symptoms LOF/GOF Genetic
associations
DVL3 Robinow syndrome 616894 Limb shortening Genital hypoplasia LOF /
type 3 (AD) Facial dysmorphisms
Short stature
Macrocephaly (not all patients)
NXN Robinow syndrome 618529 Limb shortening Congenital anomalies (omphalocele, LOF BMD#®
type 2 (AR) Facial dysmorphisms ventral hernia, and cardiac anomalies)
Short stature
Macrocephaly
Brachydactyly
RAC3 Robinow-like Facial dysmorphism Developmental delay LOF /
phenotype Seizures
Abnormal electroencephalogram
Thin corpus callosum
APC2 Sotos syndrome type 3 617169 Macrocephaly Severe receptive and expressive ? /
(AR) Long face language disorder, learning
Prominent chin and nose disabilities, and hyperactive behavior
AMERT1 Osteopathia striata with 300373 Sclerosis of the long bones and skull Cardiac, intestinal, and genitourinary LOF /
cranial sclerosis Longitudinal striations in the long bones,  malformations (males)
(X-linked) pelvis, and scapulae Cleft palate
Macrocephaly
PORCN Goltz syndrome 305600 Syndactyly, ectrodactyly, polydactyly Dermal abnormalities (focal dermal LOF /

(X-linked) Osteopathic striae

Hypoplasia or absence of digits

Scoliosis
Facial asymmetry

hypoplasia, subepidermal
subcutaneous fat deposits, ...)
Ocular, urinary, gastrointestinal,
cardiovascular, neurologic, and
oral abnormalities

*Combined expression of WT and mutant DVL1 results in increased canonical WNT signaling; however, the effect of DVL1 on the WNT/PCP pathway is most likely LOF based on the

LOF mutations identified in ROR2 and WNT5A.

AD, autosomal dominant; AR, autosomal recessive; BMD, bone mineral density; DVL, disheveled; GOF, gain of function; LOF, loss of function; PCR, planar cell polarity; WT, wild type.
@Morris et al. (151); PKichaev et al. (152); °Vian Camp et al. (153); 9 Trajanoska et al. (154); ©Wang et al. (155); "Mullin et al. (156).

initially by positional cloning efforts and more recently by the
availability of next-generation sequencing technology. This
resulted in the identification of the disease-causing gene for
92% of the skeletal disorders (6). The increased knowledge
on monogenic diseases resulted in a better understanding of
the pathological mechanisms and highlighted which pathways
regulate specific cellular processes. This information is also
relevant for understanding more common multifactorial
diseases. Furthermore, it has been shown that therapeutic
targets which are based on genetic evidence from Mendelian
traits as well as genome-wide association studies (GWASs) are
more likely to be successful in clinical studies for multifactorial
diseases (150). Here, we focused on skeletal dysplasias caused
by mutations in genes that encode proteins that are directly
involved in one of the WNT signaling pathways. As shown
in Table 1, mutations in these genes can result in a variety of
skeletal dysplasias, each with specific clinical features. The broad
spectrum of clinical observations reflect the cellular and spatial
functions of WNT signaling, some of them associated with
embryonal development, others with bone mass and homeostasis
in adult life. For example, the clinical features of RS and OMOD
are similar which led to the hypothesis that all causative genes are
involved in the WNT/PCP pathway which is previously shown to
be important during limb development (Figure 2) (102). On the

other hand, the influence of canonical WNT signaling on bone
mass was highlighted by unraveling the underlying pathogenic
mechanisms of disorders with a progressively increasing bone
mass such as sclerosteosis, Van Buchem disease, and high bone
mass phenotypes (osteosclerosis) (51, 53, 57, 107, 113). The
genes causing these disorders, SOST, LRP4, LRP5, and LRP6, are
all involved in the canonical WNT signaling pathway (Figure 3),
and all mutations reported result in an increased canonical
WNT signaling (Table 1). In addition to the conditions with
increased bone mass mentioned, mutations in WNT1, a ligand
inducing canonical WNT signaling, and LRP5 can also result in
decreased canonical WNT signaling activity and consequently
decreased bone mass (Table 1; Figure 3) (12-15, 109). All these
data show that the canonical WNT signaling pathway is an
important regulator of bone mass as is also corroborated by
the observation in GWASs that many of these genes harbor
genetic polymorphisms associated with bone mineral density or
fractures (151, 152, 154) (Table 1). This is in line with a general
observation that there is an enrichment in genes for Mendelian
disorders near regions associated in GWASs with a similar
phenotype (157).

The evidence for an important role for WNT signaling in
regulating bone mass makes it an obvious candidate for drug
development for the treatment of osteoporosis. The incidental
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Cytoskeletal organisation
Cell movement

FIGURE 2 | The role of the proteins that underlie Robinow syndrome or omodysplasia (indicated in red) in the WNT/planar cell polarity (PCP) pathway.

finding that lithium chloride (LiCl), a first-line treatment for  is associated with an increased risk of squamous cell carcinoma
bipolar disorders, increases canonical WNT signaling activity =~ of the skin and biliary tract cancer (160). Also for other
and increases bone formation already confirms the therapeutic ~ types of cancer, abnormal WNT signaling has been reported.
potential of the pathway (158, 159). But at the same time, These cancers can be caused by single mutations (germline or
phenotypic features of single mutation diseases can give insights ~ mosaic) in, for example, APC or WTX, but also common genetic
into possible adverse effects of interfering with the pathway. For  variation in WNT3, DVL1, and NXN is previously associated with
example, a rare nonsense mutation (c.376C>T) was identified  increased cancer risk (161-166). However, increased cancer risk
in the LGR4 gene, which encodes a receptor for RSPO1-4, is not reported for any of the rare skeletal dysplasias described in
activators of WNT signaling. The mutation is specific for the  this review.

Icelandic population, as described by Styrkarsdottir et al. (160), Currently, the treatment of osteoporosis is mainly based
and shows strong association with osteoporotic fractures andlow  on the use of antiresorptive agents, such as bisphosphonates,
bone mineral density (BMD). But at the same time, the variant ~ without the capacity to rebuild the lost bone. Consequently,
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FIGURE 3 | Overview of the modulators of the canonical WNT signaling pathway that are involved in the regulation of bone mass in human disease. Proteins indicated
in red are mutated in patients with increased or decreased bone mass.

there is an urgent need for more specific, anabolic therapies as a therapeutic target based on the expression of sclerostin
for osteoporosis, making canonical WNT signaling of major  being almost exclusive in bone tissue, the progressive increase
interest. The pharmaceutical industry focused on sclerostin  in bone mass in adults with sclerosteosis and Van Buchem
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disease and on the absence of non-skeletal clinical features in
these patients (167). Clinical trials demonstrated that treatment
with romosozumab (Evenity™, Amgen/UCB), a monoclonal
antibody for sclerostin, results in increased bone mass and
decreased fracture risk (168, 169). However, a phase III
clinical trial demonstrated that although romosozumab is clearly
beneficial for bone health, treatment was also associated with
slightly increased incidence of cardiovascular events (169).
Increased incidence of cardiovascular events was observed in
men treated with romosozumab compared to placebo (170)
and in postmenopausal women treated with romosozumab
compared to women treated with alendronate (169). When
compared to postmenopausal women treated with placebo,
romosozumab-treated individuals have a similar incidence of
cardiovascular events (168). In addition, in patients pretreated
with alendronate, the incidence of cardiovascular events was
lower (171). Furthermore, in postmenopausal women who were
treated with alendronate after romosozumab treatment, the
difference in cardiovascular events remained stable compared
to patients treated with alendronate alone (169). Therefore,
additional studies are needed to investigate whether combined
treatment of alendronate and romosozumab can reduce the
cardiovascular events. Clinical data from sclerosteosis and Van
Buchem patients who lack sclerostin do not report an increased
incidence of cardiovascular events in these patients (172) which
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Bone tissue degeneration is an urgent clinical issue, making it a subject of intensive
research. Chronic skeletal disease forms can be prevalent, such as the age-related
osteoporosis, or rare, in the form of monogenetic bone disorders. A barrier in the
understanding of the underlying pathological process is the lack of accessibility
to relevant material. For this reason, cells of non-bone tissue are emerging as a
suitable alternative for models of bone biology. Fibroblasts are highly suitable for
this application; they populate accessible anatomical locations, such as the skin
tissue. Reports suggesting their utility in preclinical models for the study of skeletal
diseases are increasingly becoming available. The majority of these are based on the
generation of an intermediate stem cell type, the induced pluripotent stem cells, which
are subsequently directed to the osteogenic cell lineage. This intermediate stage is
circumvented in transdifferentiation, the process regulating the direct conversion of
fibroblasts to osteogenic cells, which is currently not well-explored. With this mini review,
we aimed to give an overview of existing osteogenic transdifferentiation models and to
inform about their applications in bone biology models.

Keywords: fibroblast, preclinical model, osteoblast, bone disease, osteogenic transdifferentiation

INTRODUCTION

Bone disorders encompass a wide range of chronic disorders with diverse etiologies, including
both genetic and environmental factors. Next generation sequencing has contributed to the
identification of the responsible genomic loci for several of the 500 Mendelian bone disorders,
which has expanded our understanding of bone biology and its pathology in more frequent
conditions, such as fractures at a postmenopausal age (1, 2). Nonetheless, for many of these patients
this information remains to be translated into meaningful therapies. This gap between the genetic
breakthrough and treatment can be largely attributed to the lack of cell models relevant for the study
of bone tissue, in which the (genetic) defect can be examined and interrogated for the exploration
of a therapeutic intervention. Such a model also offers the prospect of screening the large number
of genetic variants of questionable pathogenicity, which are frequently found in exome analyses (3).

The paucity of bone material, which can be understandably explained by the invasive nature
of the biopsy, has prompted efforts for the invention of bone cell models, which can faithfully
recapitulate the disease mechanism by making use of more accessible patient materials. In the
recent years, the attention toward fibroblasts as a starting point for differentiation to other cell types,
including osteoblasts, has been growing. Fibroblasts are a common resident cell type in connective
tissue found almost ubiquitously in the human body, including the easily accessible skin. Despite
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their recognition as a prominent cell type for about a century (4),
their characterization remains obscure due to the lack of suitable
markers and their uncharacterized diversity (5). However, their
potential in osteogenesis can be demonstrated both in nature, in
disorders of pathological ossification, as well as in more artificial
systems of in vitro osteogenic differentiation. This allows the
consideration of fibroblast-based models for the study of bone
disorders. Particularly, this review focuses on human fibroblast-
based models of osteogenic transdifferentiation for modeling of
osteoblast-dependent disorders (Table 1).

BONE BIOLOGY

In order to appreciate the value and shortcomings of relevant
cell models, an overview of bone biology is required. The bone
tissue typically consists of the mineral and organic components,
which confer its stiffness and flexibility, respectively, to ensure
its competence during continuous exposure to mechanical stress.
Particularly, collagen type I constitutes the largest part of
the organic mass; in addition to supporting cell growth and
function, it also serves as a scaffold for mineral deposition. Bone
tissue adapts to environmental cues by constant remodeling,
which is primarily orchestrated by three different cell types,
the osteoblasts, osteoclasts, and osteocytes. Osteoblasts have an
anabolic role in building bone tissue by secreting the collagen-
rich extracellular matrix (ECM) whereas osteoclasts perform a
catabolic function by degrading the bone tissue. In this setting
some of the osteoblasts become buried in the mineralized ECM,
which triggers their differentiation to osteocytes. The latter
are mechanosensing cells, which coordinate the function and
differentiation of osteoblasts and osteoclasts, depending on their
exposure to mechanical loading (21). Considering the closely
interconnected relation of these cells, it is easy to deduce that
defects in osteoblast differentiation or function can cause disease
by influencing the net effect on bone mass development (22, 23).
Thus, models allowing the study of osteoblast biology can be
insightful in delineating the disease mechanism.

THE HUMBLE FIBROBLAST

The fibroblast is generally known as a spindle-shaped adherent
cell type and a common resident of mesenchymal stroma. It
has been considered as a rather inert cell type for many years
with the sole role of producing large amounts of ECM proteins,
such as collagen type I, intended for the homeostasis of the
connective tissue. However, it is steadily becoming more clear
that fibroblasts have a much broader function, which includes the
regulation of immune and inflammatory responses, for example
during cutaneous wound repair (24), as well as during cell
differentiation and behavior of neighboring cell types (25). It is
also accepted that they represent a heterogeneous cell population,
whose diversity extends not only across different anatomical
locations but also within the same tissue, such as in the skin
layers (26). Despite their abundance, their precise nature remains
poorly characterized since they lack specific defining markers. It
is perhaps partially because of this unspecialized character that

they exhibit such a great plasticity and the ability to differentiate
into other somatic cell types including osteogenic cells (27).
Interestingly, it is a topic of great discussion whether fibroblasts
are in fact the same cell type as mesenchymal stem cells (MSCs).
According to the guidelines of the International Society for
Cellular Therapy they are, as both cell types are plastic-adherent,
share the presence and absence of the same MSC markers, and
can differentiate into cells of the osteogenic, adipogenic, and
chondrogenic lineages (27-29). MSCs were originally isolated
from the bone marrow but have been subsequently identified
in many tissues, including the skin. Their osteogenic properties
have raised scientific attention with regards to their application
in regenerative medicine (30-32). The similarities they share with
the bone-forming MSC progenitors support the use of fibroblasts
as an appropriate cell type to study osteogenesis.

FIBROBLAST-BASED MODELS FOR THE
STUDY OF BONE DISORDERS

In the recent years, a plethora of reports have emerged,
exploring the osteogenic properties of fibroblasts in producing
osteoblasts suitable as disease models, as well as for potential
bone regenerative applications. These refer mainly to two
different ways of cell reprogramming for derivation of
osteoblast cells: induced pluripotent stem cell (iPSC)-mediated
differentiation and transdifferentiation. The first is based on
the dedifferentiation of fibroblasts to an artificial stem cell type
(iPSCs) by the induction of pluripotency. It is accomplished by
the forced expression of the “Yamanaka factors” which typically
include the Oct3/4, Sox2, c-Myc, and Klf4 transcription factors
(33, 34). The iPSCs can be then directed toward the osteogenic
cell lineage. The excitement revolving around the promising
results of this approach is undoubtedly reflected in the numerous
ongoing studies (35, 36). In addition to the multipotent plasticity
of these cells, their patient specificity for autologous treatment
and the lack of associated ethical issues, iPSCs have emerged in
the last decade as a source of induced MSCs (iMSCs) (37), which
are reported to have superior qualities to those of primary MSCs
in cell survival and engraftment (38-40).

Despite these advantages, it is widely acknowledged that
there are certain considerations with the use of iPSCs, such
as the requirement for specialized technical resources for
reprogramming and the consequences of manipulation for the
induction of pluripotency, which include teratoma formation
in regenerative applications. Minimization of these risks could
be accomplished by optimizing the delivery of pluripotency
factors by switching to non-integrative approaches, ensuring the
absence of residual undifferentiated iPSCs, and monitoring the
off-target effects (41). Another point of consideration is the
potential disturbance of the cells differentiation potential as a
result of reprogramming. Thus, iPSCs may not be suited to
study a disorder in which the defect lies in cell differentiation.
This is exemplified by the inhibition of iPSC generation and
maintenance from fibroblasts of patients with fibrodysplasia
ossificans progressiva (FOP), a severe disorder of heterotopic
ossification. This was reported to be caused by the gene defect
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TABLE 1 | Overview of osteoblast cell derivation approaches.

Fibroblast Approach Mouse model Reference

Gingival, dermal Retroviral delivery of RUNX-2,0sterix,0Oct3/4 and L-Myc in NOD/SCID 6)
combination with ascorbic acid, B-glycerophosphate,
dexamethasone.

Dermal Retroviral delivery of Oct9 with N-Myc in combination with - (7)
ascorbic acid, B-glycerophosphate, dexamethasone.

Gingival, dermal Plasmid delivery of Oct4, Osterix, and L-Myc in combination with NOD/SCID 8)
ascorbic acid, B-glycerophosphate, dexamethasone.

Gingival, dermal foreskin Adenovirus delivery of BMP7. NIH lll, C57BL/6 9-11)

Gingival, dermal foreskin Ascorbic acid, B-glycerophosphate, dexamethasone. - (12)

Dermal Ascorbic acid, B-glycerophosphate, human platelet lysate. - (13, 14)

Gingival Ascorbic acid, B-glycerophosphate. - (15)

Interspinous ligament Osteoclast cell-like conditioned media. - (16)

Dermal Ascorbic acid, B-glycerophosphate, dexamethasone, ALK5 NOG (17)
inhibitor Il, vitamin D.

Dermal Ascorbic acid, B-glycerophosphate, dexamethasone, TGF-B. - 18)

Dermal Ascorbic acid, B-glycerophosphate, vitamin D, p-tricalcium - 19)
phosphate scaffold.

Gingival 5-aza-dC and BMP-2. BNX (20)

of the disease in the activin receptor-like kinase 2 (ALK2) gene
(42). These problems have been resolved in studies, in which
iPSCs, and iMSCs from patient fibroblast-derived iPSCs, have
been successfully used in FOP disease modeling (43, 44). Perhaps
partly owing to these limitations, a low number of studies exist,
concerning iPSCs from patients with rare bone disorders. In
addition to FOP, these include iPSCs from Marfan syndrome
fibroblasts (45), osteogenesis imperfecta bone marrow MSCs
(38), craniometaphyseal dysplasia peripheral blood cells (46),
thanatophoric dysplasia, and achondroplasia (47).

In an attempt to overcome these issues, research focus
has shifted toward differentiation methods that can bypass
the cumbersome step of iPSC generation (Figure1).
Transdifferentiation is the direct conversion of one differentiated
cell type to another without the intermediate generation of iPSCs;
however, whether and to which extent the pluripotency state
is lacking, remains a point of discussion (48, 49). In addition
to avoiding genomic instability and the risk of oncogenesis,
an important advantage of transdifferentiation is primarily
the lack of extensive cell manipulation, which means that
the cells are possibly more likely to maintain their genetic
makeup that may play a role in the accurate investigation of
the disease mechanism. Below, several approaches of human
osteoblast transdifferentiation in the field of bone disorders
are summarized.

TRANSGENE-MEDIATED OSTEOGENIC
TRANSDIFFERENTIATION

Yamamoto et al. showed that the retroviral transduction of
human gingival fibroblasts with the two osteoblast-differentiation
regulators RUNX-2 and Osterix, and the two reprogramming
factors Oct3/4 and L-Myc, could induce their direct conversion

to osteoblast-like cells (6). The differentiated cells showed a
high expression of osteoblast-related genes, produced a high
amount of calcified ECM, shared a similar global gene expression
pattern with primary osteoblasts, and they were able to regenerate
bone defect lesions that were surgically created in the femurs of
NOD/SCID mice. They differed in the lower CpG methylation
at the osteocalcin gene upstream region, compared to primary
osteoblasts, but which was higher compared to their progenitor
fibroblast cell line. Induction of the osteoblast generation could
also be achieved by transient expression of the aforementioned
factors. In a similar study, the retroviral-mediated expression
of combined Oct9 with N-Myc was identified as the most
potent for the osteogenic conversion, which was also based on
the expression of osteogenic genes RUNX-2 and osteocalcin,
as well as on the production of calcified bone matrix (7). In
order to avoid the unwanted effects of retroviral integration
in the genome, the same group attempted the expression of
Oct4, Osterix, and L-Myc with a plasmid vector in human
fibroblasts (8). This led to the induction of an osteoblast-like
phenotype based on the expression of osteoblast-specific genes,
in vitro deposition of minerals, alkaline phosphatase activity,
and calcified body formation following implantation in the
testis of NOD/SCID mice. Regarding the latter, no teratoma
formation was observed in sharp contrast to implanted iPSCs.
A pertinent question is the requirement of pluripotency factors
in combination with the expression of master switch genes or
the common osteogenic media. Even though pluripotency was
not detected in the transitioning cells, it can be assumed that
they provide some level of stemness, which can prime them
for osteogenic conversion by the cues provided from the other
factors (6).

Considering that the TGF-p superfamily regulates diverse
aspects of the skeletal system (50), the osteo-inductive properties
of bone morphogenetic proteins (BMPs) have been explored.
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FIGURE 1 | Schematic diagram illustrating the difference in cell reprogramming between iPSC-mediated differentiation (two step) and transdifferentiation (one step) for
the generation of osteoblast-like cells from human fibroblasts. The first is based on directing fibroblasts toward induced pluripotent stem cells, which are subsequently
subjected to osteogenic differentiation. In the second, this pluripotency stage is bypassed; fibroblasts are directly converted to osteoblast-like cells. The generation of
osteoblast-like cells from fibroblasts holds promise for modeling the process of skeletal disorders and exploring regenerative therapies.

Krebsbach et al. reported that ex vivo adenovirus BMP-  B-glycerophosphate, and dexamethasone. Dexamethasone is a
7-transduced fibroblasts have bone-forming properties when  synthetic glucocorticoid which is frequently used in recipes of
transplanted into immunocompromised mice (9). The same  osteogenic media to promote the in vitro commitment of cells
group subsequently showed that adenovirus BMP-7-transduced  toward the osteogenic cell lineage (52). However, glucocorticoid-
fibroblasts via subcutaneous injection can form ossicles in mice  induced osteoporosis clearly points to a differential effect on
and they can also repair segmental defects in rat femurs. The  osteogenesis; the boundary distinguishing its ability to promote
in vivo osteoblast conversion of the transduced fibroblasts in the  or suppress bone formation is still undefined (53, 54). In order
diffusion chambers took place without contact with the host cells,  to provide an alternative for dexamethasone and fetal calf
stressing the osteogenic role of BMP-7 (10). This is in agreement ~ serum, we have turned to growth factors. We have developed
with the suppression of the osteoblast phenotype after addition  an in vitro method of osteogenic transdifferentiation based
of the BMP inhibitor noggin in osteogenic media of human  on human platelet lysate (13, 14). Platelet lysate provides
fibroblasts seeded in p-tricalcium phosphate scaffolds (19). Chen = numerous growth factors (55), which have been shown to
et al. also showed that the knockdown of the BMP signaling-  promote osteogenic differentiation of bone marrow-derived
regulator SMAD4 attenuates the osteogenic differentiation of =~ MSCs (56, 57) and prevent osteoporosis development in
fibroblasts after adenovirus-mediated BMP-7 expression (11).  ovariectomized mice (57). In this model, we have observed
These studies have not compared BMP-7 with other BMPs, which ~ that dermal fibroblasts from FOP patients show an enhanced
have also shown to have osteogenic capacity in mouse fibroblasts ~ potential for osteogenic transdifferentiation in agreement with
(51); whether this applies to human fibroblasts remains to  the heterotopic ossification characterizing this disease (13)

be shown. A similar model for osteogenesis in FOP also exists with
periodontal ligament fibroblasts (15). We also used our model
TRANSGENE FREE-MEDIATED to investigate the effect of the identified genetic variants in

OSTEOGENIC TRANSDIFFERENTIATION AIFM1 on protein level in patients with spondylometaphyseal
dysplasia (14). AIFM1 encodes the mitochondrial apoptosis-

In the described studies, as well as in other studies with  inducing factor 1, which was undetectable in dermal fibroblasts;
untransfected fibroblasts (12), cells were treated with osteogenic ~ the osteogenic transdifferentiation of fibroblasts to osteoblast-
media, which included supplementation with ascorbic acid, like cells allowed the confirmation of the pathogenic effect
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of the AIFMI variant in the differentiated cell type modeling
the disease. Differentiation of fibroblasts toward the osteoblast
lineage was also demonstrated with treatment of osteoclast-
conditioned media (16). It is known that osteoclasts secrete
factors affecting osteoblast differentiation (58); the osteoclast
factors mediating the osteoblast conversion were not addressed
in this study. The identification of key osteogenic factors in
the platelet lysate and osteoclast-conditioned media can aid the
optimization of transgene-free protocols.

The chemical inhibition of the ALKS5 receptor, a TGF-B
type I receptor mediating signaling by TGF-p ligands, with
the use of the ALKS5 inhibitor II, directed the conversion
of human dermal fibroblasts to osteoblast-like cells (17).
In particular, the combination of ALKS5 inhibitor II and
vitamin D3 yielded the highest enhancement in osteoblast
differentiation. The implantation of the differentiated cells in
created bone lesions of immunodeficient NOG mice resulted
in bone healing, as evaluated by histological analysis of callus
formation and ossification. Interestingly, the stimulation of
osteoblastogenesis by ALKS5 inhibition is the opposite of what
we observed in our study with the different ALK5 inhibitor
GW788388 (13). In another study, the addition of TGF-f
to osteogenic media was shown to improve the capacity of
dermal fibroblasts for osteogenic transdifferentiation, although
it did not contribute to mineralization (18). These differences
may be attributed to the different growth factor compositions
between these models, as well as to the different properties
of the chemical inhibitors; for example, GW788388 is known
to additionally target ALK4 and ALK7, which are TGF-f type
I receptors for activin signaling (59). In a different approach,
Cho et al. used BMP2 treatment combined with compound-
induced demethylation of the hypermethylated CpG islands of
the RUNX2 and ALP genes to drive the direct differentiation of
human gingival fibroblasts to functional osteoblasts, as shown
by the subcutaneous ectopic bone formation in BNX mice
after implantation of the epigenetically modified cells (20).
These studies highlight the potential of chemical approaches in
osteogenic transdifferentiation as a more controlled, simple, and
low-cost alternative to growth factors.

