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ARTICLE INFO ABSTRACT

Spondyloepiphyseal dysplasia (SED) exemplifies a group of heritable diseases caused by mutations in col-
lagenous proteins of the skeletal system. Its main feature is altered skeletal growth. Pathomechanisms of SED
include: changes in the stability of collagen II molecules, inability to form proper collagen fibrils, excessive
intracellular retention of mutant molecules, and endoplasmic reticulum stress. The complexity of this patho-
mechanism presents a challenge for designing therapies for SED. Our earlier research tested whether such
therapies only succeed when applied during a limited window of development. Here, employing an inducible
mouse model of SED caused by the R992C mutation in collagen II, we corroborate our earlier observations that a
therapy must be applied at the prenatal or early postnatal stages of skeletal growth in order to be successful.
Moreover, we demonstrate that blocking the expression of the R992C collagen II mutant at the early prenatal
stages leads to long-term positive effects. Although, we could not precisely mark the start of the expression of the
mutant, these effects are not significantly changed by switching on the mutant production at the early postnatal
stages. By demonstrating the need for early therapeutic interventions, our study provides, for the first time,
empirically-based directions for designing effective therapies for SED and, quite likely, for other skeletal dys-
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plasias caused by mutations in key macromolecules of the skeletal system.

1. Introduction

Skeletal aberrations in patients harboring mutations in COL2A1
emphasize the fundamental role of collagen II in the development of the
skeleton [1]. Collagen II mutations cause diverse chondrodysplasia
phenotypes classified as spondyloepiphyseal dysplasia (SED; OMIM
183900) [1-3]. The SED phenotypes range in severity from achon-
drogenesis type II, which is lethal at or before birth, to late-onset SED
with early-onset osteoarthritis [1-3].

When mutant collagen II molecules are present during skeletal de-
velopment, cartilage and bone are affected at the molecular, cellular,
and tissue levels [1,3]. In brief, mutations in collagen II can lower the
thermostability of mutant molecules, change their shape, and alter the
formation of collagen II fibrils. Cartilaginous matrix that harbors col-
lagen II mutants has aberrant architecture that may reduce the ability of
growth plate chondrocytes to maintain their proper columnar ar-
rangements, thereby limiting the growth of endochondral bones [4]. In
addition, mutations that prevent proper folding of collagen chains into
triple helices may increase intracellular accumulation of aberrant

collagen II molecules and cause endoplasmic reticulum (ER) stress
[1,5-71.

Despite significant progress in understanding the pathomechanisms
of heritable skeletal dysplasias, no therapies effectively target the mo-
lecular basis of these diseases. Experimental approaches to reduce the
consequences of collagen mutations have included cell therapies, gene
therapies, and therapies to reduce the effects of ER stress [1,8,9]. The
efficacies of growth hormone and statins to improve the growth of
bones harboring mutant molecules have been also tested [10,11]. Thus
far, these approaches have not been effective in preventing skeletal
dysplasias.

Researchers have also tested the clinical utility of cells transplanted
from healthy donors to patients with severe forms of osteogenesis im-
perfecta (OI), a bone dysplasia caused predominantly by mutations in
collagen I. Infusions of therapeutic cells at the prenatal and the post-
natal stages of skeletal growth have resulted in only minimal, transient
effects [12-17]. It remains unclear whether these limited outcomes
were due to the poor engraftment of donors' cells into bones or due to
the ill-defined timing of cell transplantations [1,15]. To advance the
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efforts to prevent skeletal dysplasias, researchers need to develop an
effective drug-, gene-, or cell-based therapy to block the expression of
the mutant allele or to attenuate the effects imposed by mutant collagen
molecules. It then needs to be determined whether this therapy must be
applied during a specific time window in order to be effective. Fur-
thermore, it must be shown whether any therapeutic effects are stable
or transient.

