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The CMS19 disease model specifies
a pivotal role for collagen XIlI
in bone homeostasis

A.V. Kemppainen?!, M. A. Finnila?, A. Heikkinen?, H. Harénen?, V. Izzi*3*, S. Kauppinen?,
S. Saarakkala®®, T. Pihlajaniemi® & J. Koivunen®**

Mutations in the COL13A1 gene result in congenital myasthenic syndrome type 19 (CMS19), a

disease of neuromuscular synapses and including various skeletal manifestations, particularly facial
dysmorphisms. The phenotypic consequences in Col13al null mice (Col13al™") recapitulate the muscle
findings of the CMS19 patients. Collagen XlII (ColXIll) is exists as two forms, a transmembrane protein
and a soluble molecule. While the Col13a1~~ mice have poorly formed neuromuscular junctions, the
prevention of shedding of the ColXIll ectodomain in the Col13a1'™*™ mice results in acetylcholine
receptor clusters of increased size and complexity. In view of the bone abnormalities in CMS19, we
here studied the tubular and calvarial bone morphology of the Col13a1~- mice. We discovered several
craniofacial malformations, albeit less pronounced ones than in the human disease, and a reduction
of cortical bone mass in aged mice. In the Col13a1'™'™ mice, where ColXIll is synthesized but the
ectodomain shedding is prevented due to a mutation in a protease recognition sequence, the cortical
bone mass decreased as well with age and the cephalometric analyses revealed significant craniofacial
abnormalities but no clear phenotypical pattern. To conclude, our data indicates an intrinsic role for
ColXIll, particularly the soluble form, in the upkeep of bone with aging and suggests the possibility of
previously undiscovered bone pathologies in patients with CMS19.

Collagens are the central structural constituent of the extracellular matrix (ECM). In addition to their structural
role, collagens regulate cell signaling via cell surface receptors such as integrins. Altogether 28 different collagen
types have been identified, representing a large variety of structures, expression profiles and binding partners.
The large family of collagens has been implicated in various genetic and acquired human disorders'~.

Collagen XIII (ColXIII) is a membrane-associated collagen, comprised of a short N-terminal cytosolic
domain, a transmembrane domain and a largely collagenous ectodomain®®. The ectodomain interacts with
several ECM components such as fibronectin, nidogen-2 and perlecan® as well as a1881” and al181 integrins®.
The ectodomain of ColXIII can be cleaved from the cell membrane by furin proteases, forming a soluble bio-
logically active variant of ColXIII>!°. ColXIII is expressed in various mesenchymal cell lines and tissues during
development, being mostly associated with basement membrane and junctional structures where it exists in adult
tissue®!!. A distinct high expression has been demonstrated in postnatal neuromuscular junctions (NM]Js) and
periosteal and endosteal osteoblasts'*"'. Recently, ColXIII was shown to be a basement membrane component
in the hair germ-dermal papilla interface’®.

The a-chain of the homotrimeric ColXIII protein is encoded by the COL13A1 gene*. Different loss-of-function
mutations of COL13A1 manifest clinically as congenital myasthenic syndrome type 19 (CMS19)!7-2!. In CMSs,
mutations of NM]J-affiliated proteins and the subsequently abnormal function of NMJs manifest physiologically
as a distinct spectrum of symptoms, which often includes muscle weakness, respiratory difficulties, and ptosis?.
Similarly to CMS19 patients, ColXIII null mice (Col13al~~) show impaired NM]J development and function as
well as reduced muscle strength'>?*. The mouse line with a mutation in the furin-type proprotease recognition
sequence of ColXIII (Col13a1™"™) lacks only the shed form of ColXIII. Neuromuscular synapses in the muscle
tissue of Coll13al"™"™ mice exceed their typical physiological complexity?. In addition to the characteristic
symptoms, CMS19 patients present with varying skeletal abnormalities. These include thoracolumbar scoliosis,
kyphosis, and dysmorphic facial features such as an elongated face, micrognathia, and high-arched palate!”*>20,
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Figure 1. Single scaled mid-diaphyseal axial tomographic pCT images of male and female Col13al”~ mouse

femurs and respective controls at the 4-, 12-, 25-, 35, and 72-week time points. Scale bars 1 mm.

The fundamental pathophysiological properties of CMS19 are closely replicated in the Col13al~~ mice?.
Moreover, pre- and postsynaptic NM]J defects have been discovered in mutated ColXIII mouse lines (Col13a17",
Col13a1°, and Coll3al1™m)!131523 While the NM]J development and the neuromuscular properties of the
Col13al7~ and the Col13al"™" mice have been studied, their skeletal characteristics are completely unknown
despite the fact that human CMS19 patients demonstrate skeletal phenotypes. In this study, we analyzed the
bone tissue of Col13al~~ and Coll3al"™" mice and compared our findings to those reported in the human

CMS19 patients.