CHONDROGENIC
TRANSDIFFERENTIATION

Bone development takes place through two different modes:
intramembranous or endochondral ossification. The first is
characterized by the differentiation of progenitor mesenchymal
cells to osteoblasts, whereas the second is mediated by an
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Osteocytes are the most abundant (~95%) cells in bone with the longest half-life (~25
years) in humans. In the past osteocytes have been regarded as vestigial cells in bone,
since they are buried inside the tough bone matrix. However, during the last 30 years
it has become clear that osteocytes are as important as bone forming osteoblasts
and bone resorbing osteoclasts in maintaining bone homeostasis. The osteocyte cell
body and dendritic processes reside in bone in a complex lacuno-canalicular system,
which allows the direct networking of osteocytes to their neighboring osteocytes,
osteoblasts, osteoclasts, bone marrow, blood vessels, and nerves. Mechanosensing
of osteocytes translates the applied mechanical force on bone to cellular signaling
and regulation of bone adaptation. The osteocyte lacuno-canalicular system is highly
efficient in transferring external mechanical force on bone to the osteocyte cell
body and dendritic processes via displacement of fluid in the lacuno-canalicular
space. Osteocyte mechanotransduction regulates the formation and function of the
osteoblasts and osteoclasts to maintain bone homeostasis. Osteocytes produce a
variety of proteins and signaling molecules such as sclerostin, cathepsin K, Wnts,
DKK1, DMP1, IGF1, and RANKL/OPG to regulate osteoblast and osteoclast activity.
Various genetic abnormality-associated rare bone diseases are related to disrupted
osteocyte functions, including sclerosteosis, van Buchem disease, hypophosphatemic
rickets, and WNT1 and plastin3 mutation-related disorders. Meticulous studies during
the last 15 years on disrupted osteocyte function in rare bone diseases guided
for the development of various novel therapeutic agents to treat bone diseases.
Studies on genetic, molecular, and cellular mechanisms of sclerosteosis and van
Buchem disease revealed a role for sclerostin in bone homeostasis, which led to
the development of the sclerostin antibody to treat osteoporosis and other bone
degenerative diseases. The mechanism of many other rare bone diseases and the
role of the osteocyte in the development of such conditions still needs to be
investigated. In this review, we mainly discuss the knowledge obtained during the
last 30 years on the role of the osteocyte in rare bone diseases. We speculate
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about future research directions to develop novel therapeutic drugs targeting osteocyte
functions to treat both common and rare bone diseases.

Keywords: osteocyte, rare bone disease, mechanotransduction, bone remodeling, niche, sost/sclerostin,

phosphate-homeostasis, RANKL

INTRODUCTION

Bone mainly contains three types of cells, i.e., osteocytes,
osteoblasts, and osteoclasts. The osteocytes are the most
abundant cells comprising 95% of the total cell population in
bone with an average half-life of 25 years (1, 2). The bone-
forming osteoblasts and bone-resorbing osteoclasts account for
only ~5% of the total bone cell population, and live for
only a few days to weeks. The characteristics and function of
osteoblasts and osteoclasts during physiological bone remodeling
and bone diseases have been extensively studied (3-6). However,
the cellular and molecular mechanisms of osteocyte-mediated
effects on skeletal health have not been fully elucidated. Five
decades ago the osteocytes were still regarded as inert cells
buried alive inside the bone matrix, despite the fact that the
healthy human skeleton contains ~42 billion osteocytes (7). The
mechanosensing property of osteocytes has been reported for the
first time about three decades ago (8). With the advancement
of new technologies in molecular and cellular mechanisms,
imaging, transgenic approaches, and RNA sequencing, important
functions of osteocytes and their role in bone homeostasis
and vital systemic functions have become clear in the last
two decades (1). Osteocytes are descendants of osteoblasts.
During the bone mineralization process, some osteoblasts bury
themselves in the bone matrix. They regulate mineralization,
develop connective dendritic processes, and become osteocytes.
Although osteocytes are buried deep inside the bone matrix,
their dendritic processes are well-connected with neighboring
osteocytes, osteoblasts, blood vessels, nerve cells, and bone
marrow. The osteocyte cell body resides in a lacunar space inside
the bone matrix. From the cell body 50-60 dendritic processes
radiate in canaliculi space, forming a complex osteocyte lacuno-
canalicular system (9). Mechanical loading of bone triggers
interstitial fluid flow in this lacuno-canalicular system. Osteocyte
dendritic processes sense the fluid flow, resulting in cellular
signaling (10-12). In response to mechanical stimuli, osteocytes
release nitric oxide (NO), prostaglandins (PGs), and ATP
(within milliseconds), which affects many other cellular signaling
pathways including interleukin-6 (IL-6), receptor activator
of nuclear factor kB ligand/osteoprotegerin (RANKL/OPG),
Wnt/B-catenin, and calcium signaling pathways (10, 11, 13-
15). During the last 30 years various mechanisms of osteocyte
mechanotransduction have been reported. Calcium oscillation
in osteocytes has been shown to be a critical regulator of
osteocyte mechanotransduction (16-18). Recently, mechanical
loading-induced Ca?* oscillation has been shown to cause the
release of extracellular vesicles from osteocytes and to promote
bone regeneration (19). Loading-induced Ca?* oscillation
in osteocytes triggers the release of downstream signaling
molecules, e.g., NO (14, 20-22), prostaglandin E, (PGE;) (23),

matrix extracellular phosphoglycoprotein (MEPE), insulin-like
growth factor-1 (IGF-1) (24), and P-catenin (25). Similarly,
primary cilia on the osteocyte cell body as well as the dendritic
processes play a regulatory role in the mechanotransduction
process in osteocytes (26). Focal adhesions are macromolecular
complexes consisting of multiple actin-associated proteins, such
as paxillin, vinculin, connexin-43, integrins, and talin, that
serve as physical linkages between a cell’s cytoskeleton and the
ECM. The mechanism of focal adhesion-mediated osteocyte
mechanotransduction has been partly unraveled (27-30).

Osteocytes produce various signaling proteins such as
sclerostin, WNT1, WNT3a, Dickkopf-related protein 1 (DKK1),
phosphate regulating endopeptidase homolog X-linked (PHEX),
RANKL, MEPE, fibroblast growth factor-23 (FGF23), sclerostin,
and vascular endothelial growth factor (VEGF) (31-34). These
proteins and growth factors not only play a crucial role in
bone biology, but also in other organs such as kidney, and
in fat metabolism (34, 35). Disruption of the production of
these proteins by impaired osteocyte function causes bone
diseases, including rare bone diseases (36-40). Osteocyte-specific
release of growth factors and signaling molecules is disturbed
during long-term unloading, such as occurs in astronauts
during space traveling and long-term bed rest (11). Similarly,
inflammatory conditions caused by various inflammatory
diseases also affect osteocyte function and signaling (41, 42).
Various genetic abnormality-associated rare bone diseases are
related to disrupted osteocyte functions.

Whnt signaling plays a vital role in skeletal health, mainly via
osteogenic differentiation of precursor cells, osteocyte viability,
and osteocyte signaling to other bone cells (43, 44). Wnt/p-
catenin activation in osteocytes mainly contributes to the
anabolic effect in bone (45). Mechanical loading-induced early
release of PGE, causes rapid activation of Wnt/B-catenin
signaling in osteocytes (46, 47). Wnt ligand co-receptor LRP5
is essential for osteocyte mechanotransduction and mechanical
loading-induced bone formation (43, 48-50). This suggests
a crucial role of osteocytic Wnt signaling in the process
of mechanotransduction. The consequence of disturbed Wnt
signaling in osteocytes is demonstrated by a mutation in the
WNT1 gene, which causes autosomal-recessive osteogenesis
imperfecta, a childhood rare bone disease (51). The osteocyte
is the main source of sclerostin, a negative regulator of
Wnt/B-catenin signaling. Mechanical loading reduces, while
proinflammatory cytokines enhance sclerostin production in
osteocytes (31, 41). Sclerostin deficiency in various rare genetic
bone diseases, such as sclerosteosis and van Buchem disease,
causes osteopetrosis, a high bone mass phenotype (36).

Parathyroid hormone (PTH) signaling contributes via PTH-
related protein (PTHrP)-derived peptides, to the mechanical
loading-induced osteocyte-mediated adaptation of bone tissue
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composition (52, 53). Inherited hypoparathyroidism is a rare
disease that reduces bone turnover causing higher bone mineral
density (BMD) and brittle bone (54). However, the osteocyte
mechanotransduction-mediated bone adaptation in inherited
hypoparathyroidism is still unknown. Similarly, mechanical
loading upregulates insulin growth factor-1 (IGF1) expression
in osteocytes, and IGF1 signaling plays an important role in
the osteogenic response to mechanical loading (24, 55, 56).
Moreover, IGF1 regulates PTH/PTHrP signaling in osteocytes,
and bone regeneration (57-61). Osteocytic IGF1 signaling in
rare bone diseases still needs to be investigated. Osteocytes
produce RANKL and OPG to regulate osteoclastogenesis
and osteoclast activity (6, 62). The RANKL/OPG ratio in
osteocytes is upregulated by proinflammatory cytokines
(31, 41, 63), but reduced by mechanical loading (64). Mechanical
loading of osteocytes downregulates the expression of most
proinflammatory  cytokines, except IL-6. Interestingly,
mechanical loading upregulates IL-6 expression in parallel
with PGE, production in bone cells (63, 65). However, the exact
role of mechanical loading-induced osteocytic IL-6 signaling
in bone biology and rare bone diseases is poorly understood.
Osteocytes not only regulate osteoblast and osteoclast formation
and activity, but also phosphate homeostasis and the function of
vital organs in an endocrine fashion (62, 66). Osteocytes respond
to PTH by inducing osteolysis that releases calcium in the
bloodstream to maintain the systemic mineral homeostasis (67).
During lactation, osteocytic sclerostin modulates the production
of the osteoclast markers tartrate-resistant acid phosphatase
(TRAP), cathepsin K, and carbonic anhydrase-2 in osteocytes
to regulate the release of calcium from bone (68). Mutation of
the cathepsin K encoding gene causes a rare autosomal recessive
osteochondrodysplasia (69). Although cathepsin K is mainly
required for osteoclastic bone resorption, osteocytes also release
cathepsin K and regulate mechanotransduction (70). Osteocytes
release FGF23, dentin matrix acidic phosphoprotein 1 (DMP1),
PHEX, and MEPE, and act as endocrine cells to regulate
phosphate metabolism (1, 71-73). Osteocytes release sclerostin
to control bone mineralization via the modulation of DMP1,
PHEX, MEPE, and FGF-23 expression (74, 75). The osteocyte is a
critical player in chronic kidney disease-associated adverse effects
on bone and heart (76). Osteocyte-derived DMP1 reduces FGF23
expression and enhances bone mineralization (35). Chronic
kidney disease reduces DMP1 expression in osteocytes, while
DMP1 supplementation prevents osteocyte apoptosis, lowers
FGF23 expression, increases serum phosphate, and prevents
the development of left ventricular hypertrophy in a chronic
kidney disease mice model (35, 76). PHEX indirectly regulates
FGF23, and PHEX gene mutation causes hypophosphatemic
rickets, a rare hereditary bone disease (39). The MEPE-PHEX
interaction regulates bone turnover, mineralization, and bone-
renal vascularization (77). MEPE is highly expressed in human
osteocytes embedded within mineralized bone (78). MEPE ™/~
mice develop increased bone mass, hyperphosphatemia and
creatinine-clearence, and transgenic overexpression of MEPE
C-terminal acidic serine aspartate-rich MEPE-associated
(ASARM)-motif corrects these abnormalities (79). C-terminal
ASARM-motif plays a major role in regulation of bone mass and

renal function in aging mice showing the association of MEPE in
age-dependent osteoporosis. This unveils the endocrine function
of osteocytes affecting the function of distant organs such a
kidney and heart. Thus, osteocytes play a vital role in bone
homeostasis, and several osteocyte-specific proteins are involved
in the pathogenesis of rare bone diseases. In this review, we
mainly focus on the role of disturbed development and activity
of osteocytes in rare bone diseases. We will discuss the existing
insights on the role of osteocytes in the pathophysiology of rare
metabolic bone disorders as well as the consequences of these
rare metabolic bone disorders for the development and function
of osteocytes.

DISTURBED OSTEOCYTE FUNCTION CAN
CAUSE METABOLIC BONE DISEASES

Many factors, including aging, osteoporosis, inflammatory
diseases, and systemic diseases, disrupt osteocyte functions
(2, 41, 76, 80). Aging causes 15-30% reduction in lacunar
density or osteocyte numbers (81). Smaller and more round
osteocyte lacunae are common in aged mice compared to
young mice (82). The age-related decrease in lacunar density
is accompanied by osteocyte death, hypermineralization,
and micropetrosis (83). Aging also reduces the number of
osteocyte dendrites and canaliculi by ~30% (80, 84). The
remarkable decrease in osteocyte lacunar density, canaliculi,
and dendrites number will reduce the entire osteocyte
network connectivity that affects osteocyte function and
bone homeostasis. Since the osteocyte lacuno-canalicular system
plays a crucial role in mechanotransduction, abnormalities in this
system might directly affect osteocyte mechanotransduction-
mediated bone adaptation and remodeling (85). Estrogen,
PTH, bisphosphonates, and muscle-derived irisin increase
osteocyte survival (86-88). Postmenopausal estrogen deficiency,
imbalance in PTH signaling, long-term glucocorticoid treatment,
and oxidative stress caused by disuse may cause osteocyte death
resulting in imbalanced bone remodeling and decreased
bone mass (89). Systemic inflammatory conditions, such as
periodontitis, rheumatoid arthritis, chronic kidney disease, and
cancer, affect osteocyte function mainly via elevated levels of
proinflammatory cytokines.

Advanced glycation end products (AGEs) are inflammatory
mediators in diabetes. AGEs induce osteocyte apoptosis and
upregulate osteocytic expression of IL-6 and VEGF (90,
91). Periodontitis-mediated inflammation causes sclerostin
production and NF-kf activation in alveolar osteocytes (92).
Diabetic rats with periodontitis show a higher expression of
sclerostin, RANKL, tumor necrosis factor-a (TNFa), and IL-1f
in osteocytes, which affects osteoblast and osteoclast function
(93-95). Brucella abortus infection is a common cause of
osteomyelitis, which not only inhibits connexin-43 expression in
osteocytes, but also induces osteocyte apoptosis and upregulates
expression of inflammatory mediators RANKL, TNFa, and IL-
6 in osteocytes (96). Multiple myeloma, a cancer that directly
affects bone, induces osteocyte apoptosis and osteocyte-derived
sclerostin and RANKL expression (97). Osteocytic sclerostin
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and FGF23 expression are highly upregulated in chronic kidney
disease (98). In rheumatoid arthritis, a systemic inflammatory
disease, elevated levels of inflammatory cytokines enhance IL-
18, TNFa, sclerostin (SOST), and DKKI1 gene expression in
osteocytes (31).

RARE BONE DISEASES AND OSTEOCYTE
FUNCTION

Genetic defects cause various rare bone diseases such as
Paget disease, fibrous dysplasia, pycnodysostosis, sclerosteosis,
osteogenesis imperfecta, X-linked hypophosphatemia, and
hypophosphatasia. Osteocyte functions are disturbed in
many genetic defect-mediated rare bone diseases (99, 100).
Possible mechanisms of disrupted osteocyte functions in
rare bone diseases are depicted in Figurel. An impaired
activity/function of osteoblasts, osteoclasts, and/or osteocytes
could lead to alterations in the mechanical environment of
osteocytes, variations in ECM structure, and de-regulation of
mechanotransduction-related pathways, resulting in disturbed
mechanotransduction possibly via primary cilium, calcium
channels, physical deformation of bone matrix, canalicular fluid
flow, shear stress, adhesion molecules, and/or cytoskeleton.

SCLEROSTEOSIS AND VAN BUCHEM
DISEASE

Sclerosteosis and van Buchem disease are autosomal recessive
skeletal dysplasia causing deficiency of sclerostin protein and
progressive skeletal growth (36). Sclerosteosis is primarily
reported in the descendants of Dutch settlers from the
seventeenth century in South Africa (101). Van Buchem disease
is mainly found in a Dutch population in The Netherlands (102,
103). Skeletal manifestations of sclerosteosis and van Buchem
disease are similar, including increased thickening of skull, jaw
bones, long bones, and ribs. Gigantism, and hand abnormalities
in sclerosteosis are distinguishing features between sclerosteosis
and gigantism (104). SOST, the gene responsible for sclerosteosis
and van Buchem disease, is localized on chromosome 17q12-q21,
and encodes sclerostin protein. A point mutation in the SOST
gene causes sclerosteosis, and a 52 kb deletion of the downstream
gene of SOST causes van Buchem disease (36, 37). A study on the
genetics and pathophysiology of sclerosteosis and van Buchem
disease led to the discovery of sclerostin and its function that
contributed to the development of an anti-sclerostin drug to
treat osteoporosis (105). Mature osteoblasts produce sclerostin
to some extent, but osteocytes are the primary source of
sclerostin (106). Activation of Wnt/B-catenin signaling enhances
osteogenic differentiation and bone formation (107). Sclerostin,
a potent Wnt inhibitor, controls osteogenic differentiation
of precursor cells and bone formation (108). On the other
hand, Wnt inhibition causes overexpression of RANKL and
deregulation of OPG resulting in osteoclastogenesis (38). Studies
on rare bone diseases, sclerosteosis, and van Buchem disease,
have unraveled the role of sclerostin in bone homeostasis (99). In
the case of sclerostin deficiency, osteocytes become like a “snake

without fang” and are unable to control new bone deposition by
osteoblasts (36, 37). Sclerostin deficiency results in excessive bone
formation (109), as observed in sclerosteosis and van Buchem
disease. Since both sclerosteosis and van Buchem disease are
genetic diseases caused by osteocytic sclerostin deficiency, the
osteocyte could be the possible target cell to treat these diseases.

HYPOPHOSPHATEMIC RICKETS

Hypophosphatemic rickets is a hereditary disease with a
prevalence of 1/20,000. PHEX gene mutations have been reported
to cause hypophosphatemia and a hypomineralized bone
phenotype (39, 40). Hypophosphatemic rickets is characterized
by a generalized bone mineralization defect resulting in a
decreased total volumetric bone mineral density (vBMD) at the
radius and tibia, and lower cortical vBMD and cortical thickness
at the radius compared to healthy adults (110). However, the
exact mechanism of PHEX gene mutation-mediated FGF23
upregulation, hypophosphatemia, and development of rickets is
still unclear. Both PHEX and FGF23 are mainly produced by
osteocytes (111). One autosomal recessive hypophosphatemic
rickets family carried a mutation affecting the dentin matrix
protein (DMPI) start codon (112). DMP1 is essential for
osteocyte maturation, while DMPI mutation leads to altered
skeletal mineralization and disturbed phosphate homeostasis
associated with increased FGF23 production via an effect
on the function of osteocytes (112). A combination of oral
phosphorous supplementation and active vitamin D analogs
is the conventional therapy to counteract the consequences of
excessive FGF23 in hypophosphatemic rickets (113). Anti-FGF23
antibody or gene therapy targeting DMPI, FGF23, or PHEX,
could be a future direction to treat hypophosphatemic rickets.
This has been demonstrated already in children with X-linked
hypophosphatemia, where treatment with anti-FGF23 antibody
Burosumab improved linear growth and physical function, and
reduced the pain and the severity of rickets (114).

WNT1 AND PLS3 MUTATION

WNT1 is a key ligand of the canonical WNT signaling pathway,
which is the most important signaling pathway in bone
(115). The WNT family contains a total of 19 WNT proteins,
including WNT1, which are essential for fetal bone development
and maintenance of postnatal bone health (38). The plastin
protein family belongs to the actin bundling proteins and is
ubiquitously expressed in solid tissue, including neurons in the
brain, osteoblasts and osteocytes in bone, hematopoietic cells,
and many cancer cell types (116). Plastin3 (PLS3) expression
in mesenchymal stem cells and osteoblasts increases during
osteogenic differentiation (117, 118). Missense mutation
c.652T>G (p.C218G) in WNT1I, and an X-linked form resulting
from a splice mutation ¢.73-24T>A in PLS3 are associated with
osteoporosis in children (115, 119). The role of WNTI1 and
PLS3 in the function of osteocytes is not yet fully understood.
WNTI mutation affects WNT/S-catenin signaling that might
affect osteocyte function, and causes an imbalance in bone
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FIGURE 1 | Schematic showing the possible mechanism of disrupted osteocyte functions in rare bone diseases.

homeostasis resulting in osteoporosis (51). PLS3 has been  decreases mTORCI-dependent osteoblast formation and bone
suggested to play a role in osteocyte dendrite function and  regeneration. The sclerostin antibody has been suggested to
mechanotransduction (120). High FGF23 expression has been  be an effective treatment option for WNTI mutation-related
reported in osteocytes of a patient with a WNTI mutation  osteoporosis (122). However, osteocytic mechanotransduction
compared to a PLS3 mutation (121). The expression pattern of  in patients with a WNTI1 mutation is not yet fully understood.
DMP1I, sclerostin, and phospo-f-catenin is similar in patients = Microgravity, or unloading, decreases WNT3a, WNT5a, DKK1,
with a WNTI and PLS3 mutation (121). This suggests that  cyclinD1, LEF-1, and CX43, but increases WNTI and SOST
WNT1 and PLS3-mediated osteoporosis might have a similar  expression in osteocytes (11, 123). Microgravity dramatically
mechanism of disease progression. Osteocyte-derived WNT1  reduces the number of F-actin filaments in osteocytes (123).
is a key regulator of osteoblast function and bone homeostasis ~ This suggests a role for WNT1 in the formation of the osteocyte
(122). Deletion of Wntl in osteocytes results in low bone  cytoskeleton and in osteocyte mechanosensitivity. PLS3 mutation
mass and increased fracture risk, similar as WNTI mutation-  or deficiency causes low bone mass, possibly via hyperactivity
related osteoporosis (122). Interestingly, WntI overexpressionin  of osteoclasts. PLS3-deficient mice show no effect in trabecular
osteocytes stimulates bone formation by increasing the osteoblast ~ bone, but cortical bone mass is highly reduced (124). Normal
number and activity partly via activation of mTORCI signaling  osteocyte morphology is observed in PLS3-deficient mice
(122). Anti-sclerostin antibody robustly increases bone massand ~ (125). Bone marrow stem cells from PLS3-deficient mice
reduces the fracture rate in Wntl global knockout mice (122).  show compromised osteogenic differentiation with reduced
These findings suggest that WNTI mutation-related osteoporosis  expression of osteocalcin, Wnt16, and Sfrp4 mRNA (125). This
is caused in part by aloss of WNT1 signaling in osteocytes, which  indicates a role of PLS3 in bone regeneration via osteoblast
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differentiation and function (125). A lack of PLS3 has been
shown to decrease the expression of NFkB repressing factor,
thereby augmenting Nfatc1 transcription and osteoclastogenesis,
indicating osteoclast-mediated bone loss in PLS3-deficient
mice (124). The actin cytoskeleton and focal adhesions play an
important role in osteocyte mechanotransduction. Since the
plastin protein family belongs to the actin bundling protein,
plastin might have a direct or focal adhesion-mediated indirect
effect on osteocyte mechanotransduction. However, the role
of PLS3 in osteocyte functions, such as mechanotransduction,
osteocyte-to-osteoblast communication, and osteocyte-to-
osteoclast signaling, and its cellular and molecular influence on
bone remodeling has not been investigated yet.

OSTEOGENESIS IMPERFECTA

Osteogenesis imperfecta is mainly an autosomal dominant
disease of connective tissue that lowers bone mass and causes
fracture. Very few cases of recessive and X-chromosome-
linked forms of osteogenesis imperfecta have been reported
so far. Osteogenesis imperfecta is one of the most common
bone fragility disorders with an incidence of about 1/15-
20,000 (126). It is a brittle bone disease directly related
to abnormalities of type I collagen primary posttranslational
modification, folding, structure, strength, and quantity (127).
Mutations in the COLIAI or COLIA2 gene, encoding the
al(I) or a2(I) chain of type I collagen, are associated with
~85% of osteogenesis imperfecta cases (128). Mutation-mediated
alteration in processing, structure, and secretion of type I
collagen, as well as ER stress causes a subclinical to lethal
skeletal phenotype. Loss-of-function mutations in WNT1 lead
to moderately severe and progressive forms of osteogenesis
imperfecta (119, 129). Since osteocytes are embedded in
the bone ECM, ECM-to-osteocyte interaction plays a vital
role in bone homeostasis. The effect of deregulated collagen
matrix-to-osteocyte interaction in osteogenesis imperfecta could
influence the severity of bone fragility. However, the role of
osteocytes in osteogenesis imperfecta disease progression has
rarely been investigated yet. Future studies focusing on the
role of the collagen matrix-to-osteocyte interaction in osteocytes
function, including mechanotransduction, and osteoblast-to-
osteoclast communication could guide in the development of
new therapeutic targets to treat osteogenesis imperfecta.

PYCNODYSOSTOSIS

Pycnodysostosis (OMIM 265800) is a rare autosomal recessive
osteochondrodysplasia with a prevalence rate of 1-1.7/million
and without gender specificity (130). Pycnodysostosis is
characterized by a short stature with increased bone mineral
density and an increased bone fragility phenotype (105, 131).
Cortical and trabecular osteosclerosis with increased cortical
width and high bone mineral density is observed in patients
with pycnodysostosis (11, 12). Gelb et al. reported mutation of
the gene encoding cathepsin K in chromosome 1q21 in patients
with pycnodysostosis (69). Cathepsin K degrades bone matrix

proteins, including collagen type I, and is therefore essential
for osteoclastic bone resorption (132). A study on the genetics
and pathophysiology of pycnodysostosis revealed the role of
cathepsin K in osteoclast activity that led to the development
of cathepsin K inhibitors to treat osteoporosis by inhibiting
osteoclastic bone resorption (105). Unfortunately cathepsin K
inhibitors did not lead to new osteoporosis medication because
of serious side effects (stroke). In pycnodysostosis the number
of osteoclasts is not affected, but bone resorption is highly
reduced (133). Osteoclastic bone resorption is essential for bone
homeostasis, as old and cracked bone is removed as well as the
fibrous extracellular matrix that provides the signal to osteoblasts
to deposit new bone and increase bone strength. Cathepsin
K is also produced by osteoblasts and osteocytes (70, 134).
Osteocytic cathepsin K is responsible for lactation-induced bone
loss (135). Mechanical loading increases cathepsin K expression
in cortical bone of wild type mice (70). Globally knocking out
of cathepsin K enhances mechanotransduction signals resulting
in cortical bone formation (70). Cathepsin K regulates bone
remodeling not only by enhancing osteoclast activity, but also
by inhibiting osteogenic differentiation via modulation of Wnt
signaling (70). Cathepsin K deficiency in osteoclasts increases
sphingosine kinase 1 (Sphk1) that catalyzes the phosphorylation
of sphingosine to sphingosine-1-phosphate (S1P) (136, 137).
S1P promotes osteoblast differentiation, bone regeneration
(136), and osteocytic mechanotransduction (138). New research
approaches reducing the mechanosensitivity of osteocytes by
inhibiting S1P could be important to develop therapeutics for
the treatment of cathepsin K deficiency-mediated high bone
mass phenotype.