While the first problem is beyond the realm of this study, we focused
instead on determining the optimal time frame for the application of a
model therapy and on studying the persistence of any effects.
Specifically, to address the problem of the timing of therapy applica-
tion, we utilized an inducible mouse model of mild SED caused by the
R992C substitution in collagen II [4,18]. Because the mutant transgene
may be switched off or on at any developmental stage in this model, we
were able to study the consequences of stopping the expression of the
mutant collagen II chains at the beginning of embryonic development
and at various postnatal stages [4,18]. Our earlier studies thoroughly
validated this model by demonstrating that growth plate's structure is
altered when the mutant R992C collagen II is constantly expressed.
Earlier studies further demonstrated that switching off the expression of
the mutant collagen II chains at the beginning of embryonic growth
blocks the SED phenotype [4]. Subsequently, we studied the con-
sequences of switching off the R992C collagen II at birth and at later
postnatal stages. Results of these studies indicated that the structure of
cartilage and bone improved significantly only when the mutant mo-
lecules were blocked at birth, but not when blocked at later postnatal
stages [18].

Here, we employ an inducible SED model to study the consequences
of activating the R992C collagen II mutant postnatally in mice in which
the expression of this mutant was at first blocked during the entire
prenatal development.

2. Materials and methods
2.1. Mutation nomenclature

The R992C (p.R1192C) amino acid substitution is named according
to the literature, with amino acid residues numbered from the first
glycine residue of the collagen triple helix.

2.2. Transgenic mice

All mice received humane care according to the guidelines in the
Guide for the Care and Use of Laboratory Animals. Procedures per-
formed on animals were approved by the Thomas Jefferson University's
Institutional Animal Care and Use Committee.

We employed a well-characterized transgenic mouse model of SED
based on a DNA construct encoding procollagen II with the R992C
substitution. In this model, the transgene is expressed conditionally,
while the endogenous Col2al gene is expressed constantly [4,18]. To
enable a direct microscopic visualization of the expression patterns of
the exogenous procollagen II, its pro-a chains were tagged at the C
terminus with green fluorescent protein (GFP). As we demonstrated
earlier, the GFP-tag does not interfere with functions of mature collagen
II molecules because it is naturally cleaved off together with the C
propeptides of the procollagen II-GFP chimeras [4,5,18]. GFP-tagged
procollagen II molecules harboring the R992C mutation are referred to
as R992C-Proll.

Although we described our model in detail elsewhere, here we
present its key characteristics: (i) in addition to the DNA construct for
the R992C-Proll mutant, the expression of tetracycline (Tet) transacti-
vator (tTA) is maintained in the mice to enable Tet-dependent regula-
tion of expression of the construct; (ii) the presence of cre recombinase,
the expression of which is driven by a chondrocyte-specific promoter
(Col2al-cre), facilitates the chondrocyte-specific expression of the
R992C-Proll transgene; (iii) the presence of all three transgenes (i.e., for
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R992C-Proll; for tTA; and for Col2al-cre) is needed to express the
exogenous R992C-Proll protein; (iv) the expression of the R992C-Proll
construct is only possible in the absence of doxycycline (Dox) while the
expression is inhibited completely in the presence of Dox supplied in
drinking water at 0.2mg/ml; (v) triple-transgenic mice expressing
R992C-Proll, together with tTA and Col2al-cre, are described as mu-
tant (MT); (vi) because of the genetics, not all littermates are positive
for all three transgenes needed to produce R992C-Proll; transgenic mice
that lack at least one of the required three transgene DNA constructs
(i.e., either for R992C-Proll, for tTA, or for Col2al-cre) are named wild
type (WT); in these mice, the exogenous R992C-Proll protein is not
produced but the endogenous normal procollagen II is [4,18].

2.3. Identification of triple transgenes

Offspring generated via a breeding strategy described elsewhere
were analyzed by PCR for the presence of all three transgenes [4,18].

2.4. Transgene expression and experimental groups

Initially, in the triple-transgene embryos (MT), the R992C-Proll was
not produced during development because pregnant mothers were re-
ceiving Dox. This mutant was also not produced in WT members of the
same developing litter that did not harbor all three transgenes. After
birth, the Dox treatment was stopped to initiate the expression of the
R992C-Proll in triple-transgene MT littermates. Thus, the triple-trans-
gene mice in which the expression of the R992C-Proll was switched on
only postnatally are referred to as MT-pON. The WT and MT-pON lit-
termates were sacrificed at either 7-week or 10-week time points. We
selected the 7-week time point to study defined features of the growth
plates in growing bones, and the 10-week time point to analyze cor-
responding features in mature mouse bones [19-22].

