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Abstract

Cartilage-associated protein (CRTAP) is an essential cofactor for the proper post-translational chain
modification and collagen folding. CRTAP mutations lead in mice (Crtap—/— mice) and humans (Ol
type VII) to a severe/lethal osteochondrodystrophy; patients have fractures at birth, deformities of
the lower extremities and impaired growth. The consequences of CRTAP deficiency on intrinsic
bone material properties are still unknown. In the present study we evaluated bone quality based on
quantitative backscattered electron imaging (BEI) to assess bone mineralization density distribution
(BMDD) in femurs from 12 weeks old Crtap—/— mice and transiliac bone biopsies from 4 children
with hypomorphic mutations and having residual CRTAP expression.

The analyses revealed in the bone matrix of Crtap—/— animals and Ol type VII patients a significant
increase in mean (CaMean) and most frequent mineral concentration (CaPeak) compared to wild-
type littermates and control children, respectively. The heterogeneity of mineralization (CaWidth)
was reduced in Crtap—/— mice but normal in Ol type VIl patients. The fraction of highly mineralized
bone matrix (CaHigh) was remarkably increased in the patients: cancellous bone from 2.1 to 3.7
times and cortical bone from 7.6 to 25.5 times, associated with an increased persistence of primary
bone. In conclusion, the BMDD data show that CRTAP deficiency results in a shift towards higher
mineral content of the bone matrix similar to classical Ol with collagen gene mutations. Our data
further suggest altered mineralization kinetics resulting ultimately in an overall elevated tissue
mineralization density. Finally, in Ol type VII patients the increased portion of primary bone is most
likely reflecting a disturbed bone development.
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Introduction

Cartilage-associated protein (CRTAP) is a component of the collagen prolyl 3-hydroxylation
complex, a newly described post-translational modification system, which plays a critical role
for the proper collagen helix formation in the cell [1,2]. This ER complex, which involves a
prolyl 3-hydroxylase-1 (P3H1) enzyme, CRTAP and cyclophilin B, a peptidyl prolyl cis-trans
isomerase, is responsible for the modification of a single proline residue (Pro 986) on each al
(1) collagen chain into a 3-hydroxyproline (3-Hyp) [1]. Most interestingly, lack of CRTAP in
vivo results in a loss of function of the prolyl 3-hydroxylation complex and an over-
modification of the collagen helix at multiple residues by ER resident lysyl- and prolyl 4-
hydroxylases [2,3].

The physiological importance of a functional prolyl 3-hydroxylation complex for normal bone
formation is highlighted by the fact that deficiency of CRTAP or P3H1 cause a very severe to
lethal bone dysplasia in mice and children [2,4-7]. Crtap—/— mice develop progressive and
severe kyphoscoliosis over the first six months of age exhibiting pre- and postnatal growth
delay with shortening of the proximal limb bones and osteopenia [5]. Moreover, bone
histomorphometry has revealed decreased osteoid deposition and bone formation rate as well
as decreased mineralization apposition rate and mineralization lag time in spite of normal
osteoblast number [5]. Patients with null defects in CRTAP almost invariably die in the
perinatal period [4,7], whereas those with hypomorphic mutations, i.e. having still residual
CRTAP expression, survive. However, they have fractures at birth, deformities of the lower
extremities and impaired growth [2,5]. Histomorphometric parameters in these patients
revealed reduction in bone volume, elevated bone turnover and a decreased net bone formation
rate, which represent striking similarities with moderately deforming to severe osteogenesis
imperfecta (Ol) [5].

Traditionally, Ol has been described as a heterogeneous genetic syndrome with dominant
inheritance characterized by low bone mass and high bone fragility caused by mutations in
COL1A1 or COL1AZ2, the two genes encoding the a chains of type I collagen [8,9]. Initially,
four clinical phenotypes were distinguished reflecting disease severity [8,9]. Ol bone is brittle
in mouse models and humans due to higher mineral content, reduced collagen properties and
altered bone nanostructure [10-17]. We have recently reported similarly increased mean
mineral content in severe (Ol type Il and 1V) and moderate Ol (type 1) [18,19]. Importantly,
and most unexpectedly, we found the same increased mineralization density in patients having
either a decreased amount of structurally normal collagen (Ol type | with quantitative mutation)
or structurally altered collagen (Ol type | with qualitative mutation). This suggests that the
increase in mineral content in bone tissue might not be caused by the impaired collagen
structure itself [19].