Cathepsin K regulates bone remodeling and cortical bone
formation by degrading periostin (139). Periostin is mainly
expressed in the periosteum and in osteocytes, and enhances
bone formation via activation of Wnt signaling (70). Bonnet et al.
nicely depicted the role of osteoblastic and osteocytic periostin
in cathepsin K-mediated bone modeling and remodeling
(70). Osteocyte-mediated periostin could be a possible target
in pycnodystostosis.

ANALYSIS OF OSTEOCYTE FUNCTION

Multiple approaches have been developed to analyze osteocyte
morphology (80). Confocal laser scanning electron microscopy
(CLSM) (140), scanning electron microscopy (SEM) (141), ultra-
high voltage electron microscopy, tomography on silver stained
bone sections (117, 142), and SEM of acid-etching technique
of non-decalcified bone samples (143) have been developed to
visualize osteocyte density, morphology, and osteocyte lacuno-
canalicular network in bone biopsies from patients. Van Hove
and colleagues nicely show differences in osteocyte morphology
in patients with osteoarthritis, osteopenia, and osteopetrosis
using CLSM (144). Schneider and colleagues developed serial
focused ion beam/SEM imaging for quantitative 3D-assessment
of the osteocyte lacuno-canalicular network (145). Micropetrotic
lacunae, as seen in old age, in cortical and trabecular bone
can be visualized by transmission electron microscopy (TEM)
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and SEM (81). High power backscattered SEM images of a
bone tissue section visualizes the mineralized micropetrotic
lacunae (146). Osteocyte-specific expression of proteins such as
sclerostin, IL-1p, TNFa, DKKI1, DMPI1, and FGF23 is altered
in different disease conditions. Immunohistochemistry using
specific antibodies easily visualizes the expression pattern in
bone sections (33, 121, 147). Serum sclerostin is a key marker
of osteocyte function in different disease conditions (148, 149).
Serum sclerostin levels are upregulated in osteoporosis and
downregulated in high bone mass conditions (150). Enzyme-
linked immune assays and automated chemiluminescent assays
have been developed and validated for high precision analysis
of serum sclerostin (151, 152). Spinal cord injury causes patient
immobilization and bed rest that mimics unloading conditions.
Serum of patients with spinal cord injury contains increased
periostin and decreased sclerostin levels (153). Since sclerostin
and periostin are mainly secreted by osteocytes, these proteins
could possibly be used as serum markers to analyze osteocyte
function in different diseases.

Osteocyte mechanotransduction alters in different disease
conditions, such as aging, osteoporosis, and inflammatory
diseases (82, 154—157). Various in vitro and ex vivo methods have
been developed to analyze osteocyte functions (158). However,
most of these methods are invasive and difficult to perform
routinely in clinical setting. Non-invasive bone loading methods
are available to analyze osteocyte functions in murine models
(59, 159, 160). Future research is recommended to develop non-
invasive approaches to analyze osteocyte mechanotransduction
in vivo.

Recently, extracellular vesicles and exosomes are regarded
as the key cargo-carrying organelles affecting the local and
systemic cellular activities. Exosomes are released from living
cells and carry miRNAs, circular RNAs, mRNAs, and various
proteins from one cell to other cells. Osteocyte-derived exosomes
detected in the circulation are enriched with osteocyte-specific
miRNAs (161). A possible role of extracellular vesicles and
exosomes in bone biology has been presented nicely in a recent
review from Tao and Guo (162). Mechanically loaded osteocytes
release exosomes with bone regenerating potential, via Ca?"
oscillation (19). Proteomic analysis of exosomes from cortical
bone osteocytes provide a clear picture of osteocyte function
in different disease conditions, including rare bone diseases
(32). The osteocyte transcriptome is extensively deregulated in
a mouse model of osteogenesis imperfecta (163). Transcriptome
and proteomic analysis in osteocytic exosomes could unravel
the role of exosomes in the pathophysiology of rare bone
diseases. Recent advancements in RNA sequencing, functional
analysis tools, and bioinformatic tools reveal a role of non-
coding RNAs such as miRNAs, circular RNAs, piRNAs, and
IncRNAs in various cellular signaling and biological activities
including development and diseases (164-168). Various mRNAs
and their translated proteins play a role in osteocyte function
(36, 56). Only few studies address the role of non-coding RNAs in
osteocyte function (161, 169, 170). Disruption of the Cx43/miR21
pathway results in osteocyte apoptosis and increases osteocyte-
mediated osteoclastogenesis in old-age subjects (170). miR-29b-
3p regulates osteogenic differentiation of precursor cells via

modulating IGF1 secretion in mechanically loaded osteocytes
(169). The role of circular RNAs, piRNAs, IncRNAs, and other
miRNAs on osteocyte functions in physiological and disease
conditions is poorly understood. The differential expression
pattern of non-coding RNAs in osteocytes during rare bone
diseases has not been investigated yet. Altered expression pattern
of non-coding RNAs in osteocytes during rare bone diseases
could play role in disease development and pathophysiology. We
believe that this research direction could guide the development
of new targets and techniques to analyze the function of
osteocytes in patients.

THERAPIES TO IMPROVE OSTEOCYTE
FUNCTION

Intermittent PTH therapy enhances bone regeneration and bone
mineral density (171). PTH signaling affects the function of
osteoblasts, osteoclasts, and osteocytes. Intermittent PTH
treatment enhances the commitment of precursor cells
to an osteogenic fate (172). PTH signaling in osteocytes
regulates sclerostin expression and controls osteocyte-
mediated osteoblastogenesis (58, 87, 173, 174). PTH treatment
(teriparatide, PTH1-34) in osteogenesis imperfecta increases
bone mineral density and vertebral strength (175, 176). PTH
inhibits Notch signaling in osteoblasts and osteocytes, which
might exert the anabolic effect on bone (177).

Studies on sclerostin deficiency-related high bone mass
phenotype illustrate the role of sclerostin in bone biology guiding
the development of anti-sclerostin bone anabolic agents. Anti-
sclerostin monoclonal antibody has the potency to treat diseases
with low bone mass phenotype, including osteoporosis (178,
179). There is increasing evidence suggesting a role of sclerostin
in myeloma bone diseases and breast cancer bone metastasis-
mediated complications (149, 180). In the bone niche, sclerostin
is mainly produced by mature osteoblasts and osteocytes (181).
Interestingly, multiple myeloma cells and breast cancer cells
also produce sclerostin that might have a catabolic effect
on bone (180, 181). Furthermore, cancer metastasis-induced
inflammation upregulates osteocytic sclerostin that inhibits
osteoblast function (181). Therefore, sclerostin monoclonal
antibody could be beneficial to reduce myeloma and breast
cancer-mediated complications in bone (182-184). Sclerostin
antibody romosozumab clears a phase III trial with satisfactory
outcomes and already got approval for osteoporosis treatment
(185). This sclerostin antibody has shown promising potential
to treat osteogenesis imperfecta (127, 186, 187). Therefore,
romosozumab might be beneficial to treat rare bone disease
patients with low bone mass phenotypes, such as osteogenesis
imperfecta, Wntl mutation, and PLS3 mutation.

DKK1 is another potent Wnt inhibitor, that is also mainly
produced by osteocytes in bone. Similar to sclerostin, DKK1
is also produced by breast, prostate, and multiple myeloma
cancer cells (188-190). Increased levels of DKKI1 in various
cancers cause osteolytic bone disease and inhibit osteoblast
function (188, 189). DKKI1 is an osteocyte-specific target to treat
osteoporosis and other low bone mass diseases (191). In systemic
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inflammation, the neutralization of DKKI1 reduces sclerostin
expression and protects systemic bone loss (192). Monoclonal
antibodies against DKK1 showed DKKI1 inhibitory potential
in vitro and increased bone mass in vivo (192). Moreover, a
bispecific antibody targeting both sclerostin and DKK1 shows
higher efficiency on bone formation and fracture repair (193).
Phase I and phase II clinical trials have been performed to test
the efficacy of anti-DKKI1 antibodies on myeloma and myeloma-
induced skeletal events (194, 195).

Studies on the role of osteocytic RANKL in bone homeostasis
have led to the development of an anti-RANKL monoclonal
antibody to treat common metabolic bone diseases, including
osteoporosis (196, 197). During the last 10 years, the use
of denosumab proved to be satisfactory with rare adverse
effects (198). An imbalance in RANK-RANKL-OPG signaling
is also observed in many rare bone diseases such as Juvenile
Paget disease, fibrous dysplasia, Hajdu Cheney syndrome, and
Langerhans cell histiocytosis (199). Therefore, denosumab has
also been used off-label in rare metabolic bone diseases, including
Paget’s disease, osteogenesis imperfecta, and aneurysmal bone
cysts (200). Bisphosphonate treatment prevents bone loss and
fractures caused by rare bone disease-mediated osteogenesis
imperfecta (201-203). Physical therapy/rehabilitation regimes in
children with osteogenesis imperfecta improved mobility and
bone mineral density, and thereby prevented fractures (175).
Most treatment approaches for rare bone diseases directly act on
osteoblast or osteoclast activity, and are symptomatic treatments.

The meticulous research on the molecular mechanism
of osteocytic sclerostin on bone remodeling led to the
development of anti-sclerostin antibodies to treat osteoporosis
and other skeletal disorders demanding an increase in bone
mass. Anti-sclerostin antibody primarily targets bone-lining
cells, rather than the osteocytes imbedded in bone matrix
(204). Anti-sclerostin antibody activates selected canonical
Wnt target genes in a mature osteoblast subpopulation and
increases bone formation (204). Sclerostin monoclonal antibody
romosozumab treatment significantly increases bone mineral
density in postmenopausal women with low bone mineral
density and reduces fracture risk in postmenopausal women with
osteoporosis (205). However, adverse side effects of a loss of
sclerostin are osteoarthritis (206), TNF-dependent inflammatory
joint destruction (207), negative effect on B cells (208), and
risk of cardiac failure (205), which should be carefully evaluated
before romosozumab treatment is considered. Although research
on the cellular and molecular mechanisms of sclerosteosis and
van Buchem disease guided the development of anti-sclerostin
antibody to treat osteoporosis, an osteocyte function-targeted
therapy for sclerosteosis and van Buchem disease has not yet
been developed. Genetic disorders disrupt the expression of
osteocytic proteins that play a role in the pathophysiology of
various rare bone diseases (Figure 2). Since osteocyte functions
play a crucial role in bone homeostasis, and since these functions
are disrupted in many rare bone diseases, a better understanding
of the molecular mechanisms of disrupted osteocyte functions in

mutation; red arrow: Loss-of-function mutation.
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FIGURE 2 | Schematic showing the role of disrupted expression of osteocytic proteins on the pathophysiology of rare bone diseases. Green arrow: Gain-of-function
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rare bone diseases may guide to discover novel targets to treat
these rare bone diseases.

CONCLUSIONS

Genetic and pathophysiological research on three rare
bone diseases, i.e., sclerosteosis, pycnodysostosis, and van
Buchem disease, provided new effective interventions to treat
osteoporosis. The current available therapeutic approaches for
rare bone diseases are symptomatic and mainly target osteoblast
and osteoclast formation and activity. Since osteocytes play
a vital role in bone homeostasis, and because their function
is disrupted in many rare bone diseases, it would be wise to
focus on unraveling the osteocyte-specific targets to treat rare
bone diseases. The role of coding RNAs (mRNAs) in osteocyte
function during pathophysiological conditions has been widely
investigated. Non-coding RNAs (piRNAs, circRNAs, IncRNAs,
shRNAs, etc.) represent 97% of the total RNA in the cell, and
recent technological advances have unveiled a crucial role of
non-coding RNAs in various biological processes including bone
homeostasis. Therefore, meticulous research focusing on the role
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Clinical Chemistry, Amsterdam UMC, Vrije Universiteit Amsterdam, Amsterdam, Netherlands, ° Department of Hematology,
Amsterdam UMC, Vrije Universiteit Amsterdam, Amsterdam, Netherlands

Fibrodysplasia Ossificans Progressiva (FOP) is a rare genetic disease characterized by
heterotopic ossification (HO) that occurs in muscle tissue, tendons, and ligaments. The
disease is caused by mutations in the Activin receptor type | (ACVR1) gene resulting in
enhanced responsiveness to Activin-A. Binding of this molecule to the mutated receptor
induces HO. Bone metabolism normally requires the coupled action of osteoblasts and
osteoclasts, which seems to be disturbed during HO. We hypothesize that Activin-A may
also counteract the formation of osteoclasts in FOP patients. In this study we investigated
the effect of Activin-A on osteoclast differentiation of CD14+ monocytes from FOP
patients and healthy controls. The lymphocytic and monocytic cell populations were
determined by FACS analysis. Expression of the mutated R206H receptor was assessed
and confirmed by allele specific PCR. The effect of Activin-A on osteoclastogenesis was
assessed by counting the number and size of multinucleated cells. Osteoclast activity
was determined by culturing the cells on Osteo Assay plates. The influence of Activin-A
on expression of various osteoclast related genes was studied with QPCR. Blood from
FOP patients contained similar percentages of classical, intermediate, or non-classical
monocytes as healthy controls. Addition of Activin-A to the osteoclastogenesis cultures
resulted in fewer osteoclasts in both control and FOP cultures. The osteoclasts formed in
the presence of Activin-A were, however, much larger and more active compared to the
cultures without Activin-A. This effect was tempered when the Activin-A inhibitor follistatin
was added to the Activin-A containing cultures. Expression of osteoclast specific genes
Cathepsin Kand TRACP was upregulated, gene expression of osteoclastogenesis related
genes M-CSF and DC-STAMP was downregulated by Activin-A. Since Activin-A is a
promising target for inhibiting the formation of HO in FOP, it is important to know its
effects on both osteoblasts and osteoclasts. Our study shows that Activin-A induces
fewer, but larger and more active osteoclasts independent of the presence of the mutated
ACVR1 receptor. When considering FOP as an Activin-A driven disease that acts locally,
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our findings suggest that Activin-A could cause a more pronounced local resorption by
larger osteoclasts. Thus, when targeting Activin-A in patients with neutralizing antibodies,
HO formation could potentially be inhibited, and osteoclastic activity could be slightly
reduced, but then performed dispersedly by more and smaller osteoclasts.

Keywords: fibrodysplasia ossificans progressiva, Activin-A, ACVR1, CD14+ monocyte, osteoclast

INTRODUCTION

Fibrodysplasia ossificans progressiva (FOP) is a autosomal
dominant severe genetic disease characterized by heterotopic
bone formation where muscles, tendons, and ligaments are
being converted into bone (1-3). Heterotopic ossification (HO)
in FOP might appear after a flare-up, during inflammation,
following injury or spontaneously. The new extra-skeletal bone
is formed by endochondral ossification (1), the metabolism and
composition of this heterotopic bone formed in FOP patients
appears to be comparable to skeletal bone in healthy subjects.
It ultimately connects to the existing skeleton, hereby gradually
causing irreversible movement impairments throughout the
body (4).

FOP is caused by mutations in the gene encoding the
Activin receptor type 1/activin kinase 2 (ACVRI/ALK2), a
bone morphogenetic protein (BMP) type 1 receptor (2, 5).
Upon binding of different ligands of the TGF-f superfamily,
ACVRI receptor dimers normally form a complex with a BMP
type 2-receptor dimer stimulating the SMADI1/5/8 pathway
and thereby osteogenesis. The most frequent mutation causing
FOP is the single nucleotide ¢.617G>A mutation resulting
in the replacement of the amino acid arginine by histidine
(R206H). This replacement stimulates osteogenic differentiation
of osteoblast-like cells by causing both decreased binding of the
ACVRI1-inhibitor FK binding protein 12 (FKBP12) (6, 7) and
increased responsiveness to BMP4 (8-10). Recently Activin-A, a
TGE- B superfamily ligand that normally inhibits BMP signaling
through ACVRI1 (11) has been shown to induce osteogenic
differentiation via the mutated receptor. In FOP-patient derived
induced pluripotent stem cells (12) as well as in a mouse model
of FOP (13) Activin-A was specifically shown to signal through
the canonical BMP-pSMAD1/5/8 pathway, thus stimulating
osteogenesis. FOP mice that received an inhibitory antibody
against Activin A were protected for HO formation, holding
promise for therapies addressing Activin A activity (13, 14).
Recently the first results from the LUMINA-1 trial using the
Activin-A antibody Garetosmab indeed showed a reduction in
the formation of new lesions in patients. This study also showed a
small decrease in bone lesion volume, suggesting that osteoclasts
could be activated in this process (https://newsroom.regeneron.
com/index.php/news-releases/news-release-details/regeneron-
announces-encouraging- garetosmab- phase-2-results).

Over the past years, research on FOP has focused on
the osteogenic properties of osteoblast-like cells harboring the
R206H mutation. Endochondral ossification as well as normal
bone remodeling however, requires the coupled action of both the
bone forming osteoblasts as well as the bone resorbing osteoclasts

(15, 16). Therefore, it is pivotal to investigate the potential role of
the ACVR1 R206H mutation on osteoclast formation as well as
the influence of Activin-A on this process.

Osteoclasts are multinucleated cells that arise through fusion
of CD14 positive (CD14+) monocytic cells (17). This fusion is
mediated by Macrophage Colony Stimulating Factor (M-CSF)
and Receptor Activator of Nuclear factor Kappa-B Ligand
(RANK-L). These molecules are normally produced by, amongst
others, osteoblast like cells when bone resorption is required (15).
Our group previously described the use of human periodontal
ligament fibroblasts (PLF) from healthy controls and FOP
patients as osteoblast-like cells. When these PLF were cocultured
with non-mutated CD14+ osteoclast precursors, no significant
difference in PLF induced osteoclastogenesis between the control
and FOP PLF was observed (18). In addition, adding Activin-
A to these cocultures inhibited osteoclast formation regardless
of the mutation in the PLF cells (19). This suggests a direct
effect of Activin-A on the CD14+ osteoclast precursors. All these
experiments however, were performed with CD14+ not bearing
the mutation of ACVRI. Monocytes from FOP patients might
respond differently to Activin-A.

Elucidating the effect of Activin-A on human
osteoclastogenesis in cells bearing the ACVR1-R206H mutation
is especially relevant since the first clinical trial in FOP using
Activin-A blocking antibodies is currently in phase II.

In this study we investigated osteoclast formation from
CD14+ cells from healthy controls and FOP patients, and the
potential effect of Activin-A on this osteoclastogenesis. Since the
CD14+ cells express ACVR-1 (19), we hypothesize that Activin-
A interacts more strongly with FOP-patient derived CD14+4- cells
resulting in a stronger inhibition of osteoclast formation in FOP
patients compared with the healthy controls.

MATERIALS AND METHODS
Flow Cytometry

Blood was drawn from six sex and age matched controls and
patients (2 males, 4 females, age range 20-68 years, maximal
age difference between control and FOP 2 years). Five of
the FOP patients harbor the R206H mutation, one patient
harbors a variant mutation (Q207E). This Q207E mutation is
adjacent to the classical R206H mutation and also located in
the GS domain. Patients with this mutation show comparable
phenotypes with the R206H patients (20, 21). Written informed
consent was obtained from all donors as required by the
Medical Ethics Review Committee of the Amsterdam UMC,
Vrije Universiteit Amsterdam (research protocol 2012.467).
The blood cell composition was analyzed by four color Flow

Frontiers in Endocrinology | www.frontiersin.org

86

July 2020 | Volume 11 | Article 501


https://newsroom.regeneron.com/index.php/news-releases/news-release-details/regeneron-announces-encouraging-garetosmab-phase-2-results
https://newsroom.regeneron.com/index.php/news-releases/news-release-details/regeneron-announces-encouraging-garetosmab-phase-2-results
https://newsroom.regeneron.com/index.php/news-releases/news-release-details/regeneron-announces-encouraging-garetosmab-phase-2-results
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Schoenmaker et al.

Activin-A and Osteoclasts in FOP

Cytometry using the FACSCanto Flow Cytometry system (BD
Biosciences, Franklin Lakes, NJ, USA). First the erythrocytes
were lysed using Pharmlyse (BD Biosciences, Franklin Lakes,
NJ, USA) and washed once with phosphate-buffered saline
(PBS) containing 0.1% human serum albumin. The cells
were incubated for 15min at room temperature with either
fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridinyl
chlorophyllin  (PerCP), Phycoerythrin-Cyanine 7 (PC7),
allophycocyanin (APC) allophycocyanin-cyanine (APC-H?7), or
Krome Orange (KO) conjugated monoclonal antibodies and
washed once with PBS containing 0.1% human serum albumin.
The pan-leucocyte marker CD45 (KO-labeled) was used to
discriminate between white blood cells and unlysed red blood
cells or debris. Lymphoid markers (CD4 APC-H7, CD8 FITC,
CD19 APC) were used to discriminate between T-cells (CD4,
CD8), B-cells (CD19). CD8 (FITC-labeled), and CD4 (APC-
H7-labeled) were included to identify the cytotoxic/suppressor
T-cells and T-helper/inducer cells, respectively. CD14 (PercP-
labeled) and CD16 (PE labeled) were used to discriminate
between classical monocytes (CD144-4-CD16—), intermediate
monocytes (CD144++CD16+) and non-classical monocytes
(CD14+4-CD16+), all of which have the capacity to differentiate
into osteoclasts (22). The different monoclonal antibody clones
used are listed in Supplementary Table 1. Data acquisition
was performed on the FACSCanto system and analysis was
performed using Infincyt software (Cytognos).

CD14+ Cell Isolation

For the initial TRACP staining and QPCR experiments CD14%
monocytes were isolated from the blood from 6 FOP patients
and sex- and age- matched controls (20-40 ml blood per donor),
for all other experiments human buffy coats (Sanquin, The
Netherlands) or blood from healthy donors was used. The
CD14+ cells were isolated as described before (23).

Briefly, peripheral blood mononuclear cells were isolated
using Ficoll-Paque density gradient centrifugation. Subsequently
cells were incubated with CD14-antibody tagged microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) and sorted
using a manual MACS magnetic cell sorter (Miltenyi Biotec)
according to the manufacturer’s instructions (24). The purity
of the cells was determined with flow cytometry (FACSverse™,
BD Biosciences, Piscataway, USA). For the analysis, cells were
incubated with FITC labeled anti-human CD14 (Miltenyi Biotec)
or its equivalent isotype control IgG2a (Miltenyi Biotec) for
30 min in the dark on ice. After incubation, cells were washed
to remove unbound antibodies, recovered in FACS buffer and
analyzed (30s or 100,000 viable events) on a BD Bioscience
FACSverse flow cytometer. Purity was confirmed to be at
least 80%.

Osteoclastogenesis

Purified CD14+ cells were suspended in culture medium
consisting of aMEM (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% FCS (HyClone, Logan, UT), and
1% antibiotics: 100 U/ml penicillin, 100 pg/ml streptomycin,
and 250 ng/ml amphotericin B (Sigma, St. Louis, MO, USA).
Cells were cultured in a 96 well-plate at a density of 1 x 10°

cells/well, for the first 3 days with 25 ng/ml macrophage colony-
stimulating factor (M-CSF) (R&D systems, Oxon, UK), without
or with 50ng/ml Activin-A (Sigma). After 3 days the medium
composition was changed to 10ng/ml M-CSF and 2ng/ml
receptor activator of nuclear factor kappa-B ligand (RANKL)
(R&D Systems), without or with 50 ng/ml Activin-A. In the
blocking experiments cells were also cultured with 50 ng/ml
Activin-A and 500 ng/ml follistatin (R&D systems) according to
advice from Wang (25). All cultures were maintained at 37°Cina
humidified atmosphere under 5% CO; for 21 days_ Culture media
were replaced every 3-4 days.

In the experiments with CD14+ cells from control and FOP,
blood from 6 controls and 6 FOP patients were used. For
the TRACP staining all experimental conditions were plated in
triplicate. For the counting of the osteoclasts five designated
fields per well were counted and the number of TRAcP positive
multinuclear cells (>3 nuclei) were counted. For the follistatin
experiments blood from 3 healthy donors was used and each
experimental condition was plated in quadruplicate. Counting of
osteoclasts was performed as described above. For the size of the
osteoclasts four low magnification (10X) pictures per well were
taken at designated fields with a digital camera (Leica, Wetzlar,
Germany). Subsequently the size was measured using Image-
Pro Plus (MediaCybernetics, Rockville, USA). Osteoclast size is
depicted in um? per osteoclast or as the percentage of surface area
that is occupied by the osteoclasts.

TRACP Staining

Tartrate Resistant Acid Phosphatase (TRACP) staining was
performed with the Leukocyte Acid Phosphatase Staining
Kit (Sigma, St. Louis, MO, USA) as previously described
(18, 19). Nuclei were stained with diamidino-2 phenylindole
dihydrochloride (DAPI). For the counting of the osteoclasts five
designated fields per well were selected and the number of TRAcP
positive multinuclear cells (>3 nuclei) were counted.

RNA Isolation and Real-Time Quantitative

Polymerase Chain Reaction (Q-PCR)
Cells were cultured for 7, 14, and 21 days in 96 well-plates. For
each experimental condition 3 wells were pooled.