We also utilized a control group of mice maintained constantly in
the absence of Dox. In this group, the MT littermates harboring all three
transgenes produced the R992C-Proll constantly (MT-cON), i.e. pre-
natally and postnatally, while the WT littermates missing at least one
transgene did not produce this mutant at all [4,18].

The number of mice from each group available for specific assays is
listed in Table 1. Note that the breeding protocol employed here was
theoretically predicted to generate 12.5% triple-transgene MT off-
spring, and our earlier studies confirm this specific percentage [4].

2.5. Tissue harvesting and histology of growth plates

Mice were euthanized by CO, overdose. Before processing the mice
for whole-skeleton staining with alizarin red and alcian blue, their right
hind limbs were collected for histology. Subsequently, the hind paws
were separated from the collected limbs. Next, the samples were fixed
in a 4% solution of paraformaldehyde and decalcified in a solution of

Table 1
Summary of the growth plate measurements.

Genotype/Age Number of mice  Average number of individual data points/

mouse”

HZ AC BiP
MT-cON/7wks 7 25 10 10
MT-pON/7wks 3 29 7
WT/7wks 11 26 8
MT-cON/10wks 8 25 10 3
MT-pON/10wks 4 26 5
WT/10wks 12 33 8 4

@ These numbers represent measurements done on various tissue sections
and different regions of these sections. Symbols: HZ, hypertrophic zone; AC,
articular cartilage; BiP, binding immunoglobulin protein.



J. Fertala et al.

14% EDTA, pH = 7.1, for two weeks in the dark [4,18]. Subsequently,
the specimens were stained with hematoxylin and eosin (H&E) to vi-
sualize the general morphology and the cellularity. The tibia-femur
complexes were also stained with Sirius red (Polysciences Inc., War-
rington, PA) to visualize birefringent collagen fibrillar deposits in the
polarized light (Eclipse LV100POL, Nikon Inc., Melville, NY).

2.6. Immunostaining of the growth plates

Tissue slices, 3- to 5-um thick, of paraffin-embedded knee joints
were processed for immunohistology, as described previously [4,18].
We analyzed the following antigens: (i) collagen X, a structural element
of the hypertrophic zone; (ii) collagen VI, a structural protein present in
the pericellular zone; (iii) GFP, to detects GFP-tagged R992C-Proll; (iv)
acetylated tubulin, a component of primary cilia; and (v) binding im-
munoglobulin protein (BiP), a chaperone protein whose increased ex-
pression is an indicator of ER stress. Specific primary and secondary
antibodies and procedures employed to visualize collagen IV, collagen
X, acetylated tubulin, and BiP are described in detail in earlier studies
[4,18]. Here, to detect GFP we employed the rabbit polyclonal anti-GFP
antibody (Santa Cruz Biotechnology, Dallas, TX). Subsequently, the
binding of this antibody to intracellular GFP was detected with a sec-
ondary antibody conjugated to a red-fluorophore Alexa Fluor 594
(Molecular Probes, Thermo Fisher Scientific Inc., Waltham, MA).

All assays included negative controls in which primary antibodies
against specific antigens were not used. A microscope (Eclipse E600,
Nikon, Inc.), equipped with a monochrome digital camera (DS-QilMec,
Nikon, Inc.), was employed to observe immunostained specimens.

2.7. Image analyses

The microscopic assays focused on the tibial growth plates.
Microscopic images were processed using the NIS Elements software
(Nikon, Inc.). For specimens stained with fluorophores, we collected a
sequence of images of consecutive focal planes along the Z-axes of the
analyzed areas. Subsequently, these sequences were processed with the
Extended Depth Focus module of the NIS Elements software (version Ar
4.5, Nikon, Inc.) to fully utilize in-focus information of the analyzed
region of interest (ROI). A minimum of three sections from each ana-
lyzed specimen was prepared. Subsequently, defined parameters (see
below) were measured in relevant areas. Table 1 presents detailed in-
formation on the number of data points for each group and a parameter.