The four new, non “classical” forms of Ol that have been characterized more recently, share
incommon clinical and radiological criteria of “classical” Ol but lack mutations in the collagen
genes [20-22]. In contrast to Ol types V and VI with still unknown etiology, recessive Ol type
VIl and Ol type VIII have been recently linked to CRTAP and P3H1 deficiency, respectively
[2,4-6]. Moreover, the phenotype of Crtap—/—mice mimics well that of surviving patients with
Ol type VII carrying a quantitative defect in CRTAP expression [5]. Thus, it would be clinically
interesting to explore the effect of CRTAP deficiency on bone material properties in
comparison to Ol forms with collagen gene mutations.

In the present study, we analyzed by quantitative backscattered electron imaging (gBEI) the

bone mineralization density distribution (BMDD) in femurs from Crtap deficient mice as well
as in trabecular and cortical bone from transiliac biopsy samples of four children with recessive
Ol type VII and about 10% residual CRTAP expression [5,22]. We further compared BMDD-
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parameters of trabecular bone from these patients with our previously published data of Ol
types I, 11l and V) [18,19].

Material and Methods

Animals

Subjects

Femora were harvested from 12 week-old Crtap+/+ (n=15) and Crtap—/— mice (n=12) (males
and females were pooled). The Crtap mouse colony was maintained in a mixed 129Sv/ev-
C57Black/6J genetic background and housed in the Baylor College of Medicine Animal
Vivarium under supervision of trained veterinarians according to standard conditions of the
Center of Comparative Medicine under provisions of all applicable federal and state guidelines.

The study group comprised four girls with Ol type VIl who are followed at the Shriners Hospital
for Children in Montreal, Canada. All subjects are related (three sisters and their first cousin).
The clinical and histomorphometric characteristics of these patients have been described in
detail before (patients V-3, V5, V-6 and V-7 from the Ward et al., pedigree) [22] The diagnosis
of Ol VIl was made on the basis of clinical, radiological and histological features of the disease
and confirmed by mutation analysis of the Crtap genes [5]. The mutation shared by the four
children is: ¢.472-1021C>G in intron 1 of the CRTAP gene. Two of the children (patients V-3
and V-7 from the Ward et al., pedigree) [22] had their CRTAP expression levels measured,
and Q-PCR analysis demonstrated levels of CRTAP mRNA to be about 10% those of controls,
as shown in Figure 6D in Morello et al, 2006 [5].

None of these children had received pharmacological treatment other than vitamin and calcium
supplementation prior to the iliac crest bone biopsy. Samples were obtained between 2.3 and
8.5 years of age. Two bone samples were available from patient V-3 at 2.3 and 4.2 years and
three samples from patient V-5 at 2.7, 4.7 and 8.5 years. Patients V-6 and V-7 were 3.4 and
3.9 years old respectively when the biopsy was taken. [22,23] The BMDD results of multiple
biopsy samples from one same patient were averaged and thus treated as a single sample.

Informed consent was obtained in each instance from the subject and/or a legal guardian, as
appropriate. The study protocol was approved by the Ethics Committee of the Shriners
Hospital.

Quantitative Backscattered Electron Imaging (gBEI) analyses

The distal half of femoral bone and transiliac bone biopsy samples were fixed in 70% ethanol,
dehydrated in ethanol, and embedded in polymethylmethacrylate. Sample blocks were trimmed
using a low speed diamond saw (Isomet-R, Buehler Ltd. Lake Buff, IL, USA). Sectioned bone
surfaces were sequentially ground with sand paper with increasing grid number followed by
polishing with diamond grains (size down to 0.25 microns) on hard polishing clothes by a PM5
Logitech instrument (Glasgow, Scotland). Finally the sample surface was carbon coated by
vacuum evaporation (SCD 004 Balzers, Lichtenstein).