Results
Diaphyseal cortical bone area and thickness are reduced in aged Col13a1~- and Col13a1!™*™
mice. To determine the effects of absence of ColXIII in tubular bone morphometry, femurs of male and female
Col13al™~ and Col13al"™" mice were imaged using pCT. Some reduction of bone mass could be depicted in
the 72-week-old female Col13al~~ and Col13al""™ samples compared to their respective WT control sam-
ples in single mid-diaphyseal axial images (Figs. 1 and 2). The 2D morphometric analysis showed a significant
reduction of the cortical bone and the medullar area in the female Col13al™~ mice at the 72-week time point
(Fig. 3A,B). In the Col13a1™"™ mice, the cortical bone area and cortical thickness were reduced in the 35-week-
old as well as 72-week-old female mice (Fig. 4A,C). Additionally, the cortical bone and the medullar areas were
reduced in the 72-week-old male Col13a1"™™ mice compared to the respective WT controls (Fig. 4A,B).
3D-morphometric analysis of distal femoral trabecular bone did not show major alterations in trabecular
architecture or volume in the Col13al~~ or the Col13al"" mice compared to the respective WT control samples
(Figs. 3D-G, 4D-G). The differences in the trabecular architecture between sexes and phenotypes were quite
evident in the 3D reconstruction images of distal femoral trabecular bone and are consistent with the 3D analysis
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Figure 2. Single-scaled mid-diaphyseal axial tomographic pCT images of male and female Col13a1"™"" mouse
femurs and respective controls. From the 4- to 35-week time points, diaphyseal cortical bone morphology
remained mostly unaltered in the Col13a1"" samples compared to the controls, whereas at 72 weeks a slight
reduction in bone mass could be seen compared to the WT samples. Scale bars 1 mm.

(Supplementary Figs. S1 and S2, Figs. 3D-G, 4D-G). Additionally, the femoral length was measured from each
sample, but no significant differences were observed in the Col13al™~ or the Col13a1"™" mice in either gender
at any time point compared to respective WT controls (Supplementary Fig. S3).

Cortical bone area and thickness were reduced in the metaphyseal region in Col13a1~- and
Col13a1'™™ mice. To confirm our findings in the Col13a1~/~ and the Coll3al""" mice, a high-resolution
UCT scanner was utilized to re-analyse the 35- and 72-week-old female Col13a1”~ and Coll13al"™™ mouse
femur samples (Fig. 5). Scanner limitations enabled imaging only the distal third of the diaphysis, the metaphy-
sis, and the distal growth plate to fit into a single image acquisition sequence. Thus, cortical bone was analyzed
from the metaphyseal region. The cortical bone area and thickness were comparable to controls at the 35-week
time point but significantly decreased in the 72-week-old Col13al~~ female mice (Fig. 6A,B) and in the 35- and
72-week-old Col13a1"™"™ mice (Fig. 6D,E) while the medullary area was unaltered in both genotypes (Fig. 6C,F).
In the 72-week-old female Coll3al™~ mice, the distal metaphyseal cortical bone area was 16% less and the cor-
tical thickness 19% less compared to WT (Fig. 6A,B). In the female Coll13al"™"" mice, the distal metaphyseal
cortical bone area was 9% less and the cortical thickness 8% less at the 35-week time point and 14% and 10% less,
respectively, at the 72-week time point compared to WT controls (Fig. 6D,E).

Cephalometric analysis of Col13al”- and Col13al'™*™ mice. To evaluate the Coll13al”~ and the
Col13a1"™"™ mice for possible craniofacial defects, 4- and 35-week-old mouse skulls were imaged using pCT.
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Figure 3. Summary of morphometric parameters of diaphyseal cortical bone and distal femoral trabecular
bone of male and female Col13a1~~ mice and WT controls. Cortical area (Ct.Ar, A) and medullary area (Ma.
Ar, B) were significantly reduced in the female Col13a17~ mice at the 72-week compared to the controls. There
was no differences in cortical thickness (Ct.Th., C) between genotypes. Bone volume fraction (BV/TV, D) and
trabecular number (Tb.N, E) were higher in 35-week-old Col13a1~~ males compared to WT. There was no
differences in trabucular thickness (Tb.Th., F) between genotypes. Trabecular separation (Tb.Sp, G) was higher
in 72-week-old Col13a17~ females compared to WT. n(WT male): 3-6; n(Col13al™~ male): 4-7; n(WT female):
3-5; n(Col13al~'~ female): 5-6; the whiskers represent min to max; *q<0.05, **q<0.01, ***q<0.001 determined
by two-way ANOVA and followed by the false discovery rate.
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Figure 4. Summary of morphometric parameters of diaphyseal cortical bone and distal femoral trabecular
bone of male and female Col13a1"" mice and WT controls. The cortical bone area (Ct.Ar, A) was significantly
reduced in the female Col13a1"/™ mice at the 35- and 72-week and in males at the 72-week. The medullary

area (Ma.Ar, B) was significantly lower in Col13al

~~ mice at the age of 72-week compared to the controls The

cortical thickness (Ct.Th, C) was reduced in the female Coll3al"" mice at 12-, 35- and 72-week-old mice. The
trabecular bone was unaltered between Col13al""" and WT samples (D-G). n(WT male): 4-6; n(Col13a1"/™
male): 4-6; n(WT female): 2-6; n(Col13a1™/"™ female): 4-6; the whiskers represent min to max; *q<0.05,
**q<0.01, ***q<0.001 determined by two-way ANOVA and followed by the false discovery rate.
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Figure 5. Single scaled axial tomographic pCT images of distal metaphyseal femoral cortical bone in female
Col13al™~, Col13al"™"™ and WT control mice at the age of 35 and 72 weeks. Whereas bone morphology was

similar at the 35-week time point (A,B), cortical bone mass was clearly reduced in the Col13al~~ mice at the