2.8. Hypertrophic zones (HZ)

The height of the HZ seen in H&E-stained specimens was measured
using the NIS Elements software and also identified by the presence of
collagen X in corresponding tissue sections, as described [18].

2.9. Acellular areas (AC)

The acellular regions surrounding groups of chondrocytes present in
the tibial growth plates were readily distinguishable in the Sirius red-
stained specimens observed with a polarizing microscope. The acellular
areas were measured and then expressed as a percent of the total area of
the analyzed ROI, as described [18].

2.10. Assays of BiP

The expression of BiP was analyzed by measuring the pixel in-
tensities of the BiP-positive signals from growth plate chondrocytes. All
analyzed sections were processed at the same time to ensure an iden-
tical condition of the BiP-specific immunostaining. Following the
staining, we photographed the BiP-positive chondrocytes; all images
were acquired with identical camera settings. In each sample, the mean
intensity of BiP-specific pixels seen in the viewing areas was measured
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using the NIS Elements software.
2.11. Morphometry of bones

The skeletal indices of the femora, tibiae, and skulls of 10-week-old
mice stained with alizarin red and alcian blue were measured with a
digital caliper to 0.01 mm (Absolute Digimatic Caliper, Mitutoyo
Corporation, Kawasaki-shi, Japan), as described [4,18]. The following
parameters were recorded: (i) for the femora: the femoral length, the
condylar, and the midshaft widths; (ii) for the tibiae: the tibia length
and the condylar, the midshaft, and the malleolar widths; and (iii) for
the skulls: the length measured from the tip of the nasal bone to the
back of the occipital bone, the width measured at the widest point of
the parietal bone, and the inner canthal distances. Subsequently, the
length:mean-of-widths ratios were calculated to compare the shapes of
the analyzed skeletal elements, as described [4,18]. When comparing
potential changes in the mutant mice with the relevant control group, a
relatively small ratio would indicate a disproportionately shorter and
wider bone.

2.12. Data analysis

For histology-based assays of growth plates, we collected data from
individual tissue sections derived from the MT-pON, MT-cON, and WT
mice. Specifically, we measured the average height of the HZ, the
percent of area of the growth plates occupied by the AC, and the mean
pixel intensity of the BiP-positive signals. Detailed procedures for
measuring these parameters were described previously [18]. A two-way
ANOVA with Tukey post hoc tests was run to examine interaction of age
effects and genotype (WT, MT-pON, MT-cON) effects on HZ, AC, or BiP
and was considered to be significant at p < 0.05 (SPSS Statistics,
version 24, IBM). Due to a relatively small number of samples available
for the morphometry of bones, we report individual data points and the
means with 95% confidence intervals (CI) for each analyzed group, as
described in our earlier study [18].

3. Results
3.1. Transgenic mice and activation of the expression of the R992C mutant

In all assays, the MT mice and their WT littermates were readily
identified by PCR for the R992C-Proll, tTA, and Col2al-cre constructs
[4,18]. Consistent with our earlier studies, postnatal activation of the
expression of the R992C-Proll construct was confirmed in the MT-pON
mice by observing the presence of the GFP-specific signals in chon-
drocytes (Fig. 1) [4,18]. Note that based on our earlier detailed studies
done on the chondrocytes of the MT mice, we expect that a full ex-
pression of the R992C-Proll has occurred within 48 h following stop-
ping the Dox supply [4].

To avoid potential problems with the time-dependent decay of the
GFP-specific fluorescence and with “green” autofluorescence of ana-
lyzed tissues, here, we utilized the anti-GFP antibody to detect the
R992C-Proll. As indicated in Fig. 1, the apparent intensities of specific
signals in the growth plates and articular cartilage of 7-week old mice
from the MT-cON and MT-pON groups were similar. Comparable in-
tensities in corresponding groups of 10-week old mice were also ob-
served (not shown). Consistent with published studies, the intensities of
intracellular signals from the R992C-Proll construct expressed under
indirect control of the Col2al promoter was not uniform along stacks of
chondrocytes (Fig. 1) [23,24].