The gBEI technique is well established and validated and the details of the method have been
published elsewhere [24]. Briefly, qBEIl makes use of the fact that the intensity of electrons
backscattered from a depth of 1.5 microns from the surface-layer of a sectioned bone area is
proportional to the weight concentration of mineral (hydroxyapatite) and thus calcium in bone.
A digital electron microscope (DSM 962, Zeiss, Oberkochen, Germany) equipped with a four
quadrant semiconductor backscattered electron BE detector was used. The BE-signal (gray
scale) was calibrated using the “atomic number contrast” between carbon (C, Z=6) and
aluminum (Al, Z=13) as reference materials. Carbon was set to gray level index 25 and Al to
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225, respectively. This allows a scaling also into weight % (wt%) Ca, whereby, osteoid (Z~6)
has 0 wt% Ca and pure hydroxyapatite (Z=14.06) has 39.86 wt% Ca according to its
composition. Thus, one gray level step corresponds to 0.17 wt% Ca as a consequence of this
calibration protocol.

Digital calibrated BE-images with a 200x (resolution 1 microns/pixel) and a 50x (resolution 4
microns/pixel) nominal magnification for the femoral mouse bone and for the transiliac bone
samples, respectively were acquired, reflecting the spatial distribution of Ca-content. From
these images, gray-level histograms (frequency distributions) were generated indicating the
percentage of mineralized bone area (y axis) corresponding to the number of pixels with a
certain gray level (x axis). Following calibration, the BE-image gray-level distribution can be
interpreted as a wt% Ca bone mineralization density distribution (BMDD) for bone tissue or
as mineralization density distribution for mineralized tissue in general.

The following BMDD parameters were calculated (Fig.1) [25] in both murine and human
sample sets: 1) CaMean is the weighted average Ca concentration of the mineralized tissue
area, obtained from the integrated area under the BMDD curve. 2) CaPeak is the peak position
of the BMDD histogram showing the most frequently occurring wt% Ca of the measured areas.
3) CaWidth is the width at half-maximum of the BMDD histogram curve indicating the
heterogeneity of mineralization either caused by the co-existence of differently mineralized
bone and calcified cartilage matrices and/or similar matrices, but of different ages and therefore
different degree of mineralization. 4) CaLow is the amount of low mineralized tissue areas
below the 5t percentile of the adult reference BMDD (17.68 wt% Ca). A fifth parameter,
CaHigh, was only evaluated in the human bone samples. It refers to the amount of highly
mineralized bone tissue, above the 95t percentile of the adult reference BMDD (25.30 wt%
Ca). In the distal murine femoral bone, BMDD-parameters were determined separately in the
metaphyseal and epiphyseal spongiosa, and in the midshaft cortical region. In the transiliac
biopsy samples, cancellous and cortical compartments were evaluated separately.

Statistical analysis was performed using SigmaStat for Windows Version 2.03 (SPSS Inc.).
Normality of the data was tested by Kolmogorov-Smirnov test. Normally distributed data are
given by mean (SD), non-normally distributed data by median [25t" percentile; 75t percentile]
in the tables. Data from the murine bone samples were tested for differences by t-test (if data
were normally distributed) or by Mann-Whitney rank sums tests (if data were not normally
distributed). Differences in trabecular or cortical BMDD in OI-VII children versus the young
reference population [26] were tested using rank sum tests. Differences of cancellous BMDDs
among the Ol-types (I, H1I, 1V) from [18,19] and VII were analysed by ANOVA on ranks
followed by Dunn’s pairwise comparison. For all analyses, p<0.05 was considered significantly
different.

Bone mineralization density distribution (BMDD) in mice

BMDD analyses of the distal femur showed different mineral content in different bone
locations for both Crtap—/— mutant and control mice. CaMean and CaPeak were higher in
epiphyseal than in metaphyseal bone, and highest in the cortical midshaft in both genotypes.
The heterogeneity of mineralization (CaWidth) and the fraction of low mineralized bone matrix
(CaLow) showed the opposite trend and were highest in metaphyseal bone and lowest in the
cortical midshaft (Table 1, Fig. 2).
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The quantitative comparison of BMDD-parameters between the two genotypes revealed that
in all bone locations CaMean (+3.2 % to +3.4 %, P<0.01 to P<0.001) as well as CaPeak (+3.5
% 1o +6.4 %, P<0.001) were significantly increased in Crtap—/— as compared to Crtap+/+ mice
(see Table 1, Fig.2), while the mineralization of the bone matrix in the Crtap—/— mice appeared
less heterogeneous (CaWidth —13.3% to —7.8 %, P<0.01 to P<0.001). However, the portion
of low mineralized bone, CaLow, was not significantly different between the two genotypes
(Fig. 2, Table 1).

