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INTRODUCTION

Abstract

Background: Cartilage oligomeric matrix protein (COMP) is an important extracel-
lular matrix protein primarily functioning in the musculoskeletal tissues and espe-
cially endochondral bone growth. Mutations in COMP cause the skeletal dysplasia
pseudoachondroplasia (PSACH) that is characterized by short limbs and fingers,
joint laxity, and abnormalities but a striking lack of skull and facial abnormalities.
Methods: This study examined both mice and humans to determine how mutant-
COMP affects face and skull growth.

Results: Mutant COMP (MT-COMP) mice were phenotypically distinct. Snout
length and skull height were diminished in MT-COMP mouse and the face more
closely resembled younger controls. Three-dimensional facial measurements of
PSACH faces showed widely spaced eyes, reduced lower facial height, and decreased
nasal protrusion, which correlated with a more juvenile appearing face. Neither MT-
COMP mice nor PSACH individuals show midface hypoplasia usually associated
with abnormal endochondral bone growth. MT-COMP mice do show delayed endo-
chondral and membranous skull ossification that normalizes with age.

Conclusion: Therefore, mutant-COMP affects both endochondral and intram-
embranous bones of the skull resulting in a reduction of the nose and lower facial
height in mice and humans, in addition to its well-defined role in the growth plate

chondrocytes.
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disproportionate growth only becoming evident between
18 and 24 months when decelerating overall linear growth

Pseudoachondroplasia (PSACH) is a well-characterized
disproportionate short stature disorder that is caused by
mutations in cartilage oligomeric matrix protein (COMP;
McKeand, Rotta, & Hecht, 1996; Unger & Hecht, 2001).
Pseudoachondroplasia newborns are proportionate, with the

is recognized, leading to diagnosis. Rhizomelic shorten-
ing of the long bones accompanied by typical radiographic
findings are used to make the clinical diagnosis, which can
then be confirmed by genetic testing. A striking difference
between PSACH and other skeletal dysplasias is the lack
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of any discernible facial dysmorphology and normal head
circumference (Giordano et al., 1989; Ikegawa et al., 1998;
Muensterer, Berdon, Lachman, & Done, 2012). Since muta-
tions in COMP affect endochondral bone formation, the ab-
sence of midface hypoplasia is a surprising and unexplained
finding.

Previously, we generated and characterized an inducible
MT-COMP mouse expressing D469del mutant-COMP in
growth plate chondrocytes, which recapitulated the pheno-
typic features of PSACH (Deere, Sanford, Ferguson, Daniels,
& Hecht, 1998; Deere, Sanford, Francomano, Daniels, &
Hecht, 1999; Posey et al., 2009, 2012, 2014). Using this
model, we showed that misfolded COMP stalls in the ER and
participates in premature formation of an extracellular ma-
trix within the ER. Quality control cellular mechanisms are
unable to clear the misfolded protein and the massive ER ac-
cumulation triggers inflammation and oxidative stresses that
severely compromise chondrocyte function, causing chondro-
cyte death by necroptosis (Hecht et al., 1998, 2004; Merritt,
Alcorn, Haynes, & Hecht, 2006; Merritt, Bick, Poindexter,
Alcorn, & Hecht, 2007; Posey et al., 2012). Loss of chondro-
cytes severely impacts endochondral bone growth, thereby
diminishing linear growth. Based on these findings, chondro-
cyte dysfunction should affect midface formation and growth
since endochondral bones form several synchondroses within
the base of the skull, as well as the nasal septum, which is
important for driving anterior growth of the snout (in mice)
and nose (in humans). Indeed, gross phenotypic inspection
of the MT-COMP mouse skull showed distinct differences
in head size and snout (Posey et al., 2014). To better charac-
terize the craniofacial features resulting from COMP muta-
tions, we compared skull measurements obtained from uCT
scans of MT-COMP mice and wild-types. We then extended
our analysis to humans, comparing three-dimensional (3D)-
derived facial measurements between PSACH cases and
healthy controls.