72-week time point compared to the WT samples (C,D). The metaphyseal cortical bone mass was significantly
reduced in the Col13al""" mice at both time points compared to the WT controls (E-H). Scale bars 500 um.
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Figure 6. Morphometric parameters for HRCT analysis of metaphyseal cortical bone. The Col13a1~~ female
mice and respective WT controls (A-C). There were no statistically significant differences in the cortical area
(Ct.Ar, A) or thickness (Ct.Th, B) or the medullary area (Ma.Ar, C) at the 35-week time point. At the 72-week
time point, Ct.Ar and Ct.Th were significantly reduced in the Col13a1™~ samples compared to the WT mice.
The Col13al"™ female mice and respective WT controls (D-F). The cortical area (Ct.Ar, D) and thickness (Ct.
Th, E) were significantly reduced in the Col13a1""" mice at the 35- and 72-week time points compared to the
respective controls. The medullary area (Ma.Ar, F) was unaltered. n(WT female): 4-5; n(Col13al™~ female): 5;
n(WT female): 3-6; n(Col13a1"™ female): 4-6; the whiskers represent min to max; **q<0.01 determined by
two-way ANOVA and followed by the false discovery rate.
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Figure 7. A 3D-reconstructed image of male and female mouse skulls, showing 25 anatomic landmarks used
in the cephalometric analysis. Representative images of Col13al~~ and Coll3a1"" female mice and respective
WT controls at 4- and 35-week time points. For measurement data, see the Supplementary Tables S2 and S2,

and Supplementary Figs. S7 and S8.

Single axial and sagittal 2D projection images were generated from the 3D-reconstructed image datasets.
From these projection images (Fig. 7), the morphometric analysis (Supplementary Table S1 and Supplemen-
tary Figs. $3-S5) was conducted according to a previously published method?. In the 4-week-old male and
female Col13a17~ mice, the interzygomatic length, effective mandibular length and ascending ramus length
were reduced compared to the respective WT controls (Supplementary Table S2, Supplementary Figs. S7 and
S$8). Additionally, the internasal distance was reduced in male, and the upper incisor height, mandibular plane
and posterior mandibular height were reduced in female Col13a1~~ mice compared to the respective WT con-
trols. In the 35-week-old male Col13a1~~ mice, no significant differences were found in the parameters altered at
the 4-week time point. Instead, the interorbitary length was reduced and the inferior incisor length was slightly
increased compared to the respective WT controls. In the 35-week-old female Col13al~~ mice, the interzy-
gomatic length, mandibular plane and posterior mandibular height were normalized from the 4-week to the
35-week time point, whereas the upper incisor length, mandibular plane and ascending ramus length remained
reduced compared to WT (Supplementary Table S2, Supplementary Figs. S9 and S10). In the 4-week-old male
Col13al1""™ mice, the upper incisor length and the posterior mandibular height were reduced compared to the
WT controls (Supplementary Table S3). At the 35-week time point, the interzygomatic length, palatine length,
upper incisor length, inter-molar maxillary distance, ascending ramus length and posterior mandibular height
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were increased in the male Coll13al™" mice compared to WT control mice. No significant differences were
found in the female Coll3al""" mice at the 4- or 35-week time points compared to the respective WT controls
(Supplementary Table S3).

Discussion

In this study, we show that the femoral cortical bone area and cortical thickness of Col13a1~~ and Col13a1""™
mice are reduced in respect to control mice. ColXIII is a membrane-associated collagen existing as transmem-
brane and shed forms. Previous studies suggest that these two forms have distinct physiological functions?**>¢.
The role of ColXIII in bone homeostasis has been studied in a transgenic overexpression mouse model (ColI
3a1°9)%12%7 In the Coll3al mice, excess ColXIII causes a gradual increase of long and calvarial bone mass?’,
disrupts osteoblast differentiation, increases the expression of VEGF in primary osteoblasts and stimulates
vascular outgrowth in cultured fetal mouse metatarsals'?. The pronounced diaphyseal appositional bone mass
phenotype is accompanied by endocortical bone loss of similar magnitude'. The excess diaphyseal apposition
of bone tissue is reduced in ColXIII-overexpressing mice with the simultaneous lack of integrin all subunit,
demonstrating the in vivo significance of ColXIII-induced signaling in bone turnover®.