BMDD in children with Ol type VII

Fig. 3 shows typical results obtained from an iliac biopsy sample (Fig. 3A) of a child with Ol
type VII (aged 4.2 years). BMDD was shifted distinctly towards higher mineralization
compared to the reference BMDD peak of the young reference cohort (n=54) (Fig 3D) [26].
Cortical bone was more heterogeneously mineralized than cancellous bone (cortical CawWidth
was larger than cancellous CaWidth). The BE-image of the biopsy sample cortex (Fig. 3B)
clearly shows two discrete areas with different mineral content: the periosteal bone matrix was
more highly mineralized with a higher density of osteocyte lacunae compared to the
endocortical side. This characteristic variation in the cortical compartment is also quantitatively
demonstrated by a line profile of Ca-content across the cortical area (Fig. 3C). For comparison,
a line profile taken at an analogous external cortex area from a control individual (shown
previously [26]) is displayed in light grey. The levels of Ca-content in both cortical regions are
higher in the Ol type VIl sample than in control.

The BMDD-parameters from the 4 cases of children with Ol type VI revealed a remarkable
overall increase in matrix mineralization density compared to the young reference cohort
[26] (Table 2,Fig. 3): In cancellous bone: CaMean +3.3%, p<0.05, CaPeak +3.7% p<0.01 and
CaHigh 2.1to0 3.7 times increased (Table 2a); In cortical bone: CaMean +6.2%, p<0.01, CaPeak
+7.6% p<0.01, and CaHigh 7.6 to 25.5 times increased. In contrast, the BMDD parameters
Cawidth and CaL.ow were found similar in patients with OI-VI1I and in the young reference
group [26] (Table 2b).

We further compared the BMDD parameter values of cancellous bone of Ol type VII with
previously published data of Ol type 1 [19], type 111 and type 1V [18]. No significant differences
in CaMean, CaWidth, CaLow and CaHigh were found, except CaPeak was lower in Ol type
VIl than in Ol type I: - 4.1% p<0.05 (Table 2a).

Discussion

In the present study, we address the effects of CRTAP deficiency on bone material and show
that in Crtap—/— mice as well as in affected patients with residual CRTAP function, the mineral
content of the bone matrix is abnormally high. We found increased mineral densities at all
measured sites for both murine femora and human transiliac biopsy samples compared to
control animals and to the young reference population [26], respectively. Such an increase in
mineralization density was also found previously in the oim mouse model [15-17] and in
patients with Ol type I type 111 and type IV (with quantitative as well as qualitative type |
collagen mutations) [13,14,18,19]. Hence, our data suggest that the complete or almost
complete loss of function of the P3H1/CRTAP/CYPB complex lead to a bone feature similar
to “classical” Ol.

In the murine samples, independently of the genotype, there was a gradual shift towards higher
mineralization density (CaMean and CaPeak) from metaphyseal to epiphyseal and cortical
diaphyseal bone, reflecting the differences in local tissue age (duration of secondary
mineralization). From this observation, it can be deduced that the metaphyseal spongiosa had
on average “younger” (more recently formed) bone packets compared to the epiphyseal bone,
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though its ossification center was formed later, and to cortical bone of the diaphysis, which
had the relative “older” tissue. The gradual decrease of remodeling/modeling activities is also
mirrored by the gradual decrease in heterogeneity of bone matrix mineralization (CaWidth)
and in the portion of newly formed bone matrix (CaLow) from metaphyseal to epiphseal and
cortical diaphyseal bone.