2 | MATERIALS AND METHODS

2.1 | Generation of MT-COMP mice

Plasmids containing expression cassettes for mutant D469del-
COMP (600,310.0004 OMIM; NM_000095.3sequence) under
control of a of tetracycline-inducible (TRE) promoter and re-
combinant type II collagen driven tetracycline controlled trans-
activation factor (rtTA) were generated as previously described
(Posey et al., 2009). Standard breeding was used to generate
bigenic MT-COMP mice in C57BL/6 genetic background.
Male MT-COMP and control C57BL/6 mice were adminis-
tered DOX (500 ng/ml) through the drinking water from birth
(through mother's milk) until specific age of analysis. These
studies were approved by the Animal Welfare Committee at

the McGovern Medical School at The University of Texas
Health Science Center at Houston (UT Health).

2.2 | Murine drug administration

Aspirin (0.3 g/1) (Sigma St. Louis, Mo) or resveratrol
(0.21 g/1) (Reserveages Organics, Gainesville, FL) was ad-
ministered in the DOX water from birth to 4 weeks. Dosages

of aspirin and resveratrol were based on our previous studies
(Posey et al., 2015).

2.3 | pCT scanning

MT-COMP and control C57BL/6 murine skulls were col-
lected at ages 2, 3, 4, 6, 8, and 12 weeks and prepared for
UCT scanning (Duke et al., 2009). uCT scans were acquired
at room temperature from a minimum of 10 MT-COMP and
10 C57BL/6 mice in each age group at 92 pm isotropic voxel
size with an Explore Locus RS pCT (GE Medical Systems,
London Ontario). Skull and bone mineral density (BMD)
measurements were obtained using MicroView software (GE
Healthcare) with a threshold value of 100.

To ensure consistency in BMD measurements, the
skulls were aligned so that the temporal-parietal suture
was parallel to the x-y plane and the sagittal suture was
aligned parallel to the y-z plane. Superior BMD included
all bone on cranial vault superior to plane intersecting both
temporal-parietal sutures (Figure 3), while inferior BMD
included all bone on cranial base inferior to the superior
border of the tympanic bulla and posterior to anterior bor-
der of tympanic bulla (Figure 3).

Each measurement was made from a set of predefined
landmarks, which are shown in Figure 1 and Figure SI.
Measurements were as follows: (a) nasal bone—intersec-
tion of nasal bones at rostral point to nasal-frontal suture, (b)
frontal bone—intersection of frontal bones at nasal-frontal
suture to frontal-parietal suture, (c) parietal bone—inter-
section of parietal bones at frontal-parietal suture to pari-
etal-interparietal suture, (d) interparietal bone—intersection
of interparietal bones at parietal-interparietal suture to in-
terparietal-occipital suture, (e) skull height—intersection to
interparietal bones at interparietal-occipital suture to anterior
portion of foramen magnum, (f) midface width—anterior
notch on frontal process lateral to infraorbital fissure, from
left to right side (g) frontal width—frontal-squamosal in-
tersection at temporal crest, from left to right side, (h) orbit
width—most posterior portion of orbit, left to right side, (i)
parietal width—superior aspect of intersection of jugal with
zygomatic process of temporal, from left to right side and (j)
interparietal width—intersection of parietal, temporal, inter-
parietal bones, from left to right side.




BURGER ET AL.

Molecular Genetics & Genomic Medicine_wl LEYM

Control MT-COMP

3 wks

(b)

6 wks

12 wks

total skull length

100+

N A O @
o ©o O o

% of control (C57BL\6)

snout length

100 =

N B O @
© O © o

% of control (C57BL\6)

skull height

100

N & OO O
S S s 5

% of control (C57BL\6)

Con 2W 3W 4W 6W 8W 12w

FIGURE 1 Face and skull in MT-COMP mice are smaller.
Comparison of MT-COMP (b, d, f) and control (C57BL\6) (a, c, e)
mice facial profiles at 3, 6, and 12 weeks. The MT-COMP snout is
shorter than controls. Skull measurement in MT-COMP mice from 2
to 12 weeks shows a reduction in total skull length, snout and skull
height by 4 week of age (g, h, 1). Schematics depicting measurements
are shown to the left of measurements. Total skull length (g), snout
length (h) and height measurements (i) are shown relative to age
matched controls. Con = control C57BL\6 set to 100%, W = weeks
and *p > .05, **p > .005, ***p > .0005