The role and function of ColXIII in the normal development of postnatal NMJs in Col13al~~ and Col13a1™"™
mice is well characterized'®'>?>?%, The muscle tissue of Col13a17”~ mice has reduced complexity and size of
acetylcholine receptor (AChR) clusters already at the age of 4 weeks. In contrast to the Coll13al~~ mice, the
12-week-old Col13a1™"™ mice have increased size and complexity of the AChR clusters compared to WT mice®.
Here, we show that the femoral bone area and cortical thickness are reduced in both the Col13al~~ and the
Col13al™"™ mice with aging, long after the occurrence of NM]J abnormalities. In contrast to opposing NM]
phenotypes of Col13al™~ and Coll3al"" mice, the reduction in femoral bone mass was similar in both mouse
lines indicating that the reduction of bone mass is not secondary to the abnormal NM]J development, but rather
due to a distinct role of ColXIII in bone tissue. We point out that according to marker gene expression bone!*?”
is in addition to NM]Js one of the two tissues with highest ColXIII expression, and thus it is conceivable that the
observed bone effects are direct causes of lack of this collagen. However, these data do not exclude the possibil-
ity of systemic effects caused by the lack of ColXIII. Additionally, we demonstrate here that the lack of soluble
ColXIII in Col13al"™"™ mice causes a similar bone phenotype as the total knockout of Col13al, suggesting the
importance of soluble ColXIII in bone homeostasis. Previously, we have shown that ColXIII is mainly expressed
by diaphyseal osteoblasts in the mouse femur?’. This could be the cause of the predominant phenotypes in the dia-
physeal area in all ColXIII mouse lines, as shown here for Coll 3al™", Coll3al'™" and previously for Coll13al*.
While the alterations of the cortical metaphysis are not identical with those from the diaphysis, our results are
consistent in the sense that cortical bone decreases with age in both anatomical locations. This is in line with
prior research, which found that age-related cortical thinning differ between the metaphysis and diaphysis®.
Previously we have shown that the soluble ColXIII, not the transmembrane form, activates JNK and ERK path-
ways in osteoblasts'?. This finding is in accordance with lack of shedding having an impaired effect in the bone
formation of the Coll3a1"™ mice as shown here. However, the changes in the Coll 3al~~ and the Coll3al!™™
mice are similar but not identical. The 72-week-old Col13al~~ mice have significantly lowered cortical and
medullar areas but not a reduced cortical thickness whereas the Col13a1™" have a decreased cortical area and
cortical thickness but an unaltered medullar area. Age-dependent cortical thinning in mice occurs when the loss
of bone from the endosteal surface surpasses the quantity of bone deposited to the periosteal surface?. Previous
studies demonstrate that this cortical thinning in mice is due to unbalanced endocortical a basic multicellular
unit (BMU)-based remodeling, not osteoclastic modeling®. Based on our previous findings, soluble ColXIII
affects specifically BMU-based remodeling'?. The decrease observed here in the medullar expansion of the old
Col13al”~ mice is consistent with these previous results, indicating the importance of ColXIII in BMU-based
cortical remodeling. However, based on the data presented here, we cannot explain why in the Coll3al™" mice
cortical thinning is increased without changes in the medullary expansion compared to WT. Nevertheless, the
phenotypic similarity in bone of the Col13a1~~ and Col13al"™"™ mice suggests that the soluble ColXIII is the
main form affecting bone homeostasis, but also the transmembrane form appears to have some direct or indirect
roles in bone remodeling.

Similarly to CMS19 patients'”", the Col13al~~ and the Col13al"™"™ mice exhibit visible craniofacial mal-
formations. However, the cephalometric analysis of the Coll 3al™ and the Coll3al™" mice did not reveal a
clear phenotypical pattern when both sexes were studied at two time points, though it revealed subtle and sex-
dependent alterations whose origin remain unclear. Moreover, some differences found in the 4 weeks old mice
became nonsignificant at the 35-week time point, possibly because of delayed and abnormal postnatal develop-
ment being overcome with age. Alterations of craniofacial morphology have been published in several mouse
models of syndromic craniosynostoses. Whereas clear craniofacial abnormalities have been reported for example
in mouse lines with mutations of FGFRI*°, FGFR2*'-**, TCF12** and EFNBI?°, several mutant mouse models have
been reported to present with only mild calvarial abnormalities compared to the respective human patients®~*2.
These mouse lines, however, often present with other skeletal abnormalities such as decreased femoral cortical
thickness and cortical bone area*'~* or decreased vertebral BV/TV and BMD*.

In conclusion, our findings in the skeletal tissues show that lack of ColXIII in mice indeed affects bone,
although the findings are less pronounced than in the human disease, which is often the case also in other mouse
models of human syndromes. Unlike the NM]J alterations, which stabilize with age in the Col13a1™~ mice and
the CMS19 patients'”?®, the reduced bone phenotype becomes aggravated with aging of the mice. This finding
may be significant also in understanding the effects of lack of ColXIII in humans. As such, our results further
validate and expand the potential use of the Col13al™~ mice as a disease model for CMS19. Although the
abnormal development of NMJs shows marked differences between the Coll 3al~ and the Coll3al'™"™ mice,
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we found the tubular bone mass to be similarly reduced in both mouse lines. This would indicate that especially
soluble ColXITII has a significant role in the upkeep of cortical bone mass with aging, independent of its func-
tions in normal NMJ development. As both complete and partial lack of ColXIII reduced femoral bone mass
significantly, future research is warranted to assess the possibility of bone pathologies such as osteoporosis in
human CMS19 patients.