3.2. Morphology of the growth plates
As demonstrated earlier, chondrocytes present in the growth plates

of the MT-cON mice from the 7-week-old and 10-week-old groups were
disorganized and did not form well-defined columns. Moreover, the
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25 um

Fig. 1. Visualization of the distribution of the R992C-Pro II-positive cells in articular cartilage (AC) and growth plates (GF) in the 7-week-old mice.

7-week-old

1 O-week-old

Fig. 2. The general morphology of tibial growth plates of mice from the 7-week-old and 10-week-old groups.

acellular areas in the growth plates of these mice increased in com-
parison to their WT littermates (Figs. 2 & 3) [18]. In contrast, in the 7-
week-old and 10-week-old MT-pON mice, the morphology of the
growth plates was similar to that of their WT littermates (Fig. 2).

3.3. Hypertrophic zones

In our earlier studies, we demonstrated that the height of the HZ
was reduced in the growth plates of the MT-cON mice [18]. Here, we
also measured the height of these zones as a parameter for describing
potential growth plate changes due to postnatal activation of the
R992C-Proll mutant. We observed a significant interaction between the
effects of age and genotype on the heights of HZ, F(2, 1100) = 95.5,
p < 0.0001. The simple main effects analysis showed that age had a
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significant reducing effect on the height of the HZ (p < 0.0001). Si-
milarly, the genotype had a significant reducing effect on the height of
HZ (p < 0.0001). Fig. 3 illustrates these changes for each age and
genotype group.

3.4. Area of the acellular space of growth plates

As an additional parameter, we also measured the percentage of the
AC area to determine any organizational changes in the growth plates
resulting from switching on the expression of the R992C-ProlI (Fig. 3).
We demonstrated that there was a significant interaction between the
effects of age and genotype on the percentage of the AC area, F(2,
341) = 26.4,p < 0.0001. The simple main effects analysis showed that
age (p < 0.0001) and genotype (p < 0.0001) both had a significant
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Fig. 3. The plots of the means of the HZ, AC, and BiP parameters for each
combination of age and genotype groups plotted as line graphs. Symbols: WT
(@), MT-cON (A), MT-pON (WD

effects on changing the percentage of the AC area in analyzed growth
plates. Fig. 3 illustrates these changes for individual age and genotype
groups.

3.5. Expression of BiP

The BiP-positive chondrocytes were readily apparent in the growth
plates of analyzed mice (Fig. 4). When we measured the pixel intensities
of the BiP-positive signals, we found that the there was no a significant
interaction between the effects of age and genotype of mice on the pixel
intensities of the BiP-specific signals from growth plate chondrocytes, F
(2, 2.7), p = 0.072. The simple main effects analysis showed that age
did not have a significant effect on the pixel intensity of the BiP-specific
signals (p = 0.074). In contrast, a significant increasing effect of gen-
otype was observed on the BiP pixel intensity (p < 0.0001). Fig. 3 il-
lustrates these effects for individual age and genotype groups.

3.6. Pericellular matrix

We studied how switching on the expression of the R992C-Proll at
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birth affected the organization of the pericellular matrix. Specifically,
we analyzed the distribution of collagen VI in articular cartilage and
growth plates (Fig. 5). We found that, similar to control, collagen VI
was present in well-defined pericellular zones in both the 7-week-old
and 10-week-old groups of the MT-pON mice (Fig. 5). In contrast, in the
MT-cON mice in which the mutant collagen II chains were expressed
throughout all developmental stages, we found diffuse distribution of
collagen VI around chondrocytes in the articular cartilage (Fig. 5). In-
tracellular localization of collagen VI was also apparent in these mice.
We reported similar alterations of collagen VI distribution in these mice
in earlier studies [18].

3.7. Arrangement of primary cilia

In properly organized growth plates, the primary cilia of chon-
drocytes align along the longitudinal axis of long bones [4,25-28]. As
demonstrated by us earlier, in the MT-cON mice cilia do not align
properly due to disorganization of growth plates chondrocytes [4]. In
contrast, as illustrated in Fig. 6, in all MT-pON mice in which the ex-
pression of the R992C-Proll mutant was switched on at birth, chon-
drocytes in the growth plates were properly aligned regularly. Similar
alignment was observed in WT littermates in which the collagen II
mutant was not expressed at any stage of skeletal growth.