2.4 | Analysis of mouse skull measurements

Since Shapiro—Wilk test showed a normal distribution for
murine skull data, comparisons were performed using an
unpaired two-tailed ¢ test with the appropriate ¢ test given
the variance F-test outcome. Significance was considered at
*p < .05; ¥*p < .01; ***p < .001.

2.5 | Recruitment of PSACH and control
participants

Nineteen participants with PSACH (11 males, 8 females;
average age: range 3—46 years) were recruited at the 2015
and 2017 Little People of America (LPA) annual conven-
tions. The PSACH diagnosis was confirmed by a clinical
geneticist (JTH). Ninety controls were selected from the 3D
Facial Norms dataset (Weinberg et al., 2016), which consists
of over 2,400 craniofacial healthy individuals recruited at
four US sites: Pittsburgh, Seattle, Houston, and Iowa City.
A minimum of four controls were matched to each PSACH
individual. All participants and controls were of Western
European descent and had no history of facial birth defects,
facial trauma, or facial surgery. All participants provided in-
formed consent prior to recruitment. This study was approved
by the Committee for the Protection of Human Subjects
UTHealth (HSC-MS-13-0891), the University of Pittsburgh
Human Research Protection Office (PRO09060553 and
PRO15060396) and the LPA Medical Advisory Board.

2.6 | 3D facial image acquisition and
measurement

Three-dimensional facial surface images were collected
on PSACH cases with the Vectra H1 (Canfield Scientific,
Parsipanny, NJ) portable digital stereophotogrammetry
camera system, while the 3dMDface digital stereophoto-
grammetry camera system (3dMD, Atlanta, GA) was used
for controls. Both systems are commercially available, have
comparable image quality, and have been independently vali-
dated (Aldridge, Boyadjiev, Capone, DeLeon, & Richtsmeier,
2005; Gibelli, Pucciarelli, Cappella, Dolci, & Sforza, 2018)
and direct comparison of 3D surface images obtained with
these two cameras shows a very high degree of congruence
(Camison et al., 2018). Twenty-two standard facial land-
marks were collected from each participant's 3D facial image
(Figure S3) using 3dMDpatient software for 3dMD images
and Vectra VAM software for HI images. These landmarks
were selected to provide sufficient facial coverage and for
their high reliability; in tests of observer-related error, these
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landmarks have consistently shown intraclass correlations
above 0.9(Weinberg et al., 2016). The corresponding X, y,
and z coordinates of the 3D landmarks were used to calculate
22 facial linear distances (Figure S3). These distances were
defined to be equivalent to standard measurements used in
traditional direct anthropometry (Farkas & Deutsch, 1996).

2.7 | Statistical analysis of human
facial morphology

ANCOVA was used to compare the mean facial measure-
ments between PSACH cases and controls. Because overall
body size can influence facial traits, we included standing
height as a covariate in our analyses. Nominal statistical sig-
nificance was set at p < .05; the Bonferroni adjusted p value
threshold was set at 0.002. All statistical analyses were per-
formed in R (version 1.0.136).

3 | RESULTS
3.1 | MT-COMP reduces skull and snout
dimensions

Previously, we showed that mutant-COMP expression re-
duced skull size and resulted in cartilage persisting for a
longer duration in the snout compared to controls (Posey
et al., 2012). As shown in Figure 1, differences in the size of
the face can be appreciated starting at 3 weeks, then remains
smaller at 6 and 12 weeks compared to controls. The MT-
COMP mice can readily be identified from wild-type litter
mates by their facial appearance.