Material and methods

Mouse models. Generation of Coll3al”~ (MGI:4838409) and Coll3al™/™ (MGI:6116692) mice has been
described previously in their respective publications'*?. ColI13a17~ as a CMS19 model has been described
previously®.

Low-resolution micro-computed tomography (UCT). For pCT analyses, left femurs were dissected
from male and female Col13al"" and Col13al~~ mice at 4-, 12-, 25-, 35- and 72-week time points. Samples
were also collected from age and gender matched WT littermate controls. Samples were stored in phosphate-
buffered saline at -20 °C with no prior fixation. Most recent guidelines for uCT methodology were used*. Sam-
ples were imaged with a Skyscan 1176 scanner (Bruker microCT, Kontich, Belgium) designed for in vivo imag-
ing of live animals. X-ray tube voltage of 50 kV with image pixel size of 8.71 pm and current of 500 uA with a
0.5 mm aluminum filter were used. One image projection was collected every 0.3° over 360° rotation with an
exposure time of 4000 ms. Specimens were imaged without a scanning medium (i.e. air) wrapped in a moist
paper and placed in a sealed container to prevent drying. Image slices were reconstructed into the tomographic
image datasets using NRecon software (Skyscan, v. 1.6.5.2), where ring artefact and beam hardening correc-
tions were applied. 2D and 3D volumetric analyses of datasets were done using CTAn software (Skyscan, v.
1.11.10.0). Both softwares were provided by the manufacturer. Regions of interest (ROIs) were manually drawn
for trabecular and cortical bone quantitative morphometric analyses. Trabecular bone was assessed from distal
femoral metaphyseal area using an irregular, anatomic region of interest drawn manually a few voxels away from
the endocortical surface. Trabecular ROI continued 0.9 mm proximally starting from the distal growth plate.
Following 3D morphometric parameters were measured: total volume of region of interest (T'V), volume of the
region segmented as bone (BV), bone volume fraction (BV/TV) and trabecular number (Tb.N). Diaphyseal
cortical bone was assessed using a volume of interest starting 0.9 mm from femoral neck and extending distally
towards the diaphysis. The volume of interest (VOI) enclosed the whole sample from the assessed section. Due
to normal longitudinal growth, two different VOI lengths were used. For 4-week time point, a length of 3.6 mm
(400 axial slices) was measured. For 12, 25, 35 and 72-week time points, a length of 5.4 mm (600 axial slices)
was measured. Following 2D morphometric parameters were measured: cortical bone area (Ct.Ar), medullary
area (Ma.Ar) and average cortical thickness (Ct.Th). For data visualization and femur length measurements,
DataViewer software (v. 1.5.6.2) was used. Femur length was measured from the top of trochanter major in mid
frontal plane to the distal patellofemoral groove. Measurements were repeated three times and the mean value
was used as the result.

High-resolution PCT. For more detailed analysis of bone morphometric parameters, left mouse femurs
were analyzed from Coll13al™"~ and Col13al™"™ female mice using high-resolution computed tomography
(HRCT). Samples from the 35- and 72-week time points were analyzed, and age-matched WT control samples
were used. Skyscan 1272 (Bruker microCT, Kontich, Belgium) scanner, designed for high-resolution 3D imaging
of ex vivo specimens, were used with an X-ray tube voltage of 50 kV; a current of 200 pA, an exposure time of
4000 ms and a 0.25-mm aluminum filter. X-ray images were acquired every 0.29° within a 360° rotation. Final
image resolution was 1.75 pm. A sealed container and moist tissue paper were used to prevent sample drying
during imaging. The image datasets were processed, and image artifact corrections were applied using NRecon
software (v. 1.6.5.2). The datasets were reoriented using the Dataviewer software (v. 1.5.6.2) and morphometric
analyses were conducted using the CTAn software (v. 1.11.10.0). All softwares were provided by the manufac-
turer. The reporting and discussion of the results followed current recommendations**®. Trabecular bone was
assessed from the distal femoral metaphyseal area using an anatomic ROI drawn a few voxels away from the
bone endocortical surface. The length of the trabecular ROI was 0.7 mm (400 axial slices) starting from the dis-
tal growth plate and extending towards the diaphysis. Following 3D morphometric parameters were measured:
TV, BV, BV/TV and Tb.N. Metaphyseal cortical bone was assessed using a 0.35-mm-long (200 axial slices) VOI
starting 1.75 mm from the distal growth plate and extending proximally towards the diaphysis. Following 2D
morphometric parameters were measured: Ct.Ar, Ma.Ar, and Ct.Th.