RNA was isolated using the RNeasy mini kit (QIAGEN,
Hilden, Germany) following manufacturer’s instructions. The
reverse transcriptase reaction was performed with the first strand
cDNA synthesis kit (Thermo Fisher Scientific) according to the
manufacturers protocol, using both the Oligo(dT)18 and the
D(N)6 primers.

Allele specific PCR primers were used to distinguish between
c.617G>A and non-mutated ACVR-1. Primers were described
by Kaplan et al. (26). To detect the FOP allele 300 nM of the
ACVRI c.617A primers were used in a standard two step QPCR
program with an annealing temperature of 63°C. To detect the
control allele 150 nM of the ACVRI ¢.617G primers were used in a
standard two step QPCR program with an annealing temperature
of 63°C. For the other genes Q-PCR primers were designed using
Primer Express software, version 2.0 (Applied Biosystems, Foster
City, CA, USA) (Table1). To avoid amplification of genomic
DNA, each amplicon spanned at least one intron. Q-PCR was
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TABLE 1 | Primer sequences used for quantitative PCR.

Gene Sequence 5'-3 Amplicon Ensemble gene ID
length (bp)

PBGD TgCAgTTTgAAATCATTgCTATYTC 84 ENSGO00000113721
AACAggCTTTTCTCTCCAATCTTAgA

ACVR1c.617G TggTACAAAGAACAGTggCTAg 101 ENSG00000115170
CCATACCTgCCTTTCCCgA

ACVR1c.617A TggTACAAAGAACAgTggCTTA 101
CCATACCTgCCTTTCCCgA

ACVR1 CAgCTgCCCACTAAAGgAAAAT 68
AATAATgAggCCAACCTCCAAGT

CSF1 CCgAggAggTgTCggAgTAC 100 ENSG00000184371
AATTTggCACgAggTCTCCAT
CTCggAgCTCTgATgTgTTgAA

DCSTAMP ATTTTCTCAgTgAgCAAGCAGTTTC 101 ENSG0000016493
AgAATCATYgATAATATCTTgAGTTCCTT

ID-1 ACgTgCTgCTCTACYACATgA 56 ENSG00000125968
TgggCACCAgCTCCTTgA

TRAcP CACAATCTgCAgTACCTgCAAGAT 128 ENSG00000102575
CCCATAgTggAAgCgCAgATA

CTSK CCATATgTgggACAggAAgAgAgTT 149 ENSG00000143387
TgCATCAATggCCACAgAgA

NFATc1 AgCAgAgCACYgACAgCTATC 143 ENSG00000131196
ggTCAgTTTTCgCTTCCATCTC

AlphaV Integrin TACAgCAggTCCCCAAGTCACT 100 ENSG00000138448
AATTCAgATTCATCCCgCAgAT

PBGD, porphobilinogen deaminase; ACVR1c.617G, Activin A receptor type I, control allele; ACVR1c.617A, Activin A receptor type I, FOP allele; ACVR1, Activin A receptor type I;
CFS1, colony-stimulating factor1 [coding for macrophage-colony stimulating factor (M-CSF)]; DC-STAMR, dendritic cell-specific transmembrane protein; ID-1, Inhibitor of DNA binding
1; protein; TRACP, tartrate resistant acid phosphatese; CTSK, Cathepsin-K; NFATc1, nuclear factor of activated T-cells 1; Alpha V Integrin, Integrin subunit Alpha V. For each gene, the
first oligonucleotide sequence represents the forward primer, the second sequence the reverse primer.

performed on the LC480 light cycler (Roche, Basel, Switzerland).
Three nanogram ¢cDNA was used in a total volume of 20 pl
containing Light Cycler SybrGreenl Master mix (Roche) and
1 M of each primer. A standard two step QPCR program with
an annealing temperature of 60°C was performed. Sequence
information for all primers are listed in Table 1. Expression
of housekeeping gene porphobilinogen deaminase (PBGD) was
not affected by the experimental conditions. Samples were
normalized for the expression of PBGD by calculating the ACt
(Ct geneofinterest—CtpeGp) and expression of the different genes

was expressed as 2~ (ACY_ All gPCRs had equal efficiencies.

Osteoclast Activity on Osteo Assay Surface
CD14+ cells were isolated from blood from 4 healthy donors as
described in the CD14+ cell isolation section. Osteoclastogenesis
was performed on 96 well-Osteo Assay surface plates (Corning
Costar, Lowell, MA, USA) as described in the osteoclastogenesis
section either without or with Actvin-A and with both Activin-
A and Follistatin. Each experimental condition was plated in
quadruplicate. Cells were cultured for 14 and 21 days. To
visualize the lysis of the calcium phosphate coating, wells were
incubated for 5min in 10% bleach, washed with H,O and air
dried. For the quantification of the total resorbed area, 4 pictures

were taken per well at 10 x magnification. Resorbed area was
measured using Image-Pro Plus (MediaCybernetics, Rockville,
USA) and depicted as percentage of resorption per well.

Statistical Analysis

Differences between cultures without and with Activin-A were
tested using the Wilcoxon matched-pairs signed rank test.
For differences between Control and FOP cultures the Mann-
Whitney test was used. In the follistatin experiments the
Friedmans test with the Dunn’s multiple comparison test was
used. Differences were considered to be significant when the
p-value was lower than 0.05.

RESULTS

No Difference in Lymphocyte and
Monocyte Subsets Between Controls and

FOP Patients

Although CD14+ cells isolated for subsequent
osteoclastogenesis  experiments, blood composition was
first determined, since cellular composition of peripheral
blood may prime osteoclast precursors [Reviewed in (27)]. No
difference was found between the percentage B-lymphocytes and

were
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FIGURE 1 | Blood cell composition does not differ between control and FOP
blood. Control or FOP blood cell populations were analyzed with FACS
analysis. There are no significant differences in the percentages of
B-lymphocytes, CD4-lymphocytes, or CD8-lymphocytes between control and
FOP blood (A). The percentage of classical CD14++CD16—, intermediate
CD14+4+CD16+ and non-classical CD14+CD16+ was also similar between
control and FOP blood (B). n = 6 for both control and FOP (unpaired t-test).

CD4 or CDS8 positive T-lymphocytes between the control
and FOP blood samples (Figure1A). Also, there were
no differences in the total CD14 positive monocytic cell
populations. Since osteoclasts differentiate from CD14 positive
cell populations, and different CD14 cell populations show
distinct osteoclastogenesis dynamics (23), we next investigated
the CD14 cell composition in the blood of the controls and FOP
patients. There were no differences between classical monocytes
(CD14++CD16—), intermediate monocytes (CD14++CD16+)
and non-classical monocytes (CD144CD16+4) between

controls and FOP (Figure 1B, Gating strategy is shown in
Supplementary Figure 1).

ACVR-1 Is Expressed in CD14+
Monocytes; The ¢.617G>A FOP Allele Is
Only Expressed in Monocytes From FOP

Patients

To show that the CDI14+ cells undergoing osteoclast
differentiation indeed express the ACVRI gene and that
only FOP monocytes from the R206H patients express the
c.617G>A FOP allele we performed allele specific QPCR as
described by Kaplan et al. (26), where the 3’ last nucleotide of the
forward primer is complementary to either the control (c.617G)
or the FOP (c.617A) allele. The second last 3’ nucleotide is a
deliberate mismatch. The reverse primer is the same for both
PCR reactions.

After 7 days of culture the wild type c.617G allele is expressed
in both the control and the FOP cells at similar levels (Figure 2A).
The FOP c.617A allele however, is only expressed by the FOP cells
(Figure 2B). Expression of ACVRI increases from day 7-14 and
stays the same to day 21 (data not shown). The expression of both
the control and the FOP allele was not influenced by Activin-A
(Figures 2A,B).

Activin-A Inhibits Osteoclast Formation but
Increases Osteoclast Size in Both Control
and FOP Cultures

Having shown that both control and FOP-derived osteoclast
precursors express ACVRI, and that only FOP-derived
precursors express the c.617G>A variant, we next investigated
whether this mutation alters the effect of Activin-A on osteoclast
formation. Cells were cultured with M-CSF and RANK-L
without and with Activin-A. After 21 days the cells were
fixed and stained for TRAcP and the nuclei were stained with
DAPI. Similar numbers of osteoclasts formed in control and
FOP cultures (Figures 3A,B). Although the osteoclasts were
significantly larger in the presence of Activin-A, the total number
of osteoclasts was significantly inhibited by this molecule in both
control and FOP cultures (Figures 3A-C).

Activin-A Alters Osteoclast Related Gene
Expression in Both Control and FOP

Cultures

In order to elucidate the molecular mechanisms by which
Activin-A inhibits osteoclast formation in these cultures we
analyzed gene expression with qPCR at several time points
on osteoclast related genes. Two of the key role players in
osteoclast formation, M-CSF, and DC-STAMP, were significantly
downregulated in the presence of Activin-A after 7 days of
culture (Figures 4A,B). In contrast, ID-1, one of the target
molecules of SMAD1/5/8 signaling, was significantly upregulated
in both cultures after 7 days in the presence of Activin-A
(Figure 4E). Osteoclast-specific genes TRAcP and Cathepsin-K
were both upregulated in the presence of Activin-A after 21 days
(Figures 4C,D).
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FIGURE 2 | Expression of the FOP ¢.617G>A allele is only present in the FOP
osteoclast precursors. Control or FOP CD14+ cells were cultured with M-CSF
and RANK-L, without and with Activin-A 50 ng/ml. RNA was isolated after 7
days and QPCR was performed. (A) The control ¢.617G allele is equally
expressed in both control and FOP cells. (B) The FOP c.617A allele is only
expressed in FOP cells harboring the R206H mutation (the cells from the
patient with the Q207E mutation did not show any expression of the c.617A
allele, data not shown). Activin-A does not alter the expression of either allele.
Expression was normalized based on expression of the housekeeping gene
PBGD. n = 6 for both control and FOP.

Inhibition With Follistatin Reverses the
Activin-A Effect

To further prove that Activin-A results in the formation of
less but larger osteoclasts, we performed inhibition experiments
with follistatin, a natural inhibitor of Activin-A that can reverse
Activin-A effects (25). Initial titration experiments showed that
Activin-As effect on osteoclast formation was reduced at a
concentration of 500 ng/ml follistatin (data not shown). Since
nor osteoclast formation, nor osteoclast-related gene expression
nor the effect of Activin-A is different between control and
FOP osteoclast cultures, these experiments were performed on
CD14+- cells isolated from buffy coats from healthy donors.

After 21 days of culturing with follistatin the inhibitory effect
of Activin-A on osteoclast formation and inductive effect on
size was reduced (Figures 5A,C,D). The total percentage of area
covered by the osteoclasts however, did not differ between the
different culture conditions (Figure 5E). Early gene expression
data also show that the increased expression of NFATc1, AlphaV
Integrin, TRAcP, and Cathepsin K by Activin-A is reversed by
follistatin (Supplementary Figure 2).

Activin-A Increases Overall Resorptive
Activity

We next investigated the effect of Activin-A on the resorptive
activity of the osteoclasts. Osteoclastogenesis was performed with
CD14+ cells from bufty coats from healthy donors on Osteo
Assay plates (Corning Costar) in the absence or presence of
Activin-A or with both Activin-A and Follistatin. The lysis of the
inorganic calcium phosphate coating was used as a measure of
the resorptive activity of the osteoclasts. In line with the finding
that the osteoclasts are larger in the presence of Activin-A, also
the total percentage of resorbed area was increased in this culture
condition (Figures 5B,F).

DISCUSSION

Heterotopic bone from FOP patients displays similar histological
bone parameters such as osteoblast and osteoclast activity
as normal skeletal bone. This assumes that remodeling of
heterotopic bone is comparable to that of normal bone, but
this has not been extensively investigated. One of the recent
discoveries is the activating effect of Activin-A specifically on the
mutated ACVRI receptor that induces HO in muscle, tendons,
and ligaments (12, 13). The effect of Activin-A on osteoclast
formation from monocytes from FOP patients has not been
previously investigated. In this study we show for the first
time that Activin-A induces fewer but larger osteoclasts from
both control and FOP derived human monocytes. Studies using
murine cells have reported contradictory findings on the effect
of Activin-A on osteoclasts, probably depending on the source
of osteoclast precursors used. Some groups show that Activin-A
enhances osteoclast formation and activity when using murine
whole bone marrow cultures or the mouse macrophage cell line
RAW246.7 (28-30). In contrast, Fowler et al. (31) showed that
Activin-A suppressed osteoclastogenesis when using stromal cell
depleted murine bone marrow macrophages.

We show that control as well as FOP monocytes expressed
ACVR-1 at a similar level and only the FOP monocytes expressed
the mutated variant of this gene, as expected. This was tested for
the 5 out of 6 patients, bearing the classical R206H mutation.
Expression of the rarer mutant Q207E, which is one amino
acid further on the ACVR-1 protein, was not assessed. At
the biochemical level, binding of osteogenic signaling inhibitor
FKBP12 is less efficient in both R206H and Q207E. We therefore
have reasons to assume that the addition of Activin-A may result
in similar effects in both mutations.

Given the expression of the mutated version of ACVRI in FOP
monocytes, which seemed higher even than the unaffected allele,
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FIGURE 3 | Activin-A inhibits osteoclast formation in both control and FOP cultures. Control or FOP CD14+ cells were cultured with M-CSF and RANK-L, without and
with Activin-A 50 ng/ml. Cells were stained for TRACP and nuclei were stained with DAPI after 21 days of culture. (A) Micrograph of the stained cultures of the four
different conditions after 21 days. (B) Equal numbers of osteoclasts were formed in the control and FOP cultures. Activin-A significantly inhibited osteoclast formation
in both cultures. (C) The average size of the osteoclasts was significantly increased when Activin-A was added to the cultures. n = 6 for both control and FOP
(Wilcoxon matched-pairs signed rank test, *p < 0.05).

we hypothesized that Activin-A would have a more profound  the inhibitory effect of Activin-A on BMP signaling could be
effect on the mutated CD14 cells compared to the control cells.  the cause of the inhibited osteoclastogenesis seen in this study.
However, we did not observe any difference in osteoclastogenesis ~ QPCR analysis however, showed a higher expression of ID-1,
between the control and FOP cultures. The addition of Activin-A  a downstream target molecule of SMAD1/5/8 phosphorylation
had an inhibitory effect on the number of osteoclasts. However,  (25), in the presence of Activin-A especially in the FOP cells,
these fewer osteoclasts were on average 5-8-fold larger in both  suggesting that enhanced SMAD1/5/8 signaling may occur in
cultures, suggesting this effect is not mediated via the mutated =~ FOP patients derived monocytes. The fact that this does not
receptor. Binding of Activin-A to ACVR1 normally inhibits BMP ~ seem to influence osteoclastogenesis might be related to the
signaling via this receptor (13, 32). In contrast to the generally  timing of effects. During the early stages of osteoclastogenesis
accepted role of BMPs in osteogenesis, several studies have shown  signaling via the non-canonical BMP pathway seems to be
that BMP signaling is also important for osteoclast formation. =~ more important, whereas during the later stages the canonical
Inhibition of this signaling, either via deletion of BMPR2 (33)  signaling pathway seems to play a more important role (33).
or by inhibiting SMAD 4 or SMAD 1/5 (34, 35) reduces DC-  The lower expression of M-CSF and DC-STAMP by Activin-A
STAMP expression and inhibits osteoclastogenesis. Similarly,  could explain the inhibition of osteoclastogenesis. Next to an
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of Activin-A. n = 6 for both control and FOP (Wilcoxon matched-pairs signed rank test, *p < 0.05).

inhibitory effect on osteoclast formation we also observed that
the presence of Activin-A induced larger osteoclasts. Osteoclast
precursors with lower expression of the fusion receptor DC-
STAMP have been shown to give rise to higher TRAcP expression
and bigger osteoclasts compared to precursors with higher DC-
STAMP expression (36). This could be the explanation for
our observed difference in osteoclast size, since we also see
a decreased DC-STAMP and increased TRACP expression in
the presence of Activin-A. Omi et al. recently reported that

ACVRI plays a role in osteoclast formation via BMP7 induced
canonical SMAD signaling pathways (37). They also showed
that signaling via BMPR1A seems to be more important for the
fusion of osteoclast precursors. Possibly the observed increase in
osteoclast size in our experiments is due to signaling of Activin-
A via a BMPRI1A receptor complex, probably bypassing ACVR-
1. The correlation between osteoclast size and activity is not
entirely clear. In some cases giant osteoclasts seem to be an
indication of less active osteoclasts. This is especially apparent
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(50 ng/ml). Experiments were plated in quadruplicate. To block the Activin-A effect a third experimental condition was added where follistatin (500 ng/ml) was present
in the cultures. After 21 days cells were stained for TRACP and nuclei were stained with DAPI. (A) Micrographs of the stained cultures of the three different conditions.
(B) Micrographs of the lysed calcium phosphate surface from the osteo assay plates of the three different culture conditions. (C) Follistatin reduces the inhibitory effect
of Activin-A on the number of formed osteoclasts. (D) Follistatin reduces the increasing effect of Activin-A on the size of the formed osteoclasts. (E) The percentage of
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is higher when Activin-A is present in the cultures, implicating a higher activity per osteoclast. This effect is nullified when Follistatin is added. n = 3 (Friedmann test

+ ActA + Foll

+ ActA + Foll

Osteoclast size
25000 =

20000

10000

5000

- Acta « Acta « Acta « Foll

Resorption

o
L3

% Resorption
-
s

ActA « Acta « Acta « Foll

Frontiers in Endocrinology | www.frontiersin.org

July 2020 | Volume 11 | Article 501


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

Schoenmaker et al.

Activin-A and Osteoclasts in FOP

when osteoclast activity is inhibited by bisphosphonates. In
other pathological conditions such as Paget Disease, the giant
osteoclasts are also highly active (38, 39). A positive correlation
between size and activity has been described by Piper et al,
who correlated activity to the number of nuclei per osteoclast
(40). We could later confirm this in another way, by correlating
osteoclast area to actin ring surface (41). We showed that
osteoclast size is proportional to the number of actin rings
per osteoclast and that the percentage of actin ring area per
osteoclast is relatively constant, being ~20%. Together, these
two studies imply that larger osteoclasts are more active in
resorption, albeit that per osteoclast a constant area is used
for resorption. Our results, less, but larger and more active
osteoclast when cultured with Activin-A that cover a similar
area as the more but smaller osteoclasts without Activin-
A, also suggest that indeed the larger osteoclasts are more
active, but that this activity is performed more localized since
the the area covered by osteoclasts is the same in the two
conditions. In the context of Activin-A, it is likely the local
in vivo circumstances that determine overall osteoclast activity.
Upadhyay et al. (42) recently described a partial resorption of
HO after treatment with Activin-A antibodies in their FOP
mouse model. This implies that osteoclast function is inhibited
by local access of Activin-A and that the osteoclast function
can be restored after Activin-A antibody treatment. Our results,
with the obvious limitation of the cell biological approach using
CD14+ cells and differentiation factors M-CSF and RANKL in
the presence of Activin A, suggest an increase of resorption.
Whether inhibition of Activin-A in vivo may have different
effects, cannot be ruled out. In conjunction with the heterotopic
bone formation potential of Activin A in FOP, our results
rather show that Activin-A may contribute to an increased bone
metabolism altogether.

Our study is the first to investigate the effect of Activin-A on
human FOP-patient derived osteoclasts. We demonstrated that
Activin-A induces fewer but larger osteoclasts irrespective of the
presence of the mutated ACVRI receptor, but further studies
on FOP-patients derived cells are necessary for understanding
the full width of the mode of action of Activin-A. This is even
more important in the light of promising ongoing clinical trials
in FOP that specifically target mutant ACVR-1 in general or
Activin-A in particular (43). It remains intriguing that Activin
A only causes heterotopic bone formation, and only in FOP,
leaving the normal skeleton seemingly untouched. Likewise, it is
conceivable that osteoclasts that remodel heterotopic bone, could
respond differently to anti-Activin A in the microenvironment of
heterotopic bone. We propose that when inhibiting osteogenesis
by anti-Activin A in a heterotopic bone context, osteoclast
activity could be reduced but more dispersed since it is performed
by more but smaller osteoclasts.
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Animal models are essential tools for addressing fundamental scientific questions about
skeletal diseases and for the development of new therapeutic approaches. Traditionally,
mice have been the most common model organism in biomedical research, but
their use is hampered by several limitations including complex generation, demanding
investigation of early developmental stages, regulatory restrictions on breeding, and high
maintenance cost. The zebrafish has been used as an efficient alternative vertebrate
model for the study of human skeletal diseases, thanks to its easy genetic manipulation,
high fecundity, external fertilization, transparency of rapidly developing embryos, and low
maintenance cost. Furthermore, zebrafish share similar skeletal cells and ossification
types with mammals. In the last decades, the use of both forward and new reverse
genetics techniques has resulted in the generation of many mutant lines carrying skeletal
phenotypes associated with human diseases. In addition, transgenic lines expressing
fluorescent proteins under bone cell- or pathway- specific promoters enable in vivo
imaging of differentiation and signaling at the cellular level. Despite the small size of
the zebrafish, many traditional techniques for skeletal phenotyping, such as x-ray and
microCT imaging and histological approaches, can be applied using the appropriate
equipment and custom protocols. The ability of adult zebrafish to remodel skeletal
tissues can be exploited as a unique tool to investigate bone formation and repair.
Finally, the permeability of embryos to chemicals dissolved in water, together with the
availability of large numbers of small-sized animals makes zebrafish a perfect model
for high-throughput bone anabolic drug screening. This review aims to discuss the
techniques that make zebrafish a powerful model to investigate the molecular and
physiological basis of skeletal disorders.

Keywords: zebrafish, skeletal system, x-ray, microCT analyses, imaging techniques, skeletal diseases

INTRODUCTION

Preclinical animal models can be used to elucidate gene and protein function in ways often
impossible in humans, by means of genome sequencing, advances in DNA manipulation and high
resolution live-imaging (1). Mammals such as mice and non-human primates are traditionally the
preferred models for biomedical research due to their close evolutionary relationship with humans.
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However, their use is costly and studies at early developmental
stages raise ethical concerns. Furthermore, in most countries the
adoption of the “Three R’s” principles: Replacement, Reduction,
and Refinement (2) for animal research is mandatory and
encourages the use of alternative models, such as Danio rerio
(zebrafish), Xenopus laevis/tropicalis (clawed toad), Drosophila
melanogaster (fruit fly), and Caenorhabditis elegans (nematode).
In these organisms in vivo techniques can be applied with the
simplicity and versatility of in vitro assays and therefore they
are frequently used in fundamental and biomedical research to
quickly define gene functions and to develop novel therapeutic
options (3). Zebrafish, the most frequently employed non-
mammalian vertebrate animal model, is a freshwater bony fish,
belonging to the Cyprinidae family and to the Teleostei infraclass

of ray-finned fish which arose ~340 million years ago (4).
This species was initially described by the Scottish physician
and naturalist Hamilton (5) in a survey on South Asian flora
and fauna. Starting from the pioneering research of George
Streisinger in the 70s—80s, who was the first to clone a zebrafish
and in this way demonstrated the easy genetic manipulation of
this species (6), zebrafish became a powerful model organism
for developmental studies, genetic research, drug and toxicology
screenings and for understanding tissue regeneration and repair
(7-9). In contrast to other vertebrate models such as mice,
fertilization occurs externally, which together with transparency
and rapid embryo to larval transition permits easy access and
visualization of development (10) (Figure 1). Moreover, due to
its rapid growth, a recognizable and complete vertebrate body
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FIGURE 1 | Advantages of the zebrafish model. Zebrafish has several advantages compared to mammal models. High fecundity and external fertilization and
development allow easy genomic manipulation, transparent early life stages guarantee in vivo imaging and skin permeability makes them suitable for high throughput
drug screening (top). Adult zebrafish reaches a maximum size of 3-4 cm and this make it easy and cheap to keep it in large numbers, reducing the husbandry cost
(bottom left). Finally, zebrafish is used as a vertebrate model to study regeneration, due to its ability to regenerate different organs, such as the caudal fin, which is
completely regenerated 14 days post amputation (bottom right). hpf, hours post fertilization.
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plan is already in place by 1 day post fertilization (dpf) and
embryogenesis is complete by 3 dpf (11). In contrast to other
vertebrate models such as rodents, the small size and large
number of offspring of zebrafish allow for increased sample
numbers, thereby increasing the statistical power of experiments
(3). Finally, the relatively low husbandry cost further contributed
to the increasing popularity of the zebrafish as a model for
research (11).

Besides developmental studies, the zebrafish is an established
research model in many other research fields. During the last
20 years, the zebrafish has proven itself as a useful model to
study disease mechanisms (1). This is due to its physiological
relevance and genetic tractability to model genetic variation
in humans. Compared to mammalian model organisms, the
zebrafish genome underwent an extra (third) whole duplication
about 350 million years ago, with the result that for many genes
in humans, there may be two copies (paralogues) in zebrafish.
Despite this there is a relatively high level of genome conservation
between zebrafish and humans with more than 70% of human
protein-coding genes having at least one zebrafish ortholog.
The haploid zebrafish genome has 25 chromosomes containing
1.7 billion base pairs (4). Various forward and reverse genetic
approaches have been applied to generate mutant lines that
mimic many different human diseases, including skeletal diseases
ranging from secondary osteoporosis (OP) to rare disorders such
as osteogenesis imperfecta (OI) (12-20). A major benefit of
zebrafish is the simplicity of combining mutant and transgenic
lines that express fluorescent reporter proteins under the control
of responsive elements for signaling pathways or promoters
of cell-type-specific markers. This in turn allows for in vivo
investigation of the effect of a disease mutation on the spatio-
temporal expression of specific genes, and on cell differentiation
and signaling pathways.