Skull length, width, and height measurements were obtained
from puCT images of MT-COMP and control C57BL\6 murine
skulls. As shown in Figure 1, MT-COMP skulls were signifi-
cantly shorter, with reduction in all length parameters. Total
length of the MT-COMP skull is reduced beginning at 2 weeks
(5%—15%) and snout length is decreased by 3 weeks (15%—24%)
(Figure 1g,h). This reduction persisted into adulthood at 12 weeks
of age, as growth is minimal after 8—10 weeks of age in mice. The
decrease in total skull length is largely attributable to the reduc-
tion in snout length. All eye socket measurements were signifi-
cantly increased in the MT-COMP mice at 4 weeks (Figure 2).
There was no reduction skull width measurements (Figure S1).

3.2 | Delayed skull ossification in
MT-COMP mice is prevented by aspirin
or resveratrol treatments

uCT images of the MT-COMP calvaria, as shown in Figure 3,
appear “moth-eaten” suggesting an ossification defect. BMD
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FIGURE 2 MT-COMP murine eye sockets are smaller at

4 weeks. (a) Schematic depicting eye socket measurements. (b)
Measurements (mm) are shown relative to age matched controls.
MT-COMP eye socket width and lengths are significantly larger.
Black bars = control C57BL\6, gray bars = MT-COMP and *p > .05,
**p > 005

measurements of areas of the skull ossified by intramem-
branous and endochondral processes were greatly reduced
(Figure S2). Older mice (>6 weeks) also had smaller skulls
but bone densities were comparable to controls (Figure S2).
Based on our previous work demonstrating that aspirin and
resveratrol treatments repressed the MT-COMP growth
plate pathology (Posey et al., 2015),we asked whether aspi-
rin or resveratrol treatment would affect the skull size and
BMD in the MT-COMP mice. Aspirin or resveratrol treat-
ments improved intramembranous and endochondral skull
BMD (Figure 3c,d), but had no impact on bone size (data not
shown). Neither resveratrol nor aspirin altered control and
MT-COMP murine skull size.

3.3 | PSACH faces differ from controls

Fifteen of 22 facial measurements, as shown in Figure 4,
differed (p < .05) between the PSACH and control groups
with 11 measurements showing differences exceeding
Bonferroni adjustment (p < .002) (Table S1). In PSACH,
lower facial height, nasal protrusion, left and right nasal
ala length, and labial fissure width were significantly
smaller, while inter- and outer canthal width, left and right
palpebral fissure length, nasal width, philtrum width and
length, upper and lower lip height, and cutaneous lower lip
height were significantly larger (Figure 4). Overall facial
size (centroid size measured from the 3D landmark con-
figurations after generalized Procrustes alignment) did not
differ between PSACH and controls (p = .64), suggesting
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FIGURE 3 Reduced skull ossification is normalized by either aspirin or resveratrol treatments. Superior (a) and inferior (b) views of uCT

skull images from control and MT-COMP mice. MT-COMP mouse skulls appear “moth-eaten” at 2, 3 and 4 weeks but are normally ossified by

6 weeks. BMD superior (c) and inferior (d) skull measurements plots (control = black bar and MT-COMP = gray bars) are shown at 4 weeks.

Untreated control is set to 100%. In both superior and inferior views, untreated MT-COMP mice show significantly less BMD compared to

controls. Both aspirin and resveratrol treatments significantly increased BMD. Treat = treatment; *p > .05; **p > .005, ***p > .0005

that the observed changes in shape are localized and highly
specific.

4 | DISCUSSION

It has long been anecdotally reported that individuals with
PSACH have an attractive, angular face without dysmor-
phic features (https://rarediseases.org/rare-diseases/pseud
oachondroplasia/). This is surprising given that COMP plays
an important role in endochondral bone growth and there-
fore would be expected to target the cranial base leading to

midface hypoplasia. Recognition that MT-COMP mice could
be identified grossly by a reduced snout, led to quantification
of skull measurements in the MT-COMP mice and facial fea-
tures in PSACH cases. Both MT-COMP mice and PSACH
cases showed reduced lower face and nasal dimensions,
retaining a somewhat juvenile appearance into adulthood
(Figures 1, 4 and 5 and Table S1).