3.8. Morphometry of bones

We measured selected indices of bones from the 10-week-old WT
and MT-pON mice. Table 2 presents results of these measurements.

To compare the shapes of the analyzed skeletal elements, we also
calculated the length:mean-of-widths ratios; a relatively small ratio
indicated a disproportionately shorter bone [4,18]. Performing similar
measurements, in our earlier studies, we demonstrated a significant
shortening of femora, tibiae, and skulls of the 10-week-old MT-cON
mice [4]. To compare these earlier results, here, we measured these
indices for the femora, tibiae, and skulls of the 10-week-old MT-pON
mice and their WT littermates. Although the ratios for the femora and
tibiae trended slightly lower in the MT-pON mice compared to their WT
littermates, we observed a slight upward trend for the length:mean-of-
widths ratio calculated for the skulls (Fig. 7).

4. Discussion

Our earlier studies indicated that aberrant growth plates developed
in the presence of the R992C-Proll mutant have a limited ability to
remodel after the expression of this mutant is switched off postnatally
[18]. In the research presented here, we switched off the expression of
the R992C-Proll mutant during the entire embryonic development and
analyzed whether the postnatal activation of the expression of the
mutant alters the architecture of growth plates of growing bones.

A couple conditions have to be met to render this model functional:
(i) the first condition is that stopping Dox treatment will readily acti-
vate the expression of the R992C-Proll mutant and (ii) the second
condition is that the amounts of R992C-Proll produced at 7-week-old
and 10-week-old time points in the MT-pON mice are comparable with
those produced at the corresponding time points in the MT-cON mice.

We know that the first condition is met based on our published
detailed experiments done on chondrocytes, isolated from the mutant
mice [4]. In brief, utilizing cultures of these chondrocytes we demon-
strated that the expression system we employed reacts to Dox within
481 of changing the Dox status. For instance, adding Dox to cell cul-
tures of chondrocytes stops the production of the mutant completely
within 48 h. Similarly, full production of the mutant is achieved at the
same time after removing Dox from cell culture media. Although these
observations had to be done in cell culture conditions because we
cannot do similar observations at the cell level in living mice, we argue
that similar dynamics exist in vivo. We base this argument on the in vivo
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7-week-old

10-week-old

Fig. 4. BiP positive staining in the growth plates of the mutant and control mice.

7-week-old 10-week-old

MT-cON  MT-pON MT-cON  MT-pON

Articular
cartilage

Growth plate

0 um
Fig. 5. Immunostaining of collagen VI in 7-week-old and 10-week-old mice.

studies in mice demonstrating that upon removal of Dox, like in the the postnatal expression of R992C-Proll. Still considering the above
system we used here, activation of Tet-regulated transgenes in a characteristics of Dox and the Tet-regulated expression systems, we
number of tissues and organs occurs after 24 h [29]. Considering that speculate that following Dox removal, the expression of our mutant
we achieve a full inhibition of our transgene expression during embryo starts within 24 h and reaches its full potential within another 48 h.
development with a relatively low Dox concentration of 0.2 mg/ml, we Following this initial period, the ECM formation and remodeling occurs
expect rather fast clearance of this antibiotic, thus prompt activation of in the constant presence of the R992C-Proll mutant.

the transgene [18]. A relatively short half-life (2.8h) of Dox in mice We demonstrated that our model also fulfills the second condition.
further suggests the prompt activation of the expression of the R992C- Specifically, we demonstrated that at the protein level the expression of
Proll upon stopping the Dox supply [30,31]. Employing our experi- the R992C-Proll mutant in the MT-pON and the MT-cON mice is
mental model, we are not able to pin point the exact starting point of comparable.
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10-week-old
MT-pON

WT

20 um

Fig. 6. Acetylated tubulin-specific immunostaining of primary cilia in chondrocytes of 7-week-old and 10-week-old mice. Dotted lines approximate the long axis of

the analyzed tibiae. Arrows indicate positions of selected primary cilia.

Table 2
Measurements of bone indices in 10-week-old mice.