Interestingly, in the Crtap—/— mice, the mineral content was increased compared to Crtap+/+
mice in each of these bone compartments. Such an increase in mineral content was also found
in both cancellous and cortical transiliac bone in the OI-VII patients suggesting a common
intrinsic mechanism leading to a higher bone matrix mineralization independently of the local
bone turnover rate. According to a recently established computed modeling of the BMDD, an
increase in the mean degree of mineralization could in principle indicate either a decrease of
bone turnover or an alteration in mineralization kinetics [27,28]. However, surface-based
parameters of bone remodeling were normal in the Crtap—/— mice [5] and increased in patients
[22] and therefore the increase in CaMean and CaPeak rather point towards the altered
mineralization kinetics hypothesis. This is consistent with the observation of a modified profile
of non-collagenous proteins in Ol, which could lead to a loss of control over crystal nucleation
and growth [29-31]. Histomorphometric findings have shown that the amount of matrix
produced by a single osteoblast is significantly decreased in Ol. Indeed, a diminished
performance of the individual osteoblast was found in the Crtap—/— animals, as well as in the
hypomorphic Ol type VII patients and in patients with “classical” Ol [5,9,22,32]. A
fundamental osteoblastic dysfunction in Ol, leading to a reduced production of organic matrix
combined with a disturbed synthesis of non-collagenous proteins [29-31,33] has been
previously correlated with the increased mineralization density and is also consistent with the
findings in CRTAP-deficient bone. Two possible mechanisms might contribute to such an
increase in matrix mineral density: first, a higher volume fraction of water is available for
replacement by mineral due to the altered structure of the collagen itself or to the abnormal
posttranslational modifications of the type | collagen heterotrimer [14,34]. Second, the control
of mineral nucleation is disturbed due to the abnormal stoichiometry of non-collagenous
proteins [19]. In the oim mouse, as well as in Ol patients, mineral crystal size was found
reduced, suggesting a denser packing of the crystals within the bone matrix [11,15,34]. It is
also known that a new bone matrix gets mineralized by a rapid increase in mineral content
(primary mineralization) followed by a slower one (secondary mineralization) [35-38].
Assuming that the density of nucleation centers is increased for some reason, as might be
hypothesized for both the Crtap—/— mice and Ol patients in general, the mineralization process
would be accelerated due to the simultaneous growth of more crystals leading to an increased
primary and consequently increased secondary matrix mineralization. Such a model would not
only be consistent with the observation that the osteoid produced by Crtap—/— osteoblasts is
mineralized in an abnormally fast manner [5] but also with the increased CaMean and CaPeak,
as well as with the decreased CaWidth of the bone matrix found in the Crtap—/— animals. It
should be noted that in the Ol VII patients studied here there was no significant decrease in
CaWidth compared to control references and this may be due to the residual CRTAP
expression. Also CaWidth was not always decreased in “classical” Ol with collagen gene
mutations (Table 2a) [18].

A much higher portion of highly mineralized bone (CaHigh) was found in cancellous and
cortical bone of our Ol type VII patients compared to the control reference. It should be
mentioned that the CaHigh parameter was derived from adult human bone and corresponds to
the amount of fully mineralized mature lamellar bone matrix, which in principle needs years
to reach this plateau level in mineralization. Consistently, CaHigh was found to be much lower
in children compared to adults due to high remodeling activity during growth [39,40]. Thus,
even small changes in BMDD towards higher mineralization can generate comparably large
increases in this parameter, because of the low reference level. The increase in CaHigh in the
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Ol type VII patients is not only consistent with the general shift to a higher degree of
mineralization but further indicates that the relative amount of primary bone is increased
particularly in the cortices, which is in line with previous observations in other types of Ol
[13]. In the BE-images of transiliac bone samples, primary bone is seen typically as periosteal
bone apposition and differs clearly from secondary/remodeled bone by its structure and higher
mineral content (Fig. 4 and [14,26]). Primary bone is formed during growth in the cortices to
allow rapid lateral expansion and consequently growth of the ilium in young healthy children
[39,40].

It is remarkable that the BMDD parameter values of cancellous bone of Ol type VII when
compared to those previously published on Ol type I [19], type Il and type IV [18] were not
significantly different in CaMean, CaWidth, CaLow and CaHigh, except CaPeak, which was
slightly lower in Ol type VII than in Ol type I. This finding supports a ubiquitous underlying
mechanism of increase in matrix mineralization in all these diseases of different etiology.
However, the significance of our comparison is limited due to the small amount of samples,
especially in the case of the Ol type VII patients. Moreover, it remains unclear to what extent
the residual CRTAP expression influences the increase of matrix mineral content in our Ol VII
cohort of patients (e.g. CaPeak).