Cephalometric analysis. For cephalometric analyses, we imaged Coll3al™~ and Coll3al™" mouse
skulls at 4- and 35-week time points using HRCT. Both genders were studied, and age- and gender-matched WT
littermate controls were used. The samples were stored at — 20 °C in phosphate-buffered saline (PBS) without
prior fixation. The samples were imaged using a Skyscan 1272 (Bruker microCT, Kontich, Belgium) scanner
with a tube voltage of 50 kV and 0.5 mm aluminum filter. X-ray images were collected every 0.29° within a 360°
rotation with an exposure time of 1550 ms. The final image resolution was 10.7 pm. The samples were covered in
moist tissue paper in a sealed container during imaging to prevent drying. Image processing was done using the
NRecon software (v. 1.6.5.2) and the datasets were reoriented using the DataViewer software (v. 1.5.6.2). Soft-
wares were provided by the manufacturer. An in-house MATLAB (R2018b, The MathWorks, USA) script was
used to perform the cephalometric analyses (Supplementary material and Supplementary Figs. S4-S6). A sagit-
tal and transverse projection image of 3D reconstructed samples was produced from each dataset and saved with
a corresponding filename. Measurements for craniofacial, maxillary, and mandibular morphology were con-
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ducted similarly to a previously published list of measurements?%. The samples were measured in a randomized
order and the filenames were hidden from the user during measurement to prevent bias. All measurements were
performed three times, and the mean value was used as the result.

Statistics. Graphical data are shown either in boxplots representing data values from 25 to 75th percentile or
in bar charts. In boxplots, the line indicates the median value and the whiskers represent the complete spread of
all samples in the group (min to max). In the bar charts, the whiskers represent the range of the dataset. The data
were not tested for normality. Data were analyzed with two-way analysis of variance (ANOVA) using the Graph-
Pad Prism software (GraphPad Software, v. 7.03). Multiple comparisons were performed between the groups at
the respective time points. P-values were adjusted using the Benjamini, Krieger and Yekutieli false discovery rate
(q)¥. Finally, q<0.05 was considered a statistically significant result.

Study approval. All applicable international, national, and institutional guidelines for the care and use of
animals were followed and all experimental protocols were approved by the Animal Use and Care Committee of
the University of Oulu and the National Animal Experiment Board (Eldinkoelautakunta ELLA). All procedures
performed in studies involving animals were in accordance with the ethical standards of the European Commu-
nity Council Directive on the protection of animals used for scientific purposes (September 22, 2010; 2010/63/
EEC), national legislation and the regulations for the care and use of laboratory animals. This study was carried
out in compliance with the ARRIVE guidelines.

Received: 24 November 2021; Accepted: 21 March 2022
Published online: 07 April 2022