Zebrafish have Dbeen intensively wused for
pharmacological and toxicological screens, because of their
small size (easy distribution in microtiter well plates), high
abundance and their ability to absorb small compounds from
the water through the skin and gills (21). Together with the
availability of many different disease models, the zebrafish
is a unique tool to develop novel targeted pharmacological
approaches (Figure 1) (21).

Finally, their ability to regenerate some cells and tissues,
such as fins and scales, makes the zebrafish a valuable model
for understanding organ repair mechanisms during healthy and
pathological conditions (Figure 1) (22).

This review, after providing a brief overview of zebrafish bone
biology, will focus on the description and use of the various
techniques and approaches which make Danio rerio a powerful
model organism to investigate the molecular and physiological
basis of skeletal disorders.

larvae

ZEBRAFISH BONE BIOLOGY
The Skeleton

Skeletal development and gene expression and the general
inventory of bone types are conserved between zebrafish and
mammals, nevertheless few differences need to be considered

when using this animal as model for skeletal study. Osteocytes
are not present in all bones and/or at all developmental stages,
endochondral ossification is rare in zebrafish and vertebral
body do not build on a cartilaginous anlage (23, 24). The
common perception of mammals being more complex than
“lower” organisms, such as teleosts, is false, especially concerning
the skeleton. Certain characteristics of the teleost skeleton are
more advanced and elaborate compared to mammals, such as
the zebrafish skull that contains at least twice the number of
bones (24). At the tissue level, the mammalian skeleton mostly
consists of cellular bone and hyaline cartilage. While other types
of bone, such as hyperostotic and acellular bone and cartilage
(i.e., fiber cartilage), can be present in mammalian skeletons,
they are often associated with pathological processes. However,
in teleosts many different bone and cartilage types with different
cellularity and matrix composition exist in wild type conditions
not related to disease (25). The zebrafish skeleton consists of a
dermal skeleton and an endoskeleton. Scales, polarized structures
of the exoskeleton, teeth, and fin rays are part of the dermal
skeleton and are distinctive as skeletal structures in their ability
to regenerate (25-27). In fish, teeth, scales, and fin rays can all be
traced back in evolution to a single structure, called the odontode
(28), and they arise at the epithelial-mesenchymal border (29, 30).
It has been shown that the mesenchymal tissues that engender
these skeletal elements have a neural crest origin (29, 31, 32).
The endoskeleton consists of cranial, axial, and appendicular
skeletal elements (33). As in all vertebrates, the zebrafish cranial
skeleton arises mostly from the cranial neural crest, while the
appendicular skeleton develops from somite-derived paraxial
mesoderm (31, 33). In contrast with tetrapods, in which vertebral
centrum formation is controlled by somites patterned along the
vertebral column, in teleosts the notochord has an instructive
role in vertebral centrum patterning as the centra start out as
mineralization foci in the notochord sheath (34, 35).

Skeletal Cells

The teleost and mammalian skeletal systems share similar cell
types (Figure 2A). In cartilage there are (i) chondroblasts as
the cartilage forming cells and (ii) chondrocytes maintaining
the cartilage matrix. In bone there are (i) osteoblasts as
the bone forming cells, (ii) osteocytes that act as the
mechanosensors regulating osteoblast and osteoclast activity and
(iii) osteoclasts which are the bone resorbing cells (24, 37).
Similar to mammals, teleost skeletal histogenesis involves the
differentiation of chondroblasts and osteoblasts, that secrete
the collagen extracellular matrix, from mesenchymal stem cells
(38, 39). Both in mammals and fish, skeletal cells are formed
by a complex interplay of intracellular molecular pathways and
secreted factors that regulate the timing, location, and pathway by
which bone cells differentiate (40-42). Although not investigated
in mammals before, in zebrafish osteoblasts are present in clusters
at the end of growing bones and can be classified in two different
groups (type I and type II) based on cell cluster size, location,
and nuclei shape, although they have overlapping functions
(36). Type I osteoblasts are located at the edges of growing flat
bones, such as the dentary, maxillary, and frontal bone, in large
clusters with more than 25 cells with a wide oval, round, or
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FIGURE 2 | Zebrafish bone cells and ossification types. (A) Bone is formed by osteoblasts and osteocytes, while cartilage is formed by chondroblasts and
chondrocytes, and both bone and cartilage are degraded by osteoclasts. All bone cell types develop from progenitors similar to the mammalian counterpart and share
similar gene expression profiles (genes are indicated above arrows). Note however that HSCs in zebrafish are not present in the bone marrow but in the head kidney.
In addition, the genes for collagen X, encoded by co/70, and SRY-box transcription factor 9 (indicated by*), encoded by sox9, are expressed during osteoblasts
differentiation in zebrafish, but not in humans. (B) Three types of ossification are present in zebrafish: (i) intramembranous ossification, (i) perichondral ossification,
(Continued)
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FIGURE 2 | present in teleosts but not in humans, and (jii) endochondral ossification. (i) During intramembranous ossification mesenchymal stem cells condensate
and differentiate into pre-osteoblasts and finally into mature osteoblasts that deposit bone matrix (osteoid) that subsequently mineralizes. (i) Perichondral ossification
starts at the surface of a cartilaginous template where osteoblasts deposit bone matrix without replacing the cartilage. (i) Endochondral ossification is the process by
which growing cartilage is replaced by bone to allow the skeleton to grow. For ossification to start, matrix surrounding the chondrocytes must calcify so that
osteoclasts can break down the cartilage. In teleost two types of endochondral ossification exist. Type | endochondral ossification, typical in the ceratohyal, resembles
the mammalian endochondral ossification process. This is characterized by a hypertrophic zone, where the cartilage matrix calcifies, followed by a degradation zone
where osteoclasts (also referred to as chondroclasts) degrade the cartilaginous matrix, and a bone formation zone. Type Il ossification, in the hypurals, is characterized
by a lack of the calcification and ossification zones, leading to tubular concave bones filled with adipose tissue. Schematics based on detail description in Weigele and
Franz-Odendaal (36). A, adipose zone; C, calcification zone; CB, chondroblasts; CC, chondrocytes; D, degradation zone; H, hypertrophic zone; HSC, hematopoietic

zone.

stem cell; M, maturation zone; MSC, mesenchymal stem cell; O, ossification zone; OB, osteoblasts; OC, osteoclasts; OT, osteocytes; P, proliferation zone; R, rest

irregularly shaped nucleus. Laterally to these cells there is a zone
of differentiating osteoblasts where cells are smaller and more
elongated, assuming the typical spindle shape of osteoblast-like
cells, which cover all zebrafish bones with a monolayer at the level
of the perichondrium (36). Type II osteoblast clusters are smaller
(4-12 cells) and are distributed throughout the skeleton. These
osteoblasts have a reduced size, elongated nucleus and are present
throughout the bony trabecular network of spongy bones. Type
IT osteoblast clusters can also be detected at the edges of cartilage
break down zones and lateral to the epiphysial growth plate, at
the outer surface of tubular bones (36).

Most skeletal elements in the adult zebrafish skeleton contain
osteocytes, but with a smaller volume and less canaliculi
compared to mice and humans (36). The mechanosensing ability
of osteocytes in zebrafish is not fully understood yet, but it
was shown that osteocytes have a preferred orientation in
adult zebrafish vertebrae (36). Acellular bone, without trapped
osteocytes, can be found in many zebrafish cranial bones.
Contrary to expectations, acellular bone does not appear to be
stiffer due to the lack of osteocyte lacunae, making the role of
acellular bone unclear (43). It is important to note that both
cellular and acellular bone can occur within the same bony
element. Osteon-like structures in zebrafish have been reported
(for the lateral ethmoid bone) but these structures, composed
of a central Haversian canal and bone lamella, do not have
osteocytes (36).

In mammals, bone resorbing cells are multinucleated
macrophages originating from the fusion and maturation of
peripheral blood monocytes differentiated from hematopoietic
bone marrow cells (44). Multinucleated osteoclasts can also
be found in teleosts, especially in basal teleosts, such as
salmonids and cyprinids (45). Nevertheless, in teleosts, smaller
and mononucleated osteoclasts are predominant, but they retain
the molecular regulators of mammalian osteoclast function
(37). Examples include receptor activator of nuclear factor
kappa-B (Rank) and Rank-ligand (Rankl) which are important
for osteoclast maturation. Mature osteoclasts become tartrate-
resistant acid phosphatase (Trap) and cathepsin K (CtsK)
positive, which are both required for the cells to be able
to degrade bone matrix components (37, 46). Zebrafish
are characterized by an ontogenic change at 30 dpf when
mononucleated osteoclasts evolve to multinucleated osteoclasts,
which perform lacunar resorption and bone remodeling (37).

Each cell type achieves and performs its function by involving
specific genes, acting as molecular fingerprints. All three bone

cell types develop from similar progenitors as their mammalian
counterpart and share similar profiles of gene expression
(Figure 2A) (36). Gene expression of zebrafish collagen and
transcription factor in skeletal cells of cartilage and bone are
not completely conserved with mammals. Unlike mammals,
zebrafish osteoblasts express collagen type X and various teleosts
have been shown to have collagen type II in their bone
matrix (47, 48). In addition, Sox9 expression, which is required
for differentiation of chondrocytes, but not of osteoblasts in
mammals, has been reported to be involved in bone development
in teleosts (49). Unlike tetrapods, zebrafish type I collagen, the
most abundant protein in bone, has three instead of two different
a chains, namely al, a3, and a2 encoded by collala, collalb,
and colla2, respectively (50). Based on the amino acid sequence,
the a3 chain is phylogenetically similar to al, supporting the
common origin of their coding genes, which derive from a
genome duplication that occurred at an early stage in teleost
evolution (51). Importantly, all amino acid residues involved
in human/mouse collagen type I cross-links are conserved
in zebrafish, suggesting the existence of similar extracellular
assembly (50).

Bone Ossification

Bone formation starts in zebrafish around 4-5 dpf. The bony
elements can have three modes of ossification: intramembranous,
perichondral, or endochondral. Intramembranous ossification
starts with mesenchymal cell condensation and differentiation
into osteoblasts, without the need of a cartilage template
(Figure 2Bi) (45). This type of ossification occurs in the skull, for
example in the cranial roof and opercular bones, in the vertebral
column, where most of the vertebral body is formed by this type
of ossification, in scales and in the fin rays (45). In mammals, this
ossification is mostly restricted to bones of the cranial vault and
the dentary (52).

Perichondral ossification, characterized by bone formation in
the perichondrium, is more common in the teleost compared
to the mammalian skeleton, where it has been considered
as a form of intramembranous ossification (45). In teleosts
perichondral ossification is present in the hyomandibula and
Meckel’s cartilage, where osteoblasts aggregate on the surface
of the cartilaginous template and deposit bone matrix into the
perichondrium (Figure 2Bii).

Endochondral ossification, which is the main type of
ossification in mammals, is uncommon in teleosts. In this type
of ossification, mesenchymal cells condense and differentiate
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into chondroblasts and chondrocytes, which then secrete an
extracellular cartilage matrix that functions as a template that
is replaced by bone matrix (Figure 2Biii). In teleosts, two
types of endochondral ossification exist. In a few bones, such
as the ceratohyal and the radials in the pectoral fin, type I
endochondral ossification takes place at the level of epiphysis
and of the epiphysial growth plate resembling the mammalian
endochondral ossification process. It is characterized by a
resting zone, a proliferation zone with columnar cartilage,
and a hypertrophic zone followed by a region in which
cartilage matrix calcifies (36). Finally, chondroclasts degrade the
cartilaginous matrix (degradation zone), allowing osteoblasts to
lay down bone matrix (ossification zone). In the hyomandibula,
branchial arches, ethmoid and hypuralia type II endochondral
ossification takes place. Here, the calcification and ossification
zones are absent and the cartilage template is replaced by
adipose cells, leading to tubular concave bones filled with adipose
tissue (36, 37).

Because the cranial skeleton is often too complex for screening
by high throughput methods, the zebrafish vertebral body is
the most investigated component of the skeleton both in early
and adult life stages. Although the vertebrae in both mammals
and teleosts consist of notochord and bone, there are a few key
differences. First, the notochord is the de facto vertebral column
in early teleost life stages and persists throughout life, while it
only forms the intervertebral disc in mammals (53, 54). The
notochord consists of a core of large and vacuolated chordocytes
which is surrounded by an epithelial layer of chordoblasts that
secrete the notochord sheath. This sheath is a stratified structure,
composed of a thin external membrane containing elastin,
covering a thicker layer of mainly collagen type II (54). Second,
while the vertebrae in mammals have a cartilaginous precursor
which endochondrally ossifies, zebrafish vertebrae form initially
through direct mineralization of the notochord sheath, called
chordacentra, in the absence of a cartilaginous precursor (55, 56).
To this day, the exact cellular involvement of this notochord
sheath mineralization remains unresolved. Third, the teleost
vertebra is subsequently built via intramembranous ossification
outside the notochord onto the chordacentrum, consisting of a
compact autocentrum and trabecular arcocentrum, which forms
the neural and haemal arches (56, 57). The osteoblasts produce
collagen type I bone matrix and start to ossify the autocentrum at
the level of the intervertebral disc, which acts as the growth center
of the vertebral centrum (34).

GENERATION OF KNOCK-OUT AND
KNOCK-IN ZEBRAFISH MODELS

Forward Genetic Approach

Different methods to generate zebrafish models of human
disorders have been explored over the last decades. Initially,
a number of large-scale forward genetic screens, based on
random mutagenesis with radiation, chemicals, or insertional
mutagenesis, revealed zebrafish mutants affecting different
aspects of embryonic development and biological processes
(58-60). This phenotype-driven approach was also applied

to screen for genes involved in skeletal development and
diseases (Table 1). Several mutants with defects in craniofacial
cartilage elements and with mineralized tissue phenotypes
(119), or with changes in the shape of the skeleton (96) were
identified in large scale forward genetic screens. Mapping of
the causative change established some of these mutants as
models for human skeletal disorders. For instance, in a study by
Gistelinck et al. (120), several type I collagen zebrafish mutants,
previously discovered in a forward genetic screen (96), were
established as representative models for the brittle bone disorder
osteogenesis imperfecta.

Reverse Genetic Approach: Morpholino

Knockdown and Gene Editing

Although forward genetics brought great progress to the field
of disease modeling, still, for many causal human disease
genes, this approach did not reveal corresponding zebrafish
mutants, as there is incomplete genome coverage of mutagenesis.
Consequently, the need to investigate the function of relevant
candidate genes for specific diseases or developmental pathways,
sparked the expansion of reverse genetic approaches in the
zebrafish field.

The assessment of candidate gene function was initially
enabled via knockdown through the wuse of antisense
morpholinos (MO). Their ease of use made this approach
increasingly popular for gene function analysis, and several
early studies demonstrated that MO-mediated knockdown
(“morphants”) recapitulated known mutant phenotypes
(121, 122). Over the past years, MOs have also been used in
zebrafish modeling of skeletal disorders (Table 1). An example
includes the monogenetic form of X-linked osteoporosis, caused
by loss-of-function variants in PLS3 encoding for plastin 3, a
cytoskeletal protein involved in bone homeostasis. MO-mediated
knockdown of pls3 in zebrafish (18) induced malformations
of the developing craniofacial bone structure, which could be
reversed by the administration of human PLS3 mRNA. Another
example by Flores et al. (68) shows that depletion of runx2b
by MO injection severely compromised craniofacial cartilage
formation, phenocopying the human dominantly inherited
disorder cleidocranial dysplasia, a condition characterized by
impaired ossification and multiple skeletal abnormalities (68).
Nevertheless, problems with the application of MOs in zebrafish
emerged, such as the frequent occurrence of p53-dependent
apoptosis (123-125), and off-target effects resulting in so-
called “pseudophenotypes” (126, 127), but also MO-induced
phenotypes that cannot be recapitulated in existing mutants
(128). The latter issue has recently been studied in more detail
leading to the insight that, at least for some genes, the phenotypic
differences between morphants and mutants can be due to
genetic compensation in the latter, but not in the former (129).

Definitive reverse genetic approaches in zebrafish recently
became available in the form of site-specific nucleases enabling
targeted gene modification. Initial work utilized zinc finger
nucleases (ZFNs) (130, 131), and transcription activator-like
effector nucleases (TALENs) (132). However, CRISPR/Cas9
genome editing is currently the most versatile and frequently
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TABLE 1 | Zebrafish models for skeletal disorders.

TABLE 1 | Continued

Disorder Gene Type Origin References Disorder Gene Type Origin References
Acrocapitofemoral lhh KO ENU (40) Osteopetrosis m-csf KO ENU 97)
dysplasia Osteoporosis TR (98)
Alagille syndrome Jjagd1b KO ENU 61) Osteoporosis TR (99)
Amelogenesis slc10a7 KD MO (62) Osteoporosis gpri37b KO CR (100)
imperfecta
Imp; Osteoporosis TR (101)
Auriculocondylar mef2ca KO ENU (63) .
Osteoporosis TR (102)
syndrome .
Bruck syndrome Plod2 KO  ENU (16) Osteoporosis atp6v1h KGO CR 0
Campomelic dysplasia ~ sox9a, sox9b KO ENU (64) QOsteoporosis lgmn KO A (103)
Cartilage-Hair mrp KO CR (65) Osteoporosis Irp5 KD MO (19)
Hypoplasia Osteoporosis pls3 KD MO (18)
Cenani-Lenz Ip4 KD MO (66) Osteoporosis TR (104)
syndactyly Pseudoxanthoma enpp1 KO ENU (105)
Chordoma HRASV12 OE Tol2 67) elasticum
Cleidocranial dysplasia  runx2b KD MO (68) Pseudoxanthoma abccba KO ENU (106)
Craniofacial defects tgfb2 KD MO (69) elasticum
Craniofacial defects fgf70a KD MO (69) Saethre-Chotzen twist, tfc12 KO TA (107)
Craniosynostosis tef12 Tol2 (70) syndrorﬁe
Craniosynostosis cyp26b1 KO ENU (71) Sa9|—W|Ison syndrome c?g 4 KO CR (108)
Craniosynostosis cyp26b1 KO  ENU (72) Spine curvature Kif6 KO A (109)
disorders
Culler-jones syndrome gli2 KO Tol2 (73) .
) o Spine curvature ptk7 KO ZFC (110)
Delayed mineralization Pth4 (74) disorders
Delayed mineralization TR (79) Spine curvature slc39a8 KO  CR (111)
Ehlers-Danlos b4galt7 KD  MO/CR (76) disorders
syndrome Spine curvature col8ala KO ENU (112)
Fibrodysplasia acvri CE Tol2 (77) disorders
Ossificans Progressiva Spine curvature thx6, herl, her7, KO TA (35)
Gaucher disease gbat KO ENU (78) disorders hes6
Holoprosencephaly ptch KO ENU (40) Spine curvature utsora KO TA (113)
Hyperosteogeny nlalcd OE Tol2 (79) disorders
Hyperthyroidism tshr KO ENU (80) Spine curvature TR (114)
Hypohidrotic eda, edar KO  ENU 1) disorders
ectodermal dysplasia Sponastrime dysplasia tons/ KO CR (115)
Joint disease scxa KO CR (82) Stickler/Marshall coll1ala, KD MO (116)
Klippel Feil syndrome meox1 ENU 83) syndrome coll1alb
Multiple hereditary ext2, papst1 KO ENU 84) Tumoral calcinosis golgb1 KO TA (117)
exostoses Vertebral fractures TR (118)
No mineralization entpds KO ENU (85)

- KO, Knockout; KD, knockdown; MO, morpholino; CE, cell ablation; MM, missense
Oculodgntod|g|tal cox43 KO ENU (56) mutation; ENU, N-ethyl-N-nitrosourea; CR, CRISPR; Tol2, transposon-mediated
dysplasia integration; TR, treatment, meaning OP models induced by microgravity, drugs, aging,
Orofacial cleft tgfp3 KD MO 87) physical exercise, iron stress, microRNA, mechanical loading; TA, talen; ZFN, zinc
Orofacial cleft mir140 KD MO 88) finger nuclease.

Orofacial cleft faf1 KD MO (89)

Orofacial cleft wnt9a, irf6 KO Tol2 (90)

Osteoarthritis coll1a2 KO ENU ©1 employed reverse genetic technology for the creation of both
Osteoarthritis prg4a, prg4b KO TA (92) knock-out and knock-in disease models. The CRISPR/Cas9
Osteogenesis collala MM ENU (14,15, 99) system induces a double-stranded DNA break (DSB), carried
imperfecta out by the Cas9 nuclease, at a specific target site, recognized
Osteogenesis bmp1 KO BNV (94) by the binding of a single-guide RNA (sgRNA) molecule.
imperfecta . . . .

, Following DSB, different endogenous repair mechanisms can
Osteogenesis sp7/0sx KO ENU (95) e .
imperfecta be initiated. On one hand, the error-prone non-homologous
Osteogenesis coliata, coliatb, MM ENU 96) end joining (NHEI) pfithway can be actlvate.d, oftep 1eadlr.1g
imperfecta cola2 to the introduction of indel mutations due to imprecise repair,

resulting in gene knock-out. The generation of gene knock-outs
(Continued)  in zebrafish is relatively straightforward and efficient. In a study
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by Zhang et al. (20) for instance, mutations in the ATP6VIH,
coding for vacuolar ATPase, were identified in patients with short
stature and osteoporosis. Loss-of-function mutants in atp6vih
were generated in zebrafish through CRISPR/Cas9-mediated
gene knock-out (20). These mutants demonstrated loss of bone
mass and increased expression of matrix metalloproteases mmp9
and mmpl13. Indeed, pharmacological inhibition of mmp9 and
mmpl3 rescued the bone phenotype, suggesting that blockade
of collagen degradation can be a valid therapeutic target.
CRISPR/Cas9 gene editing has been recently used to generate
knock-out zebrafish for crtap and p3hl, two genes that are part
of a protein complex which is involved in prolyl 3-hydroxylation
and proper folding of collagen type I. Loss-of-function mutations
in the human ortholog genes cause recessive forms of OI. These
zebrafish models faithfully mimic the human disease and support
the defective chaperone role of the 3-hydroxylation complex as
the primary cause of the skeletal phenotype (17).

In general, reverse genetic approaches are limited by the
time required to generate mutant lines, where stable knock-
out zebrafish are mostly obtained and analyzed from the F2
generation on. Therefore, an approach for rapid CRISPR-based
reverse genetic screens was developed in which phenotyping is
performed directly in FO (mosaic) founders, which are called
“crispants” (133, 134). This enables moderate to rapid throughput
reverse genetic screens of candidate genes, contributing to
skeletal disease. In a study by Watson et al. (133), the
comparison between somatic, CRISPR-generated FO mutants and
homozygous germline mutants for plod2 and bmpl, two genes
implicated in recessive OI, revealed phenotypic convergence,
suggesting that CRISPR screens of FO animals may faithfully
recapitulate the phenotype of skeletal disease models (133).

As an alternative to NHE]-mediated repair of CRISPR/Cas9-
induced DSB, the homology-directed repair (HDR) pathway can
be initiated, but only in the presence of a homologous repair
template. In physiological circumstances, HDR occurs between
sister chromatids during the G2 and S phase of the cell cycle.
The knock-in modeling procedure exploits this mechanism by
supplying the CRISPR/Cas9 system with an artificial repair
template, homologous to the target sequence and containing
a specific variant of interest. For the generation of knock-in
models, mostly single-stranded oligodeoxynucleotide (ssODN)
repair templates are used (135) mainly because the design and
production of ssODNs is easier, cheaper and results in higher
HDR efficiencies compared to double-stranded templates such
as plasmids (136, 137). The need to complement knock-out
models with these more precise knock-in disease models is
growing, for various reasons. Firstly, specific point mutations
may cause a highly divergent pathobiology compared to loss-
of-function mutations modeled by knock-out models. More
specifically, certain missense mutations may cause a gain-of-
function rather than a loss-of-function, while missense mutations
in genes encoding proteins included in protein complexes may
exercise a dominant negative effect and change the function
of the whole protein complex. For instance, in dominant
types of OI caused by mutations in the genes encoding the
type I collagen a chains, depending on the type of mutation,
either the quantity or the structure of type I procollagen is

altered (138). The “quantitative” mutations, mostly resulting in
a null COLIAI allele, typically cause mild forms of OI, while
“qualitative or structural” defects, frequently associated with
glycine substitutions, can be responsible for lethal, severe or
moderate forms of the disease.

Also, missense mutations in vital developmental genes may be
hypomorphic while their loss-of-function counterparts result in
early lethality, as reported in the cdc6 zebrafish mutant for Meier-
Gorlin syndrome. Hypomorphic mutations in the cdc6 gene
recapitulate the patients phenotype, while the knock-out mutants
are embryonically lethal. In these cases, the introduction of
such point mutations is a prerequisite to faithfully recapitulating
human disease. Secondly, as mentioned before, several zebrafish
knock-out models failed to generate a phenotype, which can
be due to mRNA decay-induced genetic compensation (139), a
phenomenon that is not expected to occur in knock-in models.

Nevertheless, several drawbacks mitigate the straightforward
use of HDR knock-in zebrafish models. Firstly, HDR pathways
have proved highly inefficient for genome editing (140)
even despite proposed modifications, such as repair template
modification (141, 142), cell cycle arrest (143) and chemical
compound administration (144-151). Secondly, CRISPR/Cas9-
mediated HDR mechanisms have been shown to be error-prone
(152, 153). These issues hindered the development of knock-
in zebrafish models and only a limited number have been
reported, in contrast to numerous knock-outs. For instance,
CRISPR/Cas9-mediated point mutation knock-ins have been
generated for genetic variants implicated in inherited cardiac
diseases (154-156), although to our knowledge none have been
described so far for skeletal diseases. Different recently developed
DSB-free alternatives for precise base pair substitution, such
as programmable base editing (157-159) and prime editing
(160) promise to be more efficient and versatile approaches, but
more research is needed to further improve these methods for
application to the zebrafish model system.