In conclusion the BMDD data show that CRTAP deficiency results in a shift towards higher
mineral content of the bone matrix and therefore in a feature similar to classical Ol with
collagen gene mutations. An altered mineralization process seems to be responsible for this
overall ultimately elevated tissue mineralization density. Further, in our Ol type VI patients
the increased portion of primary bone is likely reflecting a disturbed bone development. The
overall picture is in agreement with the concept that abnormal matrix assembly and
composition lead to higher mineral deposition.
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Figure 1.

Definition of the BMDD-parameters: All BMDD parameters used in this article (CaMean,
CaPeak, CaWidth, CaL.ow, CaHigh) are derived from the BMDD curve as illustrated. Note
that the cut off value for CaLow (17.68 wt% Ca) and CaHigh (25.30 wt% Ca) are derived from
the reference BMDD of normal human adult trabecular bone [25]. All BMDD curves in this
article are shown in a way that the individual histogram data points (frequency of Ca-content)
are connected by a line without showing the data point itself, thus sometimes the BMDD curve

can have a hand-drawn character (Fig. 2 and Fig. 3).
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Figure 2.

BMDD measurements of distal femur from Crtap—/— and Crtap+/+ mice: A) BE-image of a
Crtap—/— femur (longitudinal section) showing the three regions of interest in which BMDD
analysis were performed: Ms = cancellous metaphyseal bone, Es = cancellous epiphyseal bone,
Ct = cortical midshaft bone. B) Corresponding BMDD curves for each ROI: solid black line
shows Crtap—/— and light grey filled curves (dotted line) represents a Crtap+/+ mouse. Scale
bar represent 1mm.
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Figure 3.

BMDD analysis of a 4.2 old Ol type VII patient. A) BE-image overview of the entire biopsy
sample showing. Scale bar indicates 1 mm. B) Zoomed in detail of cortical bone region showing
periosteal primary highly mineralized bone (between the arrows) and lower mineralized
endocortical bone. C) Corresponding Ca-content profile along the line marked through the
cortex in (B): Black solid line = Ol type VII patient; Gray solid line = example of analogous
region of young controls previously published [26]. D) Corresponding BMDD curves: Black
solid line represents Ol type VI patient; Light gray filled curves (dotted line) represent
YOUNG REFERENCE (n=54) [26]. Cn = cancellous and Ct = cortical bone. Scale bar
represent Imm.
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BMDD parameters of cancellous metaphysis (MS Cn), epiphysis (ES Cn) and cortical diaphysis (D Ct) in the C
rtap—/— mice compared to the Crtap+/+ animals.

Crtap+/+ Crtap—/—
MS Cn (n=15) MS Cn (n=12)
CaMean [wt% Ca] 22.50 23.26"
(0.74) (0.47)
CaPeak [Wt% Ca] 23.83 24.93"
(0.62) (0.40)
CaWidth [Awt% Ca] 3.64 3217
[3.47;3.99] [2.95:3.64]
CalLow [%] 8.85 10.05
(2.19) (1.82)
Crtap+/+ Crtap—/—
ES Cn (n=15) ES Cn (n=12)
CaMean [wt% Ca] 23.71 24477

[23.38; 24.02]

[24.10; 24.98]

CaPeak [wt% Ca] 24.21 25.75°**
(0.56) (0.63)
CaWidth [Awt% Ca] 3.06 2.82"
(0.21) (0.34)
CalLow [%] 5.29 5.87
(0.99) (1.19)
Crtap+/+ Crtap —/—
D Ct (n=15) D Ct (n=12)
CaMean [wi% Ca] 25.61 26.427
(0.44) 0.43
CaPeak [wt% Ca] 26.20 27.127
(0.44) (0.33)
CaWidth [Awt% Ca] 2.92 253"
(0.13) (0.12)
Calow [%] 2.01 2.11
[1.87;2.23] [1.80; 2.38]

Data shown are mean (SD) or median [25%; 75%] for Crtap+/+ and Crtap—/— mice

*
’

Kk kkk

significant difference (p<0.05, p<0.01, p<0.001, respectively) of BMDD results between Crtap+/+ and Crtap—/— mice.
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