References
1. Arseni, L., Lombardi, A. & Orioli, D. From structure to phenotype: Impact of collagen alterations on human health. Int. J. Mol.
Sci. https://doi.org/10.3390/ijms19051407 (2018).
2. Bateman, J. F, Boot-Handford, R. P. & Lamande, S. R. Genetic diseases of connective tissues: Cellular and extracellular effects of
ECM mutations. Nat. Rev. Genet. 10, 173-183 (2009).
3. Sainio, A. & Jarvelainen, H. Extracellular matrix macromolecules as potential targets of cardiovascular pharmacotherapy. Adv.
Pharmacol. 81, 209-240 (2018).
4. Heikkinen, A., Tu, H. & Pihlajaniemi, T. Collagen XIII: A type II transmembrane protein with relevance to musculoskeletal tissues,
microvessels and inflammation. Int. J. Biochem. Cell Biol. 44, 714-717 (2012).
5. Izzi, V. et al. Exploring the roles of MACIT and multiplexin collagens in stem cells and cancer. Semin. Cancer Biol. 62, 134-148
(2019).
6. Tu, H. et al. The type XIII collagen ectodomain is a 150-nm rod and capable of binding to fibronectin, nidogen-2, perlecan, and
heparin. J. Biol. Chem. 277, 23092-23099 (2002).
7. Nykvist, P. et al. Distinct recognition of collagen subtypes by alpha(1)beta(1) and alpha(2)beta(1) integrins. Alpha(1)beta(1)
mediates cell adhesion to type XIII collagen. J. Biol. Chem. 275, 8255-8261 (2000).
. Koivunen, J. et al. Integrin al1p1 is a receptor for collagen XIII. Cell Tissue Res. 383, 1135-1153 (2021).
9. Snellman, A. et al. A short sequence in the N-terminal region is required for the trimerization of type XIII collagen and is conserved
in other collagenous transmembrane proteins. EMBO J. 19, 5051-5059 (2000).
10. Viisanen, M. R., Viisdnen, T. & Pihlajaniemi, T. The shed ectodomain of type XIII collagen affects cell behaviour in a matrix-
dependent manner. Biochem. J. 380, 685-693 (2004).
11. Sund, M. et al. Distinct expression of type XIII collagen in neuronal structures and other tissues during mouse development.
Matrix Biol. 20, 215-231 (2001).
12. Koivunen, J. et al. Collagen XIII-derived ectodomain regulates bone angiogenesis and intracortical remodeling. Matrix Biol. 83,
6-25(2019).
13. Latvanlehto, A. et al. Muscle-derived collagen XIII regulates maturation of the skeletal neuromuscular junction. J. Neurosci. 30,
12230-12241 (2010).
14. Sund, M. et al. Abnormal adherence junctions in the heart and reduced angiogenesis in transgenic mice overexpressing mutant
type XIII collagen. EMBO J. 20, 5153-5164 (2001).
15. Héronen, H. et al. Correct expression and localization of collagen XIII are crucial for the normal formation and function of the
neuromuscular system. Eur. J. Neurosci. 49, 1491-1511 (2019).
16. Tsutsui, K. et al. Mapping the molecular and structural specialization of the skin basement membrane for inter-tissue interactions.
Nat. Commun. 12, 1-18 (2021).
17. Logan, C. V. et al. Congenital myasthenic syndrome type 19 is caused by mutations in COL13A1, encoding the atypical non-fibrillar
collagen type XIIT alphal chain. Am. J. Hum. Genet. 97, 878-885 (2015).
18. Beeson, D. et al. Myasthenic syndromes due to defects in COL13A1 and in the N-linked glycosylation pathway. Ann. N. Y. Acad.
Sci. 1413, 163-169 (2018).
19. Dusl, M. et al. Congenital myasthenic syndrome caused by novel COL13A1 mutations. J. Neurol. 266, 1107-1112 (2019).
20. Rodriguez Cruz, P. M. et al. The clinical spectrum of the congenital myasthenic syndrome resulting from COL13A1 mutations.
Brain 142, 1547-1560 (2019).
21. Marquardt, R. J. & Li, Y. Congenital myasthenic syndrome type 19 due to a novel mutation in the COL13A1 GENE. Muscle Nerve
60, E3-E4 (2019).
22. Finsterer, J. Congenital myasthenic syndromes. Orphanet. J. Rare Dis. 14, 1-22 (2019).
23. Haroénen, H. et al. Collagen XIII secures pre- and postsynaptic integrity of the neuromuscular synapse. Hum. Mol. Genet. 26,
2076-2090 (2017).
24. Eimar, H. et al. Craniofacial and dental defects in the Collal]jrt/+ mouse model of osteogenesis imperfecta. J. Dent. Res. 95,761-768
(2016).
25. Viisinen, T., Védisanen, M. R. & Pihlajaniemi, T. Modulation of the cellular cholesterol level affects shedding of the type XIII col-
lagen ectodomain. J. Biol. Chem. 281, 33352-33362 (2006).
26. Viisinen, M. R. et al. The shed ectodomain of type XIII collagen associates with the fibrillar fibronectin matrix and may interfere
with its assembly in vitro. Biochem. J. 393, 43-50 (2006).

el

Scientific Reports |

(2022) 12:5866 | https://doi.org/10.1038/s41598-022-09653-4 nature portfolio


https://doi.org/10.3390/ijms19051407

www.nature.com/scientificreports/

27. Ylénen, R. et al. Type XIII collagen strongly affects bone formation in transgenic mice. J. Bone Miner. Res. 20, 1381-1393 (2005).

28. Zainul, Z. et al. Collagen XIII is required for neuromuscular synapse regeneration and functional recovery after peripheral nerve
injury. J. Neurosci. 38, 4243-4258 (2018).

29. Piemontese, M. et al. Old age causes de novo intracortical bone remodeling and porosity in mice. JCI Insight. 2, €93771 (2017).

30. Zhou, Y. X. et al. A Pro250Arg substitution in mouse Fgfrl causes increased expression of Cbfal and premature fusion of calvarial
sutures. Hum. Mol. Genet. 9, 2001-2008 (2000).

31. Chen, L, Li, D,, Li, C,, Engel, A. & Deng, C. A Ser252Trp [corrected] substitution in mouse fibroblast growth factor receptor 2
(Fgfr2) results in craniosynostosis. Bone 33, 169-178 (2003).

32. Wang, Y. et al. Abnormalities in cartilage and bone development in the Apert syndrome FGFR2(+/S252W) mouse. Development
132, 3537-3548 (2005).

33. Eswarakumar, V. P, Horowitz, M. C., Locklin, R., Morriss-Kay, G. M. & Lonai, P. A gain-of-function mutation of Fgfr2c demon-
strates the roles of this receptor variant in osteogenesis. Proc. Natl. Acad. Sci. U. S. A. 101, 12555-12560 (2004).

34. Wang, Y. et al. p38 Inhibition ameliorates skin and skull abnormalities in Fgfr2 Beare-Stevenson mice. J. Clin. Investig. 122,
2153-2164 (2012).

35. Sharma, V. P. et al. Mutations in TCF12, encoding a basic helix-loop-helix partner of TWIST], are a frequent cause of coronal
craniosynostosis. Nat. Genet. 45, 304-307 (2013).