Bone indices WT n =12 MT-pON n = 4

Mean =+ S.D. [mm] Mean * S.D. [mm]

Femoral length 15.06 = 0.51 14.31 = 0.49
Femoral condylar width 2.85 = 0.09 2.89 = 0.04
Femoral midshaft width 1.85 + 0.12 1.83 + 0.04
Tibial length 17.48 = 0.47 16.83 = 0.25
Tibial condylar width 3.19 = 0.08 3.14 = 0.08
Tibial midshaft width 1.10 = 0.12 1.02 = 0.02
Tibial malleolar width 2.66 = 0.17 2.57 = 0.08
Skull length 23.08 + 0.73 22.26 + 0.37
Inner canthal distance 5.11 = 0.93 3.89 = 0.02
Skull width 10.59 = 0.19 10.16 = 0.05
10 Femur Tibia Skull

1 |

H 1

H |

8 i E

— -1 ' 9, '

O | e |

1 |

° XTS- | '

S 6| |

o)) H H

= i :

5 41 E z

) i | e Q385

= : E

2 : '

H |

H '

H |

1 '

: :

MT-pON-
WT-
MT-pON-
WTH
MT-pON-
WT A

Fig. 7. A graphic representation of the length:mean-of-widths ratios of femora,
tibiae, and skulls of the 10-week-old mice. The individual data points and the
means with 95% CI are presented.

A fundamental parameter indicating the proper cartilaginous ar-
chitecture of growing endochondral bones is the correct columnar
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organization of the growth plate chondrocytes. This organization de-
pends on a well-formed collagen II-based scaffold that serves as the core
of a complex guiding platform needed for the proper spatial positioning
of chondrocytes. Studies demonstrated that specific receptors including
integrins, discoidin domain receptors, NG2, CD44, and annexin 5, play
a vital role in this positioning [32]. Even though these receptors are
present on the entire surface of the chondrocyte cell membrane, the a2,
a3, and B1 integrins as well as NG2 are also located on primary cilia
[33]. By interacting with elements of the extracellular matrix (ECM),
primary cilia play a critical role in sensing mechanical cues from the
cartilaginous environment and guiding the organization of the chon-
drocytes [25,26,34,35].

Our earlier studies demonstrated that aberrant ECM formed in the
MT-cON mice alters the function of primary cilia and leads to dis-
organization of the chondrocytes. These studies also demonstrated that
in the absence of the R992C collagen II mutant, the primary cilia
function correctly, allowing normal columnar organization of growth
plate chondrocytes [4]. Thus, the demonstration of a correct distribu-
tion of the primary cilia and normal arrangement of chondrocytes in the
MT-pON mice suggests that the cartilaginous ECM has a proper archi-
tecture. The stability of the architectural features of the cartilage in
these mice was further evident by the observation that, in contrast to
the MT-cON mice, switching on the expression of the R992C-Proll
postnatally causes no major changes in the height of the HZ or in the
percentage of the AC areas that separate the columns of chondrocytes.

Switching on the expression of the R992C-Proll at birth did not
greatly affect the collagen II-based architecture and did not sub-
stantially impact the organization of other elements of the cartilaginous
matrix. For instance, postnatal expression of the mutant did not change
the architecture of the collagen VI-rich pericellular matrix that facil-
itates communication between the chondrocyte and the collagen II-rich
interterritorial ECM [36,37]. In contrast, we demonstrated an abnormal
pattern of distribution of collagen VI in the MT-cON mice expressing
the R992C collagen II mutant constantly [18].

The ultimate evidence for the stability of collagenous matrices
formed during embryonic development, despite the postnatal expres-
sion of the R992C-Proll mutant, was our observation of the normal
growth of long bones and the skulls of the MT-pON mice. This ob-
servation is in contrast with our earlier studies on the MT-cON mice, in
which we demonstrated significant changes in the shape of bones in
comparison to WT littermates [4].
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Our demonstration of the stability of the cartilaginous blueprint
formed during embryonic development is consistent with a recently
published study that showed that correct fibrillar architecture and
mechanical strength of the interterritorial and pericellular collagenous
matrices facilitate a proper columnar arrangement of growth plate
chondrocytes [38]. This study also found that formation of collagen