TRANSGENIC LINES

Transgenic Zebrafish to Trace Bone Cells

and Pathways

Despite the development of new approaches in large-scale
and more recently single-cell transcriptomics, genomics,
epigenomics, and proteomics (161), these techniques are
time consuming, expensive and only available in specialized
laboratories (162-164). Furthermore, retrospective
analyses exclude cells that do not survive to the point of
cell harvest, a common and necessary event in growth and
regeneration. Therefore, to be able to understand the dynamic
nature of tissue development and regeneration, in vivo time-lapse
imaging is essential.

The recent evolution of genetic engineering has allowed the
generation of transgenic animal models, expressing fluorescent
proteins under cell- or pathway- specific promoters, enabling
in vivo imaging of differentiation and signaling (165). However,
the generation of transgenic murine models remains technically
demanding, time consuming and expensive (166). In addition,

-omic
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since mice develop in utero, it is almost impossible to investigate
early developmental processes in real time and the visualization
at cellular level usually requires post-mortem analyses (167).
Zebrafish, with its fast external development, transparent early
life stages and relative easy genetic manipulation, is rapidly
becoming the model of choice for examining developmental
processes via time-lapse microscopy. The introduction of
reporter genes downstream of a specific promoter makes it
possible to produce site-directed indicators in different organs,
tissues or cells and permits real time imaging in developing
embryos or post-hatch stages; or even in mature zebrafish by
fluorescent microscopy on whole mount specimens (168, 169).
A variety of transgenic reporter lines have been generated to
mark skeletal cell lineages at different stages of differentiation and
signal transduction pathways, by using the conserved regulators
of skeletal development (Table 2). The availability of fluorescent
reporter lines, together with the use of powerful techniques such
as two or multi-photon or light sheet microscopy, has allowed
imaging of tissues and organs at a cellular and subcellular level,
especially by exploiting the transparency of early life stages (218).

Transgenic Lines to Trace Bone Cells

The most frequently used lines expressing fluorophores
in chondrocytes include Tg(—4.950x10:egfp)"*
and Tg(ColZalaBAC:mcherry)h”5910 (Table 2). The
Tg(—4.950x10:egfp)?*> was employed to detect sox10 expression
in head cartilage during embryo development and to follow
migration of neural crest cells during cranium morphogenesis
(175). The Tg(ColZalczBAC:mcherry)h"5910 reporter line
allowed impaired cartilage patterning and loss of chondrocyte
organization to be shown in a zebrafish model of a recessive
form of Ehlers-Danlos syndrome with partial loss of B4galt7,
a transmembrane Golgi enzyme that plays a pivotal role in
proteoglycan biosynthesis (76).

In order to trace the differentiation of bone forming
cells, transgenic lines for both early and late osteoblast
markers, expressing fluorophores under the osterix/sp7 and
osteocalcin/bglap promoters, have been generated (Table 2).
The Tg(sp7:EGFP)">12 line allowed osteoblast behavior to
be studied during both intramembranous and endochondral
ossification. Moreover, this line was used to investigate the
abnormal perichondral ossification in the RNA component
of the mitochondrial RNA-processing endoribonuclease (rmrp)
knock-out zebrafish model of cartilage hair hypoplasia (65).
Tg(Ola.sp7:mCherry)¥'3! was crossed with the OI type XIII
zebrafish model frilly fins to elucidate the role of the bone
morphogenic protein 1, encoded by bmpla gene, in osteoblast
differentiation and localization (94).

The Tg(Ola.bglap.1:EGFP)"4%%8 line was used to understand
the fundamental role of osteoblast dedifferentiation during bone
healing in response to traumatic injury, and to show that
adult zebrafish osteoblasts display an elevated cellular plasticity
compared to their mammalian counterpart (195).

Despite the conservation of most of the osteoblastogenic
markers, in zebrafish the expression of coll0a is not limited to
chondrocytes as in mammals, but is also present in osteoblasts
(203). The transgenic line Tg(—Z.ZcollOa]a:GFP)Ck3, expressing
GFP under coll0al promoter, has therefore been used to

investigate molecular events driving both chondrocyte and
osteoblast development (203).

An interesting application of the transgenic reporter lines
is their use in combination with a mineral stain, imaged at
different fluorescent wavelengths, enabling the combined
study of osteoblast dynamics and bone mineralization
(196). For instance, alizarin red staining of the transgenic
zebrafish Tg(Ola.sp7:NLS-GFP)¥132 localized osterix/sp7 positive
osteoblasts in the mineralized bone and revealed the absence
of osterix/sp7 expression in the anterior notochord region
at 8 dpf (104). Similarly, mineral staining in combination
with Tg(osx:Kaede)Pd64 confirmed the osteoblast independent
mineralisation of the notochord (196).

Most of the available osteoclast reporter lines express
fluorophores under control of the promoter of cathepsin K
(Ctsk), the osteoclast collagenase that mediates bone resorption
(Table 2) (46). Chatani et al. (97) proved the absence of
osteoclasts in the panther mutant, which lacks a functional
receptor for the macrophage colony stimulator factor, taking
advantage of the Tg(ctsk:mEGFP) transgenic line. A significantly
reduced number of GFP-positive osteoclasts was found in
the neural and haemal arches in panther larvae, indicating
a crucial role of the protein in osteoclast proliferation and
differentiation. Additionally, the medaka, another well-
characterized teleost bony fish used for developmental and
biomedical studies, was used to study osteoclasts by placing
the gene encoding for the receptor activator of nuclear factor
kappa-B ligand, rankl, a key osteoclast differentiation factor,
under the control of a heat shock element (23). Increased
osteoclast differentiation induced upon Rankl activation
in this Tg(rankl:HSE:CFP) line resulted in an osteoporotic
phenotype (46).

Transgenic Lines to Trace Signal

Transduction Pathways
Zebrafish transgenic lines expressing in vivo reporter proteins
under the control of signaling pathway responsive elements are
a powerful tool to dissect dynamically the in vivo activation
or repression of endogenous signaling pathways in real time
(210, 219-221). Calcium, Bmp and Wnt pathways are crucial
players during bone formation (222-224). Transgenic lines
to further investigate these pathways have been generated
(Table 2). The Tg(hsp70:bmp2b-GFP) line was used to analyze
the role of the Bmp2 signaling pathway in an enteric disease,
but the transgenic model could be employed to dissect
BMP2b signaling in bone (225). To investigate Wnt pathway
activation the Tg(7xTCF—Xla.Siam:GFP)i“4 and Tg(7xTCF-
Xla.Siam:nlsmCherry)®  transgenic lines, which contain
multimerized fcf/lef binding sites for the transcription factor
activated by B-catenin upstream to a siamois minimal promoter,
were generated allowing the dynamics of neural crest-derived
cell migration to be traced during development (211). Using
the Tg(7xTCF-Xla.Siam:nlsmCherry)'®  transgenic line it
was also possible to elucidate important regulatory steps in
the osteogenic differentiation process of mesenchymal stem
cells (73).

Finally, the unfolded protein response (UPR) was shown to
play an important role in the modulation of the phenotype in rare
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TABLE 2 | Transgenic lines employed to study zebrafish skeleton.

Cell type Gene/pathway Transgenic line References Applications
Neural crest-derived skeletal sox10 Tg(sox10:GFP)Pas (170) (170)*, (19)*
cells s0x10 Ty(sox10:kaede)3%3 Aa71) (90, 171)*
sox10 Tg(sox10:mRFP)"234 (172) (78, 172)*
sox10 Tg(-4725s50x10:Cre)Pa’* (173) (173, 174)
sox10 Tg(—4.9s0x10:egfp)*? (175) (175-177)%
i1 T(fi1:EGFP)’ (178) (19, 78, 89, 178, 179)*
Cartilaginous cells foxp2 Tg(foxp2-enhancerA:EGFPy°# (180) (180, 181)*
colzala Tg(Col2a1aBAC:mcherry)#5970 (40) (78, 91, 105)%, (40, 182)*,
(76)"
col2ala Tg(-1.7col2ala:EGFP-CAAX)™12 (183) (183, 184)*, (112)*
col18at Tg(16Hsa.COL18A1- (185) (185)*
Mmu.Fos:EGFP?15
Preosteoblasts cyp26b1 Tg(cyp26b1:YFP)u5786 (72) (72)*
cyp26b1 Tg(cyp26b1: YFP)hu7426 (186) (186)*
Branchial arches and notochord cyp26al Tg(cyp26al.eYFP)iul/+ (187) (187, 188)*
cells
Intervertebral disc cells shhb Tg(-5.2shhb:GFP)™! (189) (189)*
twist Tg(Ola.twist1:EGFP)°a104 (190) (190)*
Early osteoblasts osx/sp7 To(sp7:EGFP)P1212 (181) (73, 181)*,
(112, 179, 191, 192)*,
(193)8, (65)*
osx/sp7 Tg(Ola.sp7:mCherry)13! (72) (94)*, (72)*
osx/sp7 Tg (Ola.sp7:NLS-GFP)132 (72) (194)3, (72, 195)%, (78, 85)",
(196)*
osx/sp7 Tg(osterix:mCherry-NTRo)P446 (197) (197, 198)8
osx/sp7 Tg(osx:Kaede)P?6* (198) (196, 199)%, (198)§
osx/sp7 To(osx:CFP-NTR) (200) (200)*
osx/sp7 Tg(osx:H2A-mCherry)P9310 (198) (198)8
osx/sp7 Tg(osterix:Lifeact-mCherry)°¥2032 (201) (201)8
col10al Tg(Col10a1BAC:mCitring)“7050 (202) (78, 91, 105)*, (202)*
col10at Tg(-2.2c010a1a:GFPIK3 (203) (203, 204)
runx2 Tg(Hsa.RUNX2- (205) (95, 195)*, (205)8
Mmu.Fos:EGFP)2%
runx2 Tg(RUNX2:eg9fp) (31) (31)*, (182)*
Mature osteoblasts osc/bglap Tg(Ola.bglap. 1:EGFP)4008 (205) (105, 195)%, (205)8
entpd5a TgBAC (entpd5a: YFP)15939 (85) (35)%, (85)*
entpdsa TgBAC(entpd5a:Kaede) 6567 (195) (195)*, (35)*
collatl Tg(col1al:EGFPF19 (31) (31)*, (18)*
rankl To(rankl:HSE:CFP) (46) (46)
notchila Tg(Ola.sp7:N1alCD)>3! (79) (79)*
Osteoclasts ctsk TgBAC(ctsk:Citrine)?3%6 (206) (105)*
ctsk Tg(ctsk:YFP) (206) (105)*
ctsk Tg(ctsk:DsRed) (207) (207)*
otsk To(CTSK-DsRed) ©7) @7y
ctsk Tg(Ola.ctsk:EGFPY305 ©@7) @7y
ctsk To(ctsk:mEGFP) (46) (46, 208)*
trap To(TRAP:GFP) 97) ©7)*
trap Tg(trap:GFP-CAAX)°u2031 (201) (201)8
Bmp responsive cells Bmp pathway Tg(Bre:GFP)P”” (209) (209)*
(Continued)
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TABLE 2 | Continued

Cell type Gene/pathway Transgenic line References Applications
Bmp pathway Tg(bre:egfo)P®10 (210) (177, 210)*
Bmp pathway T9(BMPRE:EGFP)a18 (169) (169)*, (78)*

B-catenin activated cells Wnt pathway Tg(7xTCF-Xla.Siam:GFP)a (211) (211)*, (78)*
Wnt pathway Tg(7xTCFXla.Siam:nismCherry)2® (211) (78, 211)*
Wnt pathway Tg(hsp70l:wnt8a-GFP)*3* (212) (213)*
Whnt pathway Tg(hsp70l:clkk1-GFP)*32 (214) (73), (214)8
Wnt pathway Tg(myl7:EGFP)wd34 (215)

Stress responsive cells UPR pathway Tg(ef1a:xbp18-gfp)mP10 (216) (216)*
UPR pathway Tg(Hsa ATFERE:d2GFP) ™85 ©17) ©17)
UPR pathway Tg(Hsa ATF6RE:eGFP)™w84 (217) (217)

*“Transgenic lines used to characterize mutants with skeletal pathologies, *transgenic lines used to analyse skeletal development and molecular pathways, Stransgenic lines used to

study skeletal regeneration, Medaka transgenic lines are reported in bold.

skeletal diseases (226, 227). Interestingly, transgenic zebrafish
lines allowing different branches of this pathway to be followed
are already available (216, 217, 228, 229). For instance, the
transgenic zebrafish model Tg(efla:xbp15-gfp)™'? has been used
to trace in vivo the splicing of xbp1, one of the terminal effectors
of the UPR (216).

Live Imaging of Bone Regeneration

Tracing bone cells in vivo using transgenic lines in adult zebrafish
is challenging due to tissue depth and complexity, but is possible
in external structures such as fin rays or scales, which are
easily accessible and suitable for regeneration studies (198, 230,
231). Indeed, the available panel of transgenic lines expressing
fluorescent and photo-switchable reporter genes in bone cells
is useful to trace regeneration in vivo (198). This strategy has
clarified important biological aspects such as the cellular basis
of integumentary bone regeneration. In vivo imaging of the
Tg( sp7:EGFP)P1212 transgenic line during caudal fin regeneration
showed the presence of GFP positive cells at the amputation
plane starting from 2 days post amputation (dpa) and their
association with the formation of newly mineralized matrix by
5 dpa (181). Osteoblast lineage tracing in the Tg(osx:Kaede)?9%*
clarified migration and dedifferentiation of scleroblasts during fin
regeneration (196).

However, the slow rates of regeneration require long-term
live imaging to capture dynamic cellular events to improve the
understanding of development, homeostasis, and regeneration
by stem cell populations (232). Thus, to enable up to 24h
of continuous live imaging, specific protocols for long-term
anesthesia of adult zebrafish have been optimized (198). Indeed,
the transgenic line Tg(osx:H2A-mCherry)?®1° allowed spatio-
temporally distinct cell division, motility, and death dynamic
within a founder osteoblast pool to be imaged as bone
regenerates (198).

Transgenic Lines as Tool for Drug

Screening
Transgenesis is not only used to analyze bone development over
time, to assess a mutant phenotype or track cell signaling, but also

to evaluate drug screening effects (98, 104). Huang and colleagues
employed the transgenic line Tg(Ola.sp7:NLS-GFP)132 to test
anti-osteoporosis chemical drugs. This line, that expresses GFP
under control of osterix/sp7, allowed for a faster in vivo evaluation
of drug effects on bone mass and density compared to traditional
staining methods. In another study, the osteocalcin/bglap reporter
transgenic line Tg(Ola.Bglap:EGFP)"*40%8 was employed to test
chlorpropamide effects on the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB). The drug negatively
regulated osteoblast-like cell dedifferentiation, thus helping to
maintain bone forming cells in an active state promoting caudal
fin ray regeneration (233).

Tips for Transgenic Lines Selection

For the proper selection of transgenic lines there are some
aspects that require consideration. First, the choice of the
reporter protein is influenced by differences such as color,
brightness, toxicity, tissue penetration, subcellular localization,
as well as the stability of the fluorescent protein. For instance,
in order to study cell signaling dynamics or when performing
prolonged cell lineage tracing, the use of long half-life fluorescent
proteins is recommended. Furthermore, differences in signal
pattern and intensity can be found among transgenic progeny
possibly due to multiple insertions in the same founder,
thus complicating the analysis (169). This aspect can be
ameliorated by diluting the number of transgenic copies through
subsequent generations.

Finally, in order to verify the localization of the reporter
protein, the use of dual color analysis in the same transgenic
line is recommended (196, 199) by for example complementary
secondary techniques such as immunohistochemistry or in situ
hybridization (169, 199).

X-RAY IMAGING

One of the more frequently used techniques to visualize the
human skeleton is x-ray imaging. Classic x-ray systems for
human and veterinary purposes need to limit radiation exposure
to the patient, and therefore have limited exposure settings, that
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is their range of tube accelerating voltage (kV), current (mA),
and time of exposure. These parameters are set to optimize the
image of the skeleton while keeping the radiation exposure to
the patient as low as possible and cannot be easily changed.
Consequently, these medical appliances are not appropriate to
image the small zebrafish skeletons. Examples of x-ray sources
that have a wide range of possible x-ray output settings are small
manual units used to scan museum artifacts and fossils, a small
animal radiation research platform (SARRP; Xstrahl, Surrey,
UK) and the Faxitron® x-ray cabinets. Specifically, these sources
can be set to low power but long exposure time parameters,
and can be used in combination with high resolution technical
film such as mammography film or x-ray film (e.g., AGFA
D2) used in aerospace and petroleum factory applications. A
Faxitron x-ray cabinet in combination with mammography film
was used by Fisher et al. (93) to image the skeleton of WT and
chihuahua mutant zebrafish to screen for skeletal abnormalities
(Table 2).

With the revolution of digital sensors capturing the x-ray
signal, it has become straightforward to take an x-ray image
of a small or large part of the human skeleton. The use of
digital x-ray sensors is however more challenging when using
zebrafish (24, 234) as the resolution is too low in most cases
to capture a quality image of the small zebrafish skeleton. A
modern system such as a Faxitron Ultrafocus x-ray cabinet can
provide digital x-ray images up to a 5um spatial resolution
which can be geometrically magnified (Faxitron©) (Figure 3A).
This technique was used to screen for deformed and fragile
bones in chihuahua mutant zebrafish (15) and to assess the
gross skeletal anatomy of prgda—/~; prg4b~/~ mutant zebrafish
(92). Although these digital images may look clean and sharp,
the thinner less mineralized bones may not be present in
the image, which represents a loss of information about the
zebrafish skeleton (234). In contrast, technical film such as
AGFA D2 can theoretically capture extremely high-resolution
images. Such technical film works well in combination with
low energy settings needed for optimal imaging of the zebrafish
skeleton. Moreover, this film is able to capture an image of
smaller bones, which is not always possible when using a
digital sensor.

The main advantage of using x-rays to image the zebrafish
skeleton is that it is a cheap and quick methodology.
Furthermore, x-ray imaging can be repeated on live organisms
and can be used as a preliminary diagnostic tool for skeletal
imaging before applying a more specialized method such as
micro computed tomography (microCT) or mineral staining
(Figures 3B,C). For instance, x-ray imaging is frequently used
in aquaculture related research where it is a first line tool to
assess skeletal deformities (235, 236). Although x-ray imaging
can be employed to assess skeletal deformities in adult zebrafish,
its use for juvenile zebrafish, where the skeleton is too
small to be captured on film or digitally, is not feasible.
In addition, x-ray images of zebrafish are not suitable for
quantification of tissue or bone mineral densities. MicroCT
currently provides a better solution to estimate these bone
parameters (80, 120).

FIGURE 3 | Imaging techniques in zebrafish. (A) Lateral x-ray image of a wild
type zebrafish acquired with a Faxitron tabletop X-ray cabinet. Notice the
outline of the major bones in the skull and vertebral column and the outline of
the double chambered swim bladder (indicated by asterisks) in the abdominal
cavity. The tissue inside the vertebrae (indicated by block arrows) and
intervertebral spaces (indicated by line arrows), i.e., the notochord, can be
easily assessed for the presence of mineral. (B) Lateral view of a 3D
reconstructed microCT scanned adult zebrafish at 21 um. More details are
visible in the skull and especially the vertebral column compared to the x-ray
image (neural and haemal arch are indicated by arrow heads and the ribs with
a small arrows). (C) Lateral image in the fluorescent channel of a zebrafish
whole mount cleared and stained with alizarin red for mineralized tissues.
Compared to the images above, more details of the skeleton can be observed,
especially in the vertebral column where all individual bones and their outlines
can be noticed. The alizarin red image also allows to assess the presence of
mineral in the intervertebral space (indicated by arrows). All images were taken
of wild type zebrafish.

MICRO COMPUTED TOMOGRAPHY

Computed tomography (CT) is a non-invasive technology based
on x-ray analysis that allows detailed 3D reconstructions of
large specimens. The generation of CT images involves the
capturing and recording of x-rays that pass through the sample
onto a detector. This process is repeated several times for
multiple angles, followed by the virtual reconstruction into a
3D image (237). The required resolution for zebrafish imaging
is beyond the capabilities of medical CT machines (>70 jxm),
requiring higher resolutions, which can be obtained by microCT
(Figure 3B) (237). The resolutions that can be achieved with
modern microCT scanners vary from relatively low resolutions
(>20 pm), with quick scan times and large sample size, to higher
resolutions (<10 pum), with longer scanning durations and
smaller sample size. It is important to note that the magnification,
often described as the size of the voxels (3D pixels) is not
identical to spatial resolution, which is roughly 2-3 times larger
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(238). MicroCT is less time consuming and provides excellent 3D
resolution compared to optical microscopy/histology. Although
mainly mineralized tissues are recorded, resulting in a loss of
information on aspects such as cells and non-mineralized tissues,
the use of contrast agents allows visualization of different tissues
such as adipose or epithelial tissue and can even enhance the
signal of poorly mineralized bone (239, 240). For example,
scanning of juvenile stages can be performed by staining the
samples with silver nitrate beforehand, allowing for visualization
of early bone development where only low amounts of mineral
are present (241). However, with this approach only relative
mineralization densities can be determined, and not absolute
hydroxyapatite levels, which is an important parameter when
modeling skeletal disorders. The amount of hydroxyapatite
present in samples can be determined by performing a calibration
microCT scan of a reference object (phantom) with a known
hydroxyapatite concentration. This approach was used in a study
of the effect of aging on bone mineral density (BMD) in zebrafish,
revealing progressively increased BMD with age, in contrast
to humans (101). When interpreting skeletal phenotypes, it
is important not to rely on a single method, because certain
phenotypes can be better detected using other methods. For
example, a mineralized notochord leading to completely solid
centra is easier to assess using microCT compared to mineral
staining (72). In addition to 3D renderings, microCT data allows
the creation and viewing of individual slices throughout the
sample, similar to histological sections. Histology of mineralized
tissues is notoriously difficult and requires special protocols
because samples cannot be demineralized for sectioning. As an
example, a complementary approach of both histology and high
resolution microCT (6 wum) was used in a zebrafish model for
craniosynostosis revealing fusion of the coronal suture (107).
Although low resolution microCT (>20 m) does not allow
the detection of subtle skeletal changes, such as fusions
between adjacent bones, it is perfectly suitable for whole-
body scanning and phenotyping of adult zebrafish with a
moderate throughput (Figure 3B). Such a procedure was applied
by Gistelink et al. (120), where individual vertebral bodies
(neural/haemal arches and centrum) of different OI zebrafish
models were manually segmented. Subsequently, tissue mineral
density (TMD), vertebral length, bone volume, and thickness
were determined for each component (80). Manual segmentation
is a laborious process and possibly introduces human bias
into the analysis, which can be overcome by semi-automated
segmentation algorithms such as FishCut (80). FishCut enables
the measuring of a large number of parameters in the vertebral
column, and is supplemented by a statistical approach for analysis
(80). Models for Bruck syndrome, osteogenesis imperfecta and
hyperthyroidism have been successfully analyzed by this high-
throughput pipeline, thereby standardizing zebrafish skeletal
analyses (80, 120). High resolution microCT (<10pum) on
the other hand, allows for more detailed analysis, but is
very time consuming and limits the scanning to only small
segments of the skeleton (Figure 4). MicroCT scans of a vertebral
body at 1pm voxel size revealed osteocyte lacunae, which is
beyond the resolution range of whole body microCT scans
(Figures 4B,D) (242). In a study by Newham et al. (118), high

A =
>
0.3mm

FIGURE 4 | Comparison between low- and high-resolution microCT. (A) Image
of parasagittal microCT plane at 21 wm. (B) Similar structure as in (A) but
scanned at 0.75 um. Comparison between low-resolution and high-resolution
microCT clearly demonstrates the ability to distinguish separate vertebrae and
compact bone only using high-resolution microCT. (C) Anterior and lateral view
of a 3D maximal projection surface render of a vertebrae scanned at 21 um.
(D) Similar structure as in (C) but scanned at 0.75 um. Notice the difference in
detail where the growth rings (black circle) are visible in the vertebral endplate
on the anterior view. The lateral view of high-resolution microCT shows the
outline of the vertebra with the pre- and post-zygapophyses (white arrows),
and an antero-posterior running medial vertebral trabecula (white arrowheads).

resolution scans of vertebral bodies before and after mechanical
compression were analyzed via geometric morphometrics. The
obtained measurements were successfully used to determine
the deformation zones and subsequently used to predict the
deformation and strain during loading (118).

BONE HISTOLOGY: FROM WHOLE MOUNT
TO SECTIONS

Whole mount staining and high-resolution section analysis
of the zebrafish skeleton represent complementary techniques,
commonly used to describe bone development and structure at
tissue and cellular levels.

Whole Mount Mineral and Cartilage
Staining

In biomedical research, where the zebrafish is used as a model
organism, whole mount staining is generally used to study the
morphology of the skeleton (Table 3). The most commonly used
techniques are staining of mineralized tissues with alizarin red
S (ARS), staining of cartilage matrix with alcian blue (AB) or
staining both tissues with a combination of both ARS and AB
(Figure 5). These staining methods are based on well-established
protocols, where a specimen is made translucent to transparent
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TABLE 3 | Techniques applied to evaluate bone phenotype in zebrafish models.