36. Xing, W, Kim, J., Wergedal, J., Chen, S. & Mohan, S. Ephrin B1 regulates bone marrow stromal cell differentiation and bone
formation by influencing TAZ transactivation via complex formation with NHERF1. Mol. Cell Biol. 30, 711-721 (2010).

37. el Ghouzzi, V. et al. Mutations of the TWIST gene in the Saethre-Chotzen syndrome. Nat. Genet. 15, 42-46 (1997).

38. Satokata, I. et al. Msx2 deficiency in mice causes pleiotropic defects in bone growth and ectodermal organ formation. Nat. Genet.
24, 391-395 (2000).

39. Simon, Y. et al. Cephalometric assessment of craniofacial dysmorphologies in relation with Msx2 mutations in mouse. Orthod.
Craniofac. Res. 17,92-105 (2014).

40. Ting, M. et al. EphA4 as an effector of Twist1 in the guidance of osteogenic precursor cells during calvarial bone growth and in
craniosynostosis. Development 136, 855-864 (2009).

41. Twigg, S. R. E. et al. Skeletal analysis of the Fgfr 3(P244R) mouse, a genetic model for the Muenke craniosynostosis syndrome.
Dev. Dyn. 238, 331-342 (2009).

42. Arteaga-Solis, E. et al. Material and mechanical properties of bones deficient for fibrillin-1 or fibrillin-2 microfibrils. Matrix Biol.
30, 188-194 (2011).

43. stiffel, V., Amoui, M., Sheng, M. H., Mohan, S. & Lau, K. W. EphA4 receptor is a novel negative regulator of osteoclast activity. J.
Bone Miner. Res. 29, 804-819 (2014).

44. Nistala, H. et al. Differential effects of alendronate and losartan therapy on osteopenia and aortic aneurysm in mice with severe
Marfan syndrome. Hum. Mol. Genet. 19, 4790-4798 (2010).

45. Bouxsein, M. L. et al. Guidelines for assessment of bone microstructure in rodents using micro-computed tomography. J. Bone
Miner. Res. 25, 1468-1486 (2010).

46. Dempster, D. W. et al. Standardized nomenclature, symbols, and units for bone histomorphometry: A 2012 update of the report
of the ASBMR Histomorphometry Nomenclature Committee. J. Bone Miner. Res. 28, 2-17 (2013).

47. Benjamini, Y., Krieger, A. M. & Yekutieli, D. Adaptive linear step-up procedures that control the false discovery rate. Biometrika
93, 491-507 (2006).

Acknowledgements

We greatly appreciate professors G. Karsenty and J. Tuukkanen for helpful advice. This work was carried out
with the support of The Oulu Laboratory Animal Centre Research Infrastructure, University of Oulu, Finland.
Part of the work was carried out with the support of Biocenter Oulu, Transgenic and Tissue Phenotyping Core
Facility, supported by the University of Oulu and Biocenter Finland, University of Oulu, Finland. This work
was supported by European Research Council under the European Union’s Seventh Framework Programme
(FP/2007-2013)/ERC Grant Agreement no. 336267, grants from Biocenter Oulu, the Sigrid Jusélius Foundation,
The Finnish Medical Association, and the Academy of Finland (grants no. 268378, 273571, 294617 and 284605).
Part of research infrastructure has been supported by the European Commission Regional Development Fund
(decision nr. 538/2010).

Author contributions

A VK.: Conceptualization, methodology, formal analysis, investigation, writing—original draft, validation,
visualization. M.E.: Conceptualization, methodology, formal analysis, investigation, writing—review & editing,
validation, visualization. A.H.: Conceptualization, investigation, resources, writing—review & editing, project
administration. H.H.: Conceptualization, investigation. V.I.: Formal analysis, validation. S.K.: Software, data
curation, writing—review & editing. S.S.: Resources, writing—review & editing, supervision, funding acquisi-
tion. T.P.: Conceptualization, resources, writing—review & editing, supervision, project administration, funding
acquisition. J.K.: Conceptualization, writing—original draft, validation, visualization, project administration,
funding acquisition.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-09653-4.

Correspondence and requests for materials should be addressed to J.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:5866 | https://doi.org/10.1038/s41598-022-09653-4 nature portfolio


https://doi.org/10.1038/s41598-022-09653-4
https://doi.org/10.1038/s41598-022-09653-4
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:5866 | https://doi.org/10.1038/s41598-022-09653-4 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	The CMS19 disease model specifies a pivotal role for collagen XIII in bone homeostasis
	Results
	Diaphyseal cortical bone area and thickness are reduced in aged Col13a1−− and Col13a1tmtm mice. 
	Cortical bone area and thickness were reduced in the metaphyseal region in Col13a1−− and Col13a1tmtm mice. 
	Cephalometric analysis of Col13a1−− and Col13a1tmtm mice. 

	Discussion
	Material and methods
	Mouse models. 
	Low-resolution micro-computed tomography (µCT). 
	High-resolution µCT. 
	Cephalometric analysis. 
	Statistics. 
	Study approval. 

	References
	Acknowledgements