Figure 5 shows that the snout of MT-COMP mice is re-
duced compared to wild-type controls, resulting in the re-
tention of a juvenile appearance. The MT-COMP mouse at
3 weeks of age is more similar to wild-type controls at 2 weeks
than the wild-type controls at 3 weeks. In comparison, the
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FIGURE 4 Anthropometric
measurements that differ in PSACH

faces. A total of 15 facial measurements
were significantly different in
pseudoachondroplasia cases compared
with matched controls (p < .05). Ten facial
distances were larger and five distances
smaller in pseudoachondroplasia cases
p=3.39E-08 compared with matched controls, even
after controlling for body size. Of the 15
measurements, 11 remained statistically
significant after adjusting for multiple
comparisons (p < .002). See Table S1 for
details

p=6.78E-07

p=0.013
Control FIGURE 5 MT-COMP face
2 ee kS compared to control mice at different ages.
W

MT-COMP mice at 3 weeks of age more

human facial analysis showed that individuals with PSACH
have a reduced lower facial height, reduced nasal protru-
sion and more widely spaced eyes. Even though all of these
changes are within the normal range of facial variation, these
characteristics are associated with a more juvenile facial ap-
pearance (Ferrario, Sforza, Serrao, Ciusa, & Dellavia, 2003).
While comparison of murine and human faces is not straight-
forward, some findings are consistent including PSACH
lower facial height and reduced nasal protrusion that corre-
spond to smaller MT-COMP snout length and skull height.
Several of these facial differences are consistent with changes
in the cranial base. The mild hypertelorism in PSACH cases,
for example, may be related to change in the growth of bones
comprising the anterior cranial base (Moss, 1965; Tessier,
1972). The reduced snout length (in mice) and reduced nasal
protrusion may be related to changes in the cartilaginous

closely resemble younger controls than age
matched control

nasal septum, which has a major impact on the early anterior
growth of the midface (Delaire & Precious, 1986)

In addition to altering facial features, mutant-COMP af-
fects murine skull BMD by temporarily delaying ossifica-
tion between 3 and 4 weeks. This is similar to that observed
in the murine MT-COMP long bones, which showed lower
BMD particularly in the ends of the bones (Coustry et al.,
2018; Hecht et al., 1995; Posey et al., 2009). Interestingly
and unexpected, intramembranous bone ossification was
also delayed. The underossified calvaria is difficult to ex-
plain given that mutant-COMP expression is restricted to
tissues that express type II collagen. The calvaria ossifies
through intramembranous ossification and does not involve
calcification of cartilage (type II collagen tissue; Breeland
& Menezes, 2019). Mutant-COMP expression had the
greatest impact on “adolescent” mice (3 and 4 weeks),



BURGER ET AL.

Molecular Genetics & Genomic Medicine_wl LEYM

while in younger mice, the skulls were smaller and BMD
was reduced. By6 weeks, skulls remained smaller but
BMD was comparable to controls (Figure S2). These find-
ings suggest that mutant-COMP causes a temporary delay
in ossification of both membranous and endochondral
bones of the skull.

Previously, we showed that aspirin or resveratrol treat-
ment partially rescued long bone length in MT-COMP mice
(Posey et al., 2015). Interestingly, while these treatments did
not normalize skull size, ossification was improved. Both
aspirin and resveratrol increased inferior BMD, while only
resveratrol increased superior BMD in both control and MT-
COMP mice. The improvement by resveratrol of both inferior
and superior skull BMD is similar to its superior performance
in dampening the MT-COMP growth plate chondrocyte pa-
thology (Posey et al., 2015).

The novel results of this study characterize and quantify
the unique facial features in PSACH not previously appreci-
ated and, to some degree, recapitulated in MT-COMP mice.
Mutant-COMP affects facial and skull development in mice
and humans in distinct patterns resulting in a more juvenile
appearance, which may account for previous anecdotal re-
ports of heighted facial attractiveness. Additional studies are
needed to better understand the mutant-COMP molecular
mechanisms underlying these differences in skull and face,
which are distinct from the long bone pathology.
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