Disorder Stage AR AB Dualstain Calcein Morphology Histology TEM SEM MicroCT X-Ray AFM qBei Nanoindentation FTIR References

Acrocapitofemoral L X (40)

dysplasia

Alagille L X X 61)

syndrome

Amelogenesis L X X (62)

imperfecta

Auriculocondylar L X X (63)

syndrome

Bruck syndrome  L-J-A  x X X (16)

Campomelic L X X X (64)

dysplasia

Cartilage-Hair L X X X (65)

Hypoplasia

Cenani-Lenz L X X (66)

syndactyly

Chordoma L 67)

Cleidocranial L X (68)

dysplasia

Craniofacial L X (69)

defects

Craniofacial L X (69)

defects

Craniosynostosis L-A X (70)

Craniosynostosis L X X (71)

Craniosynostosis ~ L-A X X X X (72)

Culler-jones A X (73)

syndrome

Delayed L X (74)

mineralization

Delayed L-A X X X (75)

mineralization

Ehlers-Danlos L X X X (76)

syndrome

Fibrodysplasia L-A X X (77)

ossificans

progressiva

Gaucher disease L X X (78)

Holoprosencephaly L X (40)

Hyperosteogeny L-A X X X (79)

Hyperthyroidism A (80)
(Continued)
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TABLE 3 | Continued

Disorder Stage AR AB Dualstain Calcein Morphology Histology TEM SEM ISH Transgenics MicroCT X-Ray AFM qBei Nanoindentation FTIR References

Hypohidrotic A X X X X (81)

ectodermal

dysplasia

Joint disease L-A X X X X X X (82)

Klippel Feil LA X (83)

syndrome

Multiple L X X (84)

hereditary

exostoses

No L-A X X X X (85)

mineralization

Oculodentodigital A X X (86)

dysplasia

Orofacial cleft L X X 87)

Orofacial cleft L (88)

Orofacial cleft L X X X (89)

Orofacial cleft L X X (90)

Osteoarthritis L-A X X X X 91)

Osteoarthritis L-A X X X X X (92)

Osteogenesis L-A X X (93)

imperfecta

Osteogenesis L-A X X X X X (94)

imperfecta

Osteogenesis L-A X X X X X (95)

imperfecta

Osteogenesis L-A X X X (96)

imperfecta

Osteogenesis L-A X X X X (15)

imperfecta

Osteogenesis L-A X X X X X (14)

imperfecta

Osteopetrosis L-A X X X X X (97)

Osteoporosis L X X (98)

Osteoporosis L X (99)

Osteoporosis A X X X (100)

Osteoporosis A X X (101)

Osteoporosis L X X X (102)

Osteoporosis L-A X X X X (20)

Osteoporosis L X X (103)
(Continued)
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TABLE 3 | Continued

AR AB Dual stain

Calcein Morphology Histology TEM SEM

ISH Transgenics

MicroCT X-Ray AFM qBei Nanoindentation FTIR References

Disorder Stage
Osteoporosis L
Osteoporosis L
Osteoporosis L

Pseudoxanthoma  L-J
elasticum
Pseudoxanthoma  L-J
elasticum
Saethre-Chotzen A
syndrome
Saul-Wilson L
Syndrome
Spine curvature L-J-A
disorders

Spine curvature L-J-A
disorders

Spine curvature J-A
disorders

Spine curvature L-A
disorders

Spine curvature L-A
disorders

Spine curvature L-A
disorders

Spine curvature A
disorders

Sponastrime L
dysplasia
Stickler/Marshall L
syndrome

Tumoral A
calcinosis

Vertebral A
fractures

X
X
X X
X
X X
X
X
X
X X
X
X
X

X

X

X

X
X X
X

X
X X
X

X

(19)
(18)
(104)
(105)
(106)
X (107)
(108)
X (109)
X (110)
(111)
X (112)
(395)
X (113)
X (114)
(115)
(116)
(117)
X (118)

L, Larval stage; J, Juvenile stage; A, Adult stage; AR, Alizarin red; AB, Alcian blue; TEM, Transmission electron microscopy; SEM, Scanning electron microscopy; AFM, Atomic force microscopy; qBel, Quantitative backscattered electron
imaging; FTIR, Fourier-transform infrared spectroscopy.
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FIGURE 5 | Whole mount staining in early stages and applications of visualization techniques in adult zebrafish. Schematic representation of whole mount cleared and
stained early stage zebrafish for cartilage with alcian blue, mineralized tissues (bone) with alizarin red and dual stained for both cartilage and mineralized tissues.
Notice that only part of the skull, the basiventrals [for definition see Gadow and Abbott (243)] of the abdominal vertebrae and the fins endoskeleton are pre-formed in
cartilage. Many bones in the skull and especially in the vertebral column are formed by direct intramembranous ossification. Images of adult skeletons taken by x-ray
can be used to score for skeletal abnormalities, while microCT data can be used in an analysis program such as FishCuT to obtain quantitative data of bone
measurements such as size, volume, thickness, and bone mineral density (80, 120). Bright field images or fluorescent images of whole mount cleared and stained
zebrafish for mineralized tissues with alizarin red can be used to study skeletal abnormalities in detail. The three techniques are mostly used on euthanized and fixed
specimens and thus can be applied on the same specimen sequentially. Moreover, the data procured by these visualization techniques can be integrated into a large
data matrix and allows detailed phenotypic descriptions of zebrafish disease models.

and cartilage matrix or mineralized tissues are stained with a dye.
Images of whole mount cleared and stained animals, taken with a
modern stereo microscope, have an even higher resolution than
standard microCT images (Figures 3B,C). Therefore, the whole
mount clearing and staining technique can be considered as the
gold standard for observing the whole zebrafish skeleton in detail.

Alizarin Red S

Many different protocols exist for ARS staining of mineralized
tissues, however the main steps are based on (i) removing the
pigmentation of the tissue with a bleaching solution (basic pH),

(ii) neutralization of depigmentation, (iii) staining the animal
with ARS, and (iv) clearing the animal of excess stain (244).
The ARS molecule is a dihydroxyanthraquinone, likely binding
the Ca?" on the hydroxyapatite surface to form either a salt
or a chelate form (245), thus it specifically stains mineralized
tissue. In disease models ARS will stain ectopic mineralization
in soft tissues. For example, ectopic mineralization was shown
surrounding the eye, in the wall of the bulbus arteriosus of the
heart and in the ventral skin of the dragon fish (dgf/7), a
knock-out zebrafish model for the gene that encodes Enpp1, and
modeled for generalized arterial calcification of infancy (GACI)

Frontiers in Endocrinology | www.frontiersin.org

July 2020 | Volume 11 | Article 489


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

Tonelli et al.

Techniques for Zebrafish Bone Phenotyping

and pseudoxanthoma elasticum (PXE) (105, 106). Bone collagen
in teleosts can also be deposited without being mineralized,
as was shown in salmon vertebral bone (246, 247) and in the
dentine of replacement teeth of the African bichir (248). It is
important to underline that the unmineralized collagen cannot
be visualized with ARS, however, mineralization usually quickly
follows collagen deposition. Finally, there is also one mineralized
collagenous tissue that does not stain with alizarin red S, the
hypermineralized enameloid of the tooth cusps (248, 249).

ARS staining for mineralized tissues is frequently used to
assess the development of skeletal elements in the head, axial
skeleton, and fins at early life stages (Figure5). In addition,
investigating the early skeletal phenotype can be focused on
a delay or advance in the development or specifically on the
mineralization status of early skeletal elements. Because ARS
is autofluorescent in the rhodamine channel (red), it can be
used in combination with skeletal transgenic zebrafish reporter
lines in which the fluorescent signal of the skeletal cells is in
a different light spectrum. Alternatively, a Kaede reporter line,
where the spectrum of the fluorescent protein can be changed
by exposing the specimen to UV-light, can be used in a more
flexible way (196). While most studies using ARS for mineralized
tissue examined fixed specimens, ARS can also be used as a
live stain especially in early stages where pigmentation does not
obscure the underlying skeleton yet [reviewed in (250)]. Staining
with ARS can also be employed to assess the juvenile and adult
skeleton (Figure 5) because mineralized bone is the main skeletal
tissue present at these life stages and is easy to observe with
this technique.

Alcian Blue

Staining cartilage whole mounts with AB 8GX, similar to ARS
staining, is based on several basic steps including (i) removing
the pigmentation of the tissue with a bleaching solution (basic
pH), (ii) staining the specimens with AB (acid pH), (iii)
rehydration and clearing the specimens of excess stain, and (iv)
dehydration and storing the specimens. The AB molecule is
part of the phthalocyanine dyes with most often copper (Cu?*)
as the central metallic ion which results in a blue stain. AB
has specifically four tetramethylisothiouronium solubility groups
with S=C bonds that are easily broken to bind an insoluble AB
molecule to the tissue (251). The stain binds as a salt to sulfated
and carboxylated acid mucopolysaccharides and glycoproteins
present in the cartilage matrix (251). Alcian blue is in most
cases dissolved in a dehydrating ethanol/acetic acid solution and
brought to a specific low pH. This low pH (1.5-2.5) causes AB to
stain very specifically to the cartilage matrix (Figure 5).

Cartilage is the main skeletal tissue in early life stages of
zebrafish, particularly in the skull (chondrocranium) and fins
(252). Therefore, AB staining has been largely used in early
life stages, ie., 2-20 dpf, to study the morphology of the
chondrocranium in different skeletal zebrafish models (62, 68)
(Figure 5). Developing malformations are mainly defined as the
irregular shape of skeletal elements, but can also be defined by the
absence of skeletal elements or the incorrect morphogenesis of a
single skeletal element (66, 84). Relative to the entire skeleton, not
much cartilage is present in later life stages (late juveniles, adults)

of zebrafish, yet AB staining can be used to assess for example
cartilaginous joints (92).

Alcian Blue/Alizarin Red S Double Stain

Staining of cartilage and mineralized tissues can also be combined
in a single specimen, as described in several papers by Kimmel
et al. (253, 254). In this protocol tissues are stained first with
AB followed by ARS staining (Figure 5). The dual staining for
cartilage and mineralized tissues is similar to the single stain
methods, except that AB can also be dissolved in a salt/ethanol
solution, where the salts can be sodium acetate or the more
commonly used magnesium chloride (244, 255).

The dual staining protocol is mostly used to assess
development of malformations of the early skeleton but
can also be used to investigate the normal development
and developmental sequence of the skeleton (69). More
specifically, dual staining has been used to assess ossification and
mineralization status of cartilaginous bones (40, 87) and shape
morphology of skeletal elements (61, 166).

The main advantage of this staining technique is the
visualization of both cartilage and bone in an individual
specimen, so that both connective tissues can be studied
at the same time. However, this approach has also several
disadvantages. First, when an acid/ethanol solution is used for
AB staining, this acidic staining solution demineralizes the tissues
that are subsequently visualized with ARS. This results in a
reduced staining of mineralized tissues compromising the correct
phenotypic assessment. This issue was reviewed by Witten et al.
(24). Therefore, it is advisable to always use single staining
protocols, either as an alternative or as a validation method in
parallel to the double staining protocol. Second, dissolving AB in
a non-acidic salt/ethanol solution is however challenging because
pH higher then 6 decreases the specificity of the staining solution
for mucopolysaccharides and glycoproteins (251).

ARS and AB Whole Mount Staining Advantages and
Pitfalls

Considering the simplicity and above all the extensive use of the
ARS and AB whole mount staining, a brief overview of its general
advantages and disadvantages may be useful.

Both the single staining and double staining approaches
are cheap and generally fast to use. Specimens that have not
developed scales yet, can often be stained in a single day, with
observations made the same day or the day after. In contrast,
adult specimens can take up to 2 weeks to stain (244). Indeed,
staining protocols need to be adapted to the size of the specimens.
Therefore, a thorough description of the staining protocol
is indispensable for the interpretation and reproducibility of
results (251, 256).

Detailed observations of cartilaginous and mineralized
connective tissues can be made owing to the high sensitivity and
specificity of both the ARS and AB stains. In particular, small
mineralized structures such as the initial mineralizations in early
life stages and small intermuscular bones or tendons in adult
life stages can be visualized by ARS with high fidelity (24, 234),
especially when using fluorescent light which greatly enhances
the visibility of these small structures (55, 250). Importantly,
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ARS stain disappears over time especially in small mineralized
structures requiring immediate observation and imaging once
the staining procedure is finished. In contrast, when specimens
are stored correctly in 100% glycerol, AB staining will remain
specific for a longer time (256).

Although AB stains cartilage matrix specifically when the
correct pH is used, AB solutions with a pH that is too high or
solutions that have a too high or too low salt concentration can
result in non-specific staining of non-cartilaginous connective
tissue, i.e., collagen type I bone matrix. Non-specific staining
can lead to incorrect interpretations of results. Finally, careful
interpretation is needed of single AB stained connective tissues
in specimens of 15 dpf and older. During the perichondral
ossification of cartilaginous bones in zebrafish (Figure 2Bii),
when a collagenous sheath forms around cartilaginous bone,
the AB solution fails to stain the cartilage, and therefore the
cartilaginous connective tissue appears absent. The presence of
cartilage beneath the collagen can however still be confirmed
using oblique light settings.

Histological Stains

Bone histology is often necessary to complement other imaging
techniques, such as whole mount imaging, and remains one of
the methods of choice to investigate the skeletal phenotype and
bone mineralization during developmental stages (Table 3). The
small size of zebrafish has forced researchers to adapt existing,
standard histological procedures performed on human and
murine skeletal tissues. High quality histological preparations
and extensive knowledge about the zebrafish skeletal anatomy
and development are indispensable for a correct skeletal
evaluation (36, 45). Since zebrafish share similar bone cell types
and cellular markers with mammals, it is possible to apply the
standard histological and histomorphometric staining protocols
available for mammalian bone, although with some technical
optimization. In zebrafish in particular, the cellular composition
analysis requires high-magnification imaging because skeletal
elements may consist of a very limited number of cells, that are
smaller in comparison with mammalian cells (24).

Unlike humans and mice, histology on zebrafish can easily
be performed on a whole specimen in different developmental
stages. Skeletal development can be followed in early juvenile
stages looking at the mineralization of the notochord sheath
and of cranial bones, while in adult zebrafish histology is most
often performed on the abdominal vertebra (the first 10 vertebrae
articulated with ribs, although this number is variable), the scales
and the caudal fin rays.

Histological Specimen Preparation

In general, the histological procedure for both whole adult
zebrafish and dissected bone samples, involves fixation in 4%
paraformaldehyde in phosphate buffer saline (PBS) pH 7.2
overnight at 4°C, decalcification in 10% EDTA pH 7.2 for 7
days at 4°C and dehydration according to standard histological
protocols or in a gradient series of acetone solutions (199).
Importantly, while no decalcification is required up to 20 dpf,
for juvenile to adult life stages the time of decalcification varies
and depends on the developmental stage and size. Juveniles from

21 dpf till adulthood are normally decalcified for 4 up to 7
days (257).

According to Oralova et al. (199), paraffin embedding does not
provide high quality histological details of zebrafish embryos and
of early juvenile stages. In these cases, epoxy, or methacrylate
resin embedding media are recommended (258). From epoxy
blocks, semi, and ultrathin sections can be obtained for
light and transmission electron microscopy, respectively, while
methacrylate is more suitable for histochemical reactions (24).
When using transgenic zebrafish lines expressing fluorescent
reporters, fluorescence is generally lost in paraffin embedded
samples. Cryosections preserve fluorescence, but significantly
decreases the quality of the morphological structure due to
processing artifacts. For this reason, Orolova and colleagues
developed a new protocol using glycol methacrylate (GMA)
embedding, which preserves both fluorescent labeling, epitopes
for immunostaining and morphology, making it a more suitable
choice (199).

Staining of Skeletal Sections

Different stains can be applied to histological sections of the
zebrafish skeleton. Masson’s trichrome and toluidine blue are
commonly used and generally allow visualization of collagen and
particular aspects of bone. Masson’s trichrome, which usually
stains muscle fibers red, collagen and bone in blue/green,
cytoplasm in light red/pink, and cell nuclei in dark brown to
black, reveals much thinner layers of collagen fibrils in a mutant
zebrafish model for type I collagenopathies, a heterogenous
group of connective tissue disorders caused by genetic defects
in type I collagen (120). Toluidine blue is often used to detect
bone cells, but is also a powerful dye to visualize proteoglycans,
elastin and, when using birefringent light—collagen type I and
type II fiber organization. Toluidine blue was used to detect
abnormalities in glycosaminoglycan pattern in the pharyngeal
skeleton of a zebrafish model for a recessive OI knock-out of
sec24C/sec24D, two components of the COPII vesicle complex
required for collagen secretion (259). Moreover, sections stained
with toluidine blue showed compressed and deformed vertebrae,
and excessive bone formation and remodeling at the vertebral
endplates in the Bruck syndrome plod2 mutant, characterized by
the loss of type I collagen telopeptide lysyl hydroxylation (16).

The most widely used mineral staining assays include ARS,
calcein and von Kossa staining, which specifically bind to calcium
in the mineralized bone. In a study by Pasqualetti et al. (260),
successive staining with ARS and calcein allowed evaluation of
bone formation at the level of the circuli of growing scales in
wild-type animals (260). In the panther fish, characterized by
impaired osteoclast proliferation and differentiation, von Kossa
staining enabled detection of altered mineralization of the neural
arches (97).

Finally, collagen fiber maturation can be investigated
by sirius red staining under polarized light, as performed
to study the actinotrichia and lepidotrichia pattern in the
chihuahua zebrafish, carrying a mutation in collagen type I al
chain (15, 93, 261).
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Transmission Electron Microscopy Analysis
Transmission electron microscopy (TEM) has also been used
to investigate zebrafish bone. TEM represents a powerful
method to analyze ultrastructural features of tissues since it
provides much higher magnification and resolution compared
to light microscopy, allowing visualization of cellular and
matrix structures at a subnanometer scale. For instance, an
altered distribution of bone collagen fiber diameter, a frequently
described feature in various skeletal pathological conditions, was
detected in the crtap and p3h1 knock-out models of OI type VII
and VIII by TEM, revealing the crucial role of the collagen post
translational modification complex in bone organization (17).
TEM was also used to show enlarged endoplasmic reticulum
cisterna in these models, reinforcing ER stress as a key element
in the OI phenotype and a potential target for new therapeutic
approaches (17, 226, 227).

Immunohistochemistry

Immunohistochemistry (IHC) on zebrafish sections is also
possible but limited, compared to mammal specimens, given the
reduced availability of specific zebrafish antibodies. Nonetheless,
with THC, the spatiotemporal pattern of distribution of several
proteins, a key prerequisite for understanding development,
have been elucidated in embryos both in physiological and
pathological conditions (199). For example, a structural defect
in the extracellular matrix (ECM) has been detected in
the fndc3a"¢/Wuel zebrafish where THC of type II collagen
showed a loss of mature actinotrichia in 52h post fertilization
(hpf) embryos and P-catenin staining revealed divergent ECM
assembly in the regenerated adult fin (262).

Determining the exact spatial localization of the protein
of interest in immunostained whole mount larvae is difficult,
especially for more deeply located tissues. To overcome this
limitation, it is possible to perform whole-mount IHC followed
by GMA embedding and sectioning, as was shown by Oralova
et al. (199). In this way, the distribution of labeled cells was
mapped and quantified allowing for close investigation of the
cellular behavior during tissue development, cell migration, and
adhesion events, as well as growth and differentiation. As an
example, the use of a pan cytokeratin antibody on Tg(sox17:egfp)
embryos allowed the authors to localize the protein of interest,
Sox17, and the epidermis in the same section (199).

Finally, alkaline phosphatase (Alp), expressed by osteoblasts
and required for the mineralization of extracellular matrix,
and Trap, expressed by osteoclasts, and important for bone
resorption, can both be immunostained to detect active
osteoblasts and osteoclasts, respectively, and have been used for
example to follow cell differentiation in scales (260).

Histological Analysis of Tissue

Regeneration

Zebrafish’s ability to repair caudal fin rays and scales has led to
the optimization of specific histological protocols for these tissues
involving both tissue sectioning as well as whole organ analysis
(263). The analysis of histological sections has made clear that
during regeneration in the caudal fin rays, cells near the site of
injury can dedifferentiate, proliferate and replace the damaged

or missing cells (196, 264). Furthermore, histological studies
have identified a population of Runx2/Sp7 positive chondrocytes
involved in bone repair, and have helped to elucidate the ability
of periosteal cells to generate cartilage in response to injury in
indian hedgehog homolog a (Ihha) mutants (265).

To study mineralization and cellular compositions of caudal
fin rays and scales, the tissue can also be isolated and directly
stained without the need for dehydration and sectioning. For
instance, by using ARS and calcein double staining and ALP
immunohistochemistry, the specific mineralization pattern of
bone forming cells in different areas of a scale was elucidated
(260). Masson’s trichrome staining of regenerating ray collagen
proved that multiple amputations do not affect the regenerative
bone capacity (266).

IS THE MEDAKA AN ALTERNATIVE TOOL
IN SKELETAL RESEARCH?

Together with zebrafish, medaka (Oryzias latipes) is the other
most frequently used small teleost in biomedical research. This
species native to East Asia, belongs to the Adrianichthyidae
family (order Beloniformes) and had an ancestor living in
saltwater (267).

Evolutionarily, zebrafish and medaka are distantly related
(268), with the last common ancestor dating back 110-200
million years ago (269). Being a small fish, medaka shares all
the advantages already described for zebrafish, although it has
a faster generation time, 2 vs. 3 months, shortening genetic
experiments (23).

Similar to zebrafish, the medaka shares common skeletal
developmental schemes as well as the presence of most of skeletal
cells, chondrocytes, osteoblasts, and osteoclasts with tetrapods,
but notably is missing osteocytes (23, 24).

The medaka genome, that underwent a whole duplication like
that of the zebrafish, is available and easy to manipulate using the
same techniques as in zebrafish research allowing easy generation
of skeletal disease models and transgenic lines (46, 208, 270-273).

The almost completely conserved phenotypic features
between zebrafish and medaka allow researchers to exploit the
same imaging techniques to analyze skeletal components in both
physiological and pathological conditions, either in terms of
x-ray imaging or more specialized methods, such as microCT,
whole mount or histological staining methods (23).

LIMITATIONS OF THE ZEBRAFISH MODEL

To take full advantage of the zebrafish as a model of human
diseases it is important to be aware of existing drawbacks. Due
to the extra whole genome duplication compared to mammals,
as mentioned above, about 20% of the zebrafish genes have
two functional copies, complicating the generation of knock-out
disease models (274). Furthermore, some of the duplicated genes
have functionally diverged, thus limiting the use of zebrafish
in accurately modeling human diseases (11, 24). Additionally,
the limited availability of antibodies against zebrafish proteins
and the difficulty in establishing tissue specific primary cell
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lines impairs zebrafish use in research. Finally, the generation of
conditional knock-outs and knock-ins is still difficult in zebrafish.
Although recently a method to integrate loxP sequences at
specific sites in the zebrafish genome using the CRISPR/Cas9
technology has been developed, and conditional mutants of
tbx20 and fleer have been generated employing Cre recombinase
technology (275, 276).

CONCLUSIONS

In the last decade the zebrafish has emerged as a unique model
to investigate common and rare human skeletal disorders. The
advances in gene editing techniques, from the initial insertion
of random genomic mutations by exposure to mutagenic
substances, to the knockdown expression of specific genes by
antisense morpholino oligonucleotides, to the change of the
genome at a specific site by nuclease technologies and their
simple use in zebrafish, have all allowed research groups to
generate new bone disease models. In particular, the versatile
and cheap CRISPR/Cas9 system has found a wide use in many
laboratories and undergone a series of optimizations allowing an
increasingly specific and error-free gene editing. Nevertheless, its
use for knock-in mutations still requires further optimization.
The combining of zebrafish skeletal disease models with already
available or newly generated transgenic lines, has contributed
tremendously to the advances made in in vivo analysis of bone
cells. The advances in confocal microscopy and the emergence

of light sheet microcopy allows for better visualization and
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There have been two major eras in the history of gene discovery. The first was the era of
linkage analysis, with approximately 1,300 disease-related genes identified by positional
cloning by the turn of the millennium. The second era has been powered by two major
breakthroughs: the publication of the human genome and the development of massively
parallel sequencing (MPS). MPS has greatly accelerated disease gene identification, such
that disease genes that would have taken years to map previously can now be determined
in a matter of weeks. Additionally, the number of affected families needed to map a
causative gene and the size of such families have fallen: de novo mutations, previously
intractable by linkage analysis, can be identified through sequencing of the parent—child
trio, and genes for recessive disease can be identified through MPS even of a single
affected individual. MPS technologies include whole exome sequencing (WES), whole
genome sequencing (WGS), and panel sequencing, each with their strengths. While WES
has been responsible for most gene discoveries through MPS, WGS is superior in
detecting copy number variants, chromosomal rearrangements, and repeat-rich
regions. Panels are commonly used for diagnostic purposes as they are extremely
cost-effective and generate manageable quantities of data, with no risk of unexpected
findings. However, in instances of diagnostic uncertainty, it can be challenging to choose
the right panel, and in these circumstances WES has a higher diagnostic yield. MPS has
ethical, social, and legal implications, many of which are common to genetic testing
generally but amplified due to the magnitude of data (e.g., relationship misattribution,
identification of variants of uncertain significance, and genetic discrimination); others are
unigue to WES and WGS technologies (e.g., incidental or secondary findings).
Nonetheless, MPS is rapidly translating into clinical practice as an extremely useful part
of the clinical armamentarium.

Keywords: gene discovery, massively parallel sequencing, skeletal dysplasias, whole exome sequencing, rare
genetic bone disorder

Frontiers in Endocrinology | www.frontiersin.org 125

February 2021 | Volume 11 | Article 628946


https://www.frontiersin.org/articles/10.3389/fendo.2020.628946/full
https://www.frontiersin.org/articles/10.3389/fendo.2020.628946/full
https://www.frontiersin.org/articles/10.3389/fendo.2020.628946/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:emma.duncan@kcl.ac.uk
https://doi.org/10.3389/fendo.2020.628946
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2020.628946
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2020.628946&domain=pdf&date_stamp=2021-02-19

Mclnerney-Leo and Duncan

MPS for Rare Genetic Disorders

THE RECOGNITION OF RARE
GENETIC DISORDERS

In starting this paper exploring massively parallel sequencing (MPS)
technologies for rare genetic disorders with particular reference to
skeletal diseases, it is extremely fitting that the first description of
any monogenic disorder was black bone disease (now known as
alkaptonuria). Archibald Garrod, a UK physician, commented in
1902 that the constellation of symptoms constituting alkaptonuria
“was apt to make its appearance in two or more brothers and
sisters” (1). Increased occurrence in siblings does not necessarily
indicate a genetic disorder (increased familiality may also reflect
environmental sharing); but crucially Garrod also noted that they
were commonly “the offspring of marriages of first cousins who did
not themselves exhibit this anomaly ... and among whose
forefathers there is no record of its having occurred”. Through
the world-wide dissemination of Gregor Mendel's gardening
experiences (2), the modern reader would rapidly recognize this
“peculiar mode of incidence....well known in connexion with some
other conditions” as a classic description of a recessive
monogenic disorder.

Monogenic disorders arise due to carriage of highly penetrant
variants affecting a single gene. The presence or absence of disease
can be predicted from the presence or absence of the variant(s) of
interest. With some allowance for differential penetrance and
expressivity, the mathematical and predictable inheritance
patterns of monogenic disorders enable meaningful genetic
counseling to affected individuals and known carriers and to
parents with a child affected by a de novo dominant mutation.
Monogenic disorders are individually rare but cumulatively affect
1% of the worldwide population (3) and include many (currently,
461 defined) skeletal disorders (4).

MAPPING RARE GENETIC DISORDERS:
EARLY DAYS

It took many decades to move from the recognition of
monogenic disorders to the mapping of the first gene. Initially,
such genes were mapped by linkage—the co-segregation [or
linkage] of a genetic region with a disease phenotype within a
family. The first disease to be linked to the inheritance of any
genetic marker was the dominant disorder of Huntington’s
disease, initially mapped to the short arm of chromosome 4 in
1983 (5). However, it took another decade until the gene itself
(huntingtin, located on chromosome 4p16.3) was finally
determined, which effort took 58 researchers from six research
groups and the participation of 75 large Venezuelan families (6).
By this time, though, the first gene to be identified for any human
disease had been cloned [CYBB, for X-linked chronic
granulomatous disease (IM 300640)] (7). Linkage was often
aided by recognition of chromosomal aberrations, such as
translocation or uniparental disomy, in an affected individual
—for example, contributing to the mapping of the gene for cystic
fibrosis (8, 9). By 1995 a review article enthused about the
dizzying number of genes which had been identified for

human diseases—42!—marking the only time the authors have
seen the phrase, “Bingo!” used in a scientific paper (10).

Gene mapping by linkage, irrespective of the chosen marker
[whether chromosomal banding patterns, restriction fragment
length polymorphisms, microsatellites, or single nucleotide
polymorphisms (SNPs)] is critically restricted by the number of
informative meioses within contributing family pedigrees. Cross-
over events and recombination at meiosis incrementally limit the
genetic region shared by affected individuals within the family; ergo,
large multi-generational families with many affected individuals
(equating to multiple meiotic events between distantly related
affected individuals) represent the ideal pedigree for gene
mapping via linkage. It would be unusual for a single pedigree to
have sufficient affected individuals and sufficient informative
meioses for definitive statistical evidence of linkage; thus, methods
of summing genetic information from multiple families were
developed. Many monogenic diseases were mapped by linkage, by
2001, 1,336 monogenic disorders [personal correspondence from
Dr Victor McKusick, quoted in (11)].

There are some obvious difficulties with gene mapping by
linkage. The first is that diseases with late onset or incomplete
penetrance are harder to map, as correct disease attribution is
more difficult. Large family pedigrees are inherently unlikely in
diseases that adversely affect reproductive fitness (which includes
many skeletal dysplasias, for example). The success of pooling
genetic information from disparate families assumes that all
affected individuals, irrespective of which family they come
from, have a mutation in the same causative gene and not, for
example, mutations in many different genes along a common
pathway resulting in a common end phenotype. Here it is
relevant to add that within any one family all affected
individuals need to carry the same mutation (and, by
definition, share the same haplotype of genetic markers);
however, when pooling genetic information from multiple
families, each family can have a different causative mutation—
as long as it is in the same gene. Diseases with significant gene/
environment interaction will be difficult to map—unless all
family members are exposed equally to the requisite
environment, essentially removing its contribution to variable
affection status. Lastly, novel mutations are intractable by
linkage, as by definition linkage requires the presence of a
shared genetic haplotype among affected family members.

MAPPING RARE GENETIC DISORDERS:
A COMPLETE FRAMESHIFT

In 2014, in a paper celebrating the 10 anniversary of the release of
the Human Genome (12) and using the example of gene mapping
for fibrodysplasia ossificans progressiva (FOP; MIM 135100), we
wrote that, “if massively parallel sequencing [MPS] technologies had
been available when the search for the FOP gene began, the answer
could have been found in 15 weeks, not 15 years.” At first glance,
this statement might seem excessively hubristic even for a
celebratory piece. However, to illustrate the point: at this time we
had just published a review of MPS in skeletal dysplasias (13) which
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at the time of submission (April 2013) listed 22 skeletal dysplasias
mapped using MPS with a total of 26 publications; at the time of
acceptance just twelve weeks later (July 2013) ten more papers had
added another six skeletal dysplasia genes to the list. The Nosology
and Classification of Genetic Skeletal Disorders: 2010 Revision
identified “456 conditions...316 [of which] were associated with
mutations in one or more of 226 different genes.” (14) By the 2019
revision, pathogenic variants in 437 genes had been identified for
425 of 461 disorders now categorized (92%) (4)—i.e. after the
decades needed to identify the first 226 genes for rare skeletal
disorders, it took less than 10 years to double this number. As for
skeletal dysplasias, so for many other monogenic disorders, as the
mode of gene discovery rapidly transitioned from positional cloning
and other traditional gene mapping methods to MPS (15, 16).
Currently, the catalog Online Mendelian Inheritance in Man
(https://omim.org/) lists 6,751 phenotypes for which the
molecular basis is known and 4,339 genes with a phenotype-
causing mutation—these numbers have increased even during the
short time this paper was in review.

The key developments underpinning the extraordinary recent
progress in gene mapping in rare disorders are:

a. the publication of the human genome project in 2003 (17)
(https://www.genome.gov/human-genome-project), providing
the reference genome for comparison with sequence data.

the development of massively parallel sequencing (MPS)
technologies—both undifferentiated genome sequencing and
sequencing targeted to the exome or a defined set of genes—
allowing sequencing of multiple genomic regions simultaneously.
easy accessibility of large databases of genetic variability (such
as the UK10K (https://www.ukl0k.org/), 1,000Genomes
(https://www.internationalgenome.org/), Human Variome
Project (https://www.humanvariomeproject.org/), gnomAD
(https://gnomad.broadinstitute.org/) and dbSNP (https://
www.ncbi.nlm.nih.gov/snp/), so that rare/novel disease-
causing variants could be differentiated from more common
polymorphisms within ethnically appropriate populations.
international collaboration and cooperation, between clinicians
and researchers, with interaction through platforms such as the
National institute of Health Centers for Mendelian Genomics
(http://mendelian.org/), Orphanet (https://www.orpha.net/
consor/cgi-bin/index.php), ClinVar (https://www.ncbinlm.nih.
gov/clinvar/), Human Gene Mutation Database (http://www.
hgmd.cfac.uk/ac/index.php), the International Rare Diseases
Research Consortium (https://irdirc.org/) and Leiden Open
Variation Database (https://www.lovd.nl/), informing and
encouraging collaborative new gene discovery.

Each of the above websites has detailed information about
their formation and governance.

TYPES OF MASSIVELY PARALLEL
SEQUENCING

MPS technologies can be divided into pre-defined gene panels and
the more agnostic approaches of whole genome and whole exome

sequencing (with abbreviations WGS and WES respectively). The
authors acknowledge that, strictly speaking, WGS and WES are
misnomers, as neither technology has perfect coverage of its
eponymous target; however, these common abbreviations will be
used in this review. There are many excellent review articles on the
technical aspects of the various types of MPS (18, 19). The strengths
and weakness of different MPS technologies for new gene discovery
and for clinical utility are discussed below.

ANALYSIS OF MPS DATA

Human genetic variability is huge. On average, each individual
harbors 3 million SNPs (5,000 private to that individual); 700,000
indels (295 private), 215 large deletions (one private), and 576 genes
with either homozygous or compound heterozygous predicted loss-
of-function variants (20). Sifting so much data to determine the
causal variant for a disease can be, at the risk of understatement,
challenging. After stringent quality control of the sequencing data, a
typical common-sense and empiric approach adopted by ourselves
and many others has been to filter for rare variants (with minor
allele frequency thresholds informed by disease frequency and mode
of inheritance) of likely deleterious effect (e.g., nonsense, missense,
affecting canonical splice-sites, frameshift), affecting highly
evolutionarily conserved bases and predicted damaging by one or
more in silico prediction algorithms [e.g., SIFT (21), Polyphen (22),
MutationTaster (23)] that segregate appropriately with disease
within a family (24); or, if looking at unrelated individuals, are
present in the same gene in multiple unrelated cases (25). Obviously
this description is somewhat simplistic, and simply finding variants
that fulfil these criteria does not prove they are disease-causing.
However, these steps usually lead to a tractable list of variants that
can then be assessed for functional consequence and/or compared
with data from other unrelated individuals with a
common phenotype.

The use of ethnically appropriate populations to determine
allele frequencies for variants and inform their categorization as
novel, rare, infrequent, or common, is critical. The reference data
in most sequencing databases are not populated from all ethnic
groups equally, with over-representation of western European
Caucasian populations; more recent sequencing efforts have
aimed to address this imbalance. Cohorts such as gnomAD
(26) provide ethnicity-specific minor allele frequencies; but the
robustness of these understandably depends on the size of the
sequenced population contributing to the data.

HOW MANY CASES ARE NEEDED TO
MAP A MONOGENIC DISORDER?

The success rate of MPS to map novel causative genes depends
on the mode of inheritance of the condition. We have focused on
examples drawn from skeletal dysplasias here, but the principles
apply to other disease groups also.

Autosomal recessive disorders are generally easier to ‘solve’ as
the list of genes with rare homozygous or compound
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heterozygous variants is usually relatively short. It is possible to
identify the likely causative gene from initial sequencing a single
affected individual (27-29)—though, as above, such evidence
would need confirmation by identifying pathogenic variants in
the same gene in other unrelated individuals and/or
functional support.

For de novo dominant disorders, the causative gene may be
mapped by sequencing a single affected child and parents (30) or by
sequencing several unrelated probands (as few as three) and filtering
the data for either a common variant shared by all affected
individuals (31, 32) or with unique mutations but within a
common gene (25, 33). Mapping inherited (as opposed to de
novo) autosomal dominant diseases is more difficult due to co-
inheritance of multiple unimportant variants within a family. The
most parsimonious design is to sequence most distantly related
affected individuals: as discussed above, these have the largest
number of meioses (and, by implication, greatest number of
recombination events) separating the affected cases. With n
meioses between individuals, the chance of any given variant
segregating is (%2)"; and use of MPS data from both affected and
unaffected individuals can help filter down variants according to
disease status. Examples of autosomal dominant skeletal dysplasias
mapped within a single family include spondylocostal dysostoses,
mapped through MPS of five members of a family (three affected,
two unaftected), with pathogenicity subsequently confirmed with
functional data (34); and KBG syndrome [MIM 148050] (named
after the initials of early affected individuals, in whom skeletal
features include macrodontia, craniofacial abnormalities, and short
stature), initially mapped through MPS of two affected family
members and confirmed through MPS of one unrelated
person (35).

Examples of X-linked skeletal dysplasias mapped by WES
include the identification of mutations in FLNA as the cause of
Terminal Osseous Dysplasia (36); and two forms of osteogenesis
imperfecta, due to mutations in PLS3 (37) and MBTBS2 (38).

Somatic disorders can be mapped through paired analysis,
with MPS of affected and unaffected tissues, subtracting the
variants in the latter from the former—indeed, this approach is
commonly employed in paired tumor/germline sequencing in
cancer. This approach has been successful in skeletal dysplasias
also—for example, identification of postzygotic somatic
mutations in PIK3CA as the cause of Congenital Lipomatous
Overgrowth with Vascular, Epidermal, and Skeletal anomalies
(CLOVES), identified through WES of affected lipomatous tissue
from six individuals compared with their germline DNA (39);
and of AKTI as the cause of Proteus Syndrome (40) through
WES of affected vs. unaffected tissue biopsies in 29 individuals.
Depth of coverage will critically affect the ability to detect
mosaicism, in that the allelic ‘mix’ in somatic disorders will
vary both between individuals and between different tissues
within an individual. The acceptable depth of MPS for calling
germline heterozygous carriage of a variant is relatively modest:
10x is usually regarded as sufficient to ‘call’ a heterozygous
variant and 15x for a homozygous variant (41); at these
depths of coverage WES would be unlikely to detect low
level mosaicism.

STRENGTHS AND WEAKNESS OF
DIFFERENT MPS TECHNOLOGIES FOR
NEW GENE DISCOVERY AND FOR
CLINICAL UTILITY

In keeping with early predictions that 85% of Mendelian
disorders would arise from coding mutations (42) and with the
logic inherent in Sutton’s law (viz., that one robs banks because
that’s where the money is), it is neither surprising that WES has
been the most frequently employed modality to map novel genes,
nor how successful this approach has been. Most of the examples
provided above used WES as their mode of gene discovery, and
the figure given above may well prove an underestimate. WES is
not simply much cheaper than WGS for a given coverage: the
large databases detailing exonic variation that informs analysis of
WES data do not as yet exist for the whole genome (though this is
rapidly changing with initiatives such as the UK Biobank 500K
Sequencing Project and gnomAD), and proving causality for
non-coding variants is difficult.

WES has proven similarly fruitful in diagnostic yield when
translated from the research setting to clinical delivery [recently
reviewed extensively (43)] with high diagnostic rates reported in
both developed and developing countries (44), including
sequencing in consanguineous families (44-46) and singleton
sequencing (47) [noting that yield is approximately two-fold
higher when sequencing parent-child trios compared with
singletons (43)]. WES may also lead to a revision of a
diagnosis—which may be confronting to both patient and
clinician (discussed further below) but hopefully direct more
appropriate clinical care (45, 47). A recent study reporting 155
novel causal genes identified during clinical sequencing (WES) in
a consanguineous cohort comprising 2,200 families highlighted
not only the use of WES for diagnostic purposes but also the
benefits of these data in completing the virtuous circle of clinical
discovery and clinical delivery, through feedback of these data for
ongoing research and gene discovery (44). However, WES is not
ideal for detection of copy number variation (48) including
detection of large indels.

Very few monogenic disorders due to non-coding/splice-site
variants have been identified to date (49). Ironically, a notable
exception to this is the skeletal disorder of van Buchem’s disease,
a high bone mass disorder due to a 52 kb deletion downstream of
SOST (50), though this disorder was not identified through MPS
approaches. Thus, the usefulness of WGS in gene discovery in
monogenic disorders, compared to WES, has not yet been
established. Certainly WGS captures the exome more evenly
(as well, obviously, as the genome) than does WES. WGS is also
superior for the detection of large (>50 bp) indels, copy number
variation, and chromosomal rearrangements. The higher costs of
WGS and analysis are rapidly falling (51); and thus choosing
between sequencing technologies from a purely fiscal perspective
may soon be redundant. Nonetheless, to date WGS has not
demonstrated superiority to WES in diagnostic utility (43); and
the extent to which WGS may ultimately provide a diagnosis in
cases for which WES has failed to identify a cause is not known.
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By definition, a targeted panel approach cannot be used for
new gene discovery, as such panels consist of already identified
genes. Nonetheless, panel sequencing has an established place
within clinical delivery as a cheap, sensitive, and specific means
of sequencing known disease genes, with excellent coverage due
to the limited targeted region, and minimization of some of the
concerns raised with the agnostic approaches such as WES or
WGS such as incidental or secondary findings (discussed below).
However, the first-line use of WES, rather than panel approaches
—even when up to three panels were chosen by expert clinical
geneticists—shortens the diagnostic odyssey and is more cost-
effective (52).

Considering clinical utility of MPS technologies for bone
diseases specifically, both WES (53) and panel sequencing (54)
approaches have been reported. There are no inherently unique
issues pertaining to clinical use of MPS in skeletal diseases
compared to other disorders.

INCORRECT ATTRIBUTION OF
PATHOGENICITY

A variant is only rare when considered against the population;
within a family, a rare variant is not rare—it has a 50% chance of
transmission from a parent to a child; similarly siblings will share
a variant identical-by-descent on average 50%. It is extremely
easy to be tempted into attributing causality to a rare variant that
segregates within a small family just because it is rare [discussed
in depth in (55) and (56)]. However, a priori one can predict the
chance that any particular variant will segregate with disease
within a family according to the number of meiosis between
affected individuals and within a small family that probability
may be higher than the typical threshold for declaring scientific
significance (i.e. p < 0.05). Unsurprisingly, in a review article on
this topic, MacArthur et al. wrote that of “406 published severe
disease mutations....122 (27%) were either common
polymorphisms or lacked direct evidence for pathogenicity” (56).

Efforts to refine criteria for attributing pathogenicity to an
identified variant led to the publication of guidelines for
classifying the likely pathogenicity of identified variants (e.g.
‘pathogenic’, ‘likely pathogenic’, ‘variants of uncertain
significance’, efc.) according to the strength of evidence (57).
These guidelines recommend using multiple criteria and
resources to guide classification of an individual variant into a
particular category, including population, disease-specific, and
sequence databases, the published literature, the type of variant
(nonsense, frameshift, initiation codon, canonical splice-sites,
large deletions, etc.), and in silico prediction algorithms.
However, considering the evidential basis even within these
criteria demonstrates the imperfections. There are multiple in
silico prediction methods, each with differing criteria (gene-level,
variant level, evolutionary conservation, amino acid change, etc.)
trained on varying datasets—not surprisingly, they vary in
performance [recently discussed and compared in (58)].
Replication—observing the same mutation with the same
phenotype in an unrelated family—depends on cooperation

and collaboration of researchers, and for rare diseases this
needs to happen at an international level—which depends on
clinical networks. Clinical variation databases (e.g., ClinVar,
Online Mendelian Inheritance in Man, Leiden Open Variation
Database, Human Gene Mutation Database) rely on curation
expertise. Altruism is a key component for the success of any
database [including PubMed (https://pubmed.ncbi.nlm.nih.gov/)]
—however, clinical reporting of affected cases requires awareness,
motivation, confidence, and time. Thus, functional studies, in
either in vitro or in vivo models, are often necessary for
definitive classification. To this end, CRISPR technology (for
which discoverers Emmanuelle Charpentier and Jennifer
Doudna were recently awarded the 2020 Nobel Prize for
Chemistry) has proven a boon.

ETHICAL, LEGAL, AND SOCIAL
IMPLICATIONS IN MASSIVELY PARALLEL
SEQUENCING TECHNOLOGIES

Whatever type of genetic testing is performed—whether MPS or
other technologies—pre-test discussion is crucial to ensure the
individual is aware of all possible outcomes and their
implications, both for the individual personally and for their
family members. Some considerations are universally long-
recognized risks associated with any type of genetic test
(discussed further below). However, MPS can add to the
magnitude of risk and/or complexity of results, as well as
generating issues specific to the technology, such as
secondary findings.

Relationship Misattribution

For decades, clinical genetics professionals have faced the
challenge of misattributed relationships identified through
genetic testing, especially non-paternity. Most genetics
clinicians only disclose this information when clinically
necessary (59, 60). Moreover, in accordance with the Institute
of Medicine Guidelines (61), non-paternity results [estimated to
be present in up to 30.0% of livebirths (62)] are only disclosed to
the mother alone. With genetic tests ordered in many more
settings and much more frequently, the risk of uncovering
misattributed relationships is extremely likely to increase (63).
In addition, misattributed relationship results generated by
single-gene tests are often associated with some degree of
uncertainty, which allows for some degree of clinical
discretion. In contrast, the simultaneous identification of both
common and rare variants inherent in any MPS technology
generates unequivocal results (63).

Disclosure of Genetic Status Through
Relationships With Other Family Members
The shared nature of genetic material means that a positive test
result in one individual can reveal the genetic status of other
family members by inference. This may be due to their affection
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status (e.g., a BRCAI result in a woman with breast cancer
implies mutation carriage in her mother with ovarian cancer)
or the nature of inheritance (e.g., the obligate carrier status of
parents whose child is diagnosed with a recessive condition).

Unexpected Results Related to the
Disease in Question

Genetic tests have the potential to yield information about the
future health of an individual, who may be clinically unaffected at
the time of testing. In single gene testing for carrier status, careful
predisposition testing protocols were developed, particularly for
neurodegenerative (64) and cancer susceptibility syndromes
(65), to ensure individuals were prepared for the clinical,
psychological, and logistical sequelae of learning such
information. Preparing an individual for testing by MPS is
challenging from a counseling perspective, if only for the large
number of genes being tested simultaneously. However, more
subtle issues may arise—for example, a causal gene may be
identified that differs from the expected gene (66); and the
results may confer an increased risk for conditions not
previously described in the family or not previously recognized
to be significant (e.g., a TP53 mutation in a family with a strong
history of breast cancer).

Variants of Uncertain Significance

Variants of uncertain significance (VUSs) are variants for which
there is insufficient evidence to classify them as benign or
pathogenic. As additional information becomes available over
time, they are sometimes re-classified as pathogenic/likely
pathogenic or, more commonly, benign/likely benign (67-69).
VUSs have been a long-standing challenge in genetic testing for
hereditary cancer generally (68) and BRCA1/2 specifically (67).
The larger the number of genes interrogated, the higher the
probability of generating a VUS: 36 and 73% in multigene panels
(70) and exome sequencing (71) respectively. A recent systematic
review found VUSs are associated with genetic test-specific
concern and affects clinical management (72).

Incidental or Secondary Findings

Incidental or secondary findings are genetic test results unrelated
to the primary condition. Incidental findings are generally
regarded to be inadvertent or accidental discoveries emerging
during data analysis. In contrast, secondary findings emerge
from the deliberate interrogation of ‘actionable’ genes in
individuals undergoing WES or WGS, with the goal of
prevention or early detection of treatable conditions. To
overcome the challenge of terminology, these are cumulatively
referred to as incidental and secondary findings (ISFs) (73).

In 2013, the American College of Medical Genetics published
guidelines recommending that all individuals having WES/WGS
have automatic analysis of 56 actionable genes, associated with
24 hereditary cardiac or cancer predisposition syndromes (74).
Among other statements, the guidelines stated that neither
patient age nor patient preferences should be taken into
account because this would be “logistically challenging” for
laboratories (74). The paper stimulated multiple articles in
response. Concerns raised included the lack of scientific

evidence to support screening of all 56 genes, with insufficient
information about phenotype and penetrance (75, 76). The
potential for large numbers of VUSs was also recognized as
was the challenge of interpreting variants in ethnic minorities
(77). The potential for iatrogenic harm or false reassurance was
raised. Multiple papers stated that the guidelines disregarded
individual autonomy (78, 79) and contravened the ACMG’s own
guidelines on genetic testing in children (75)—with overlapping
concerns of lack of informed consent (75). The second version of
the guidelines removed the wording around any obligation to
interrogate these genes whenever WES/WGS and acknowledged
that all patients should have the right to opt out—and modified
the medically actionable genes to a slightly different list with the
overall number increased to 59 (80). At present, some
laboratories offer secondary screening of the ACMG 59™ (81);
however, the extent to which it has been adopted by clinical
laboratories world-wide is unclear. Additionally, there is ongoing
debate about whether the ACMG 59" should be offered and
reported in the prenatal period (82). The ACMG Board of
Directors recently released a policy statement stating that they
do not support the use of ACMG 59" as a screening tool in the
general population (83).

Genetic Discrimination

Fear of genetic discrimination, particularly as it pertains to
insurance underwriting, is a deterrent in the pursuit of
clinically indicated genetic testing (84-86). Several papers
suggest these fears are not ill-founded, with incidences of
proven or alleged genetic discrimination reported in carriers of
recessive conditions (87-89) and—perhaps surprisingly—
individuals receiving a negative (i.e. good news) result in
predictive testing for familial mutations (88, 89) and healthy
carriers of dominant variants who pursued surgical/medical
interventions and/or screening to mitigate their risk (89-96).
Policies and legislation have been introduced in many countries
(including the UK, US, Canada, Australia, and European
countries) to limit or prohibit the use of genetic test results in
insurance underwriting (97), but initial studies suggest that
awareness of such legislation among non-genetics clinicians
(98) and members of the public (99, 100) is low. For example,
a UK study found that BRCA1/2 carriers had difficulty obtaining
insurance even after the introduction of the Concordat and
Moratorium on Genetics and Insurance (95).

Equity

Personalized (or precision) medicine aims to improve care
by customizing management to the individual and the profile
of their disease. Genetic testing is an integral component of
personalized medicine and encompasses a gamut of approaches,
from tumor sequencing [e.g., improving survival through
targeted chemotherapy (101)] to common variant genotyping
[e.g., use of polygenic risk scores, usually determined through
microarray technology (102)] to rare variant detection by MPS
technologies (as discussed above). Access to genetic services is
limited by racial, ethnic, and social factors; and disproportionate
access has potential to widen, rather than reduce, health
disparities both within developed countries (103, 104) and
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between developed and developing countries (105) [though here
we would highlight increasing use of MPS technologies clinically
in communities with higher rates of intrafamilial marriage
(44-46)].

FINAL THOUGHTS: ACCESS TO
SEQUENCING AND FUTURE DIRECTIONS

In 2016, one of the current authors wrote “Conventional
sequencing is commercially available for a finite number of
mutations in clear-cut monogenic diseases—but these
conditions represent a minority of genetic disorders. In
Australia, genetic testing is available for 597 genes which cause
<500 different syndromes and conditions, a small subset of the
~5,000” [McInerney-Leo, PhD thesis; data drawn from the Royal
College of Pathologists, Australia, accessed 2016 (http://
genetictesting.rcpa.edu.au)]. Just four years later, the situation
is very different, with both public and private access to testing for
multiple conditions in Australia and in many countries around
the world. A recent review article led with an arresting title of A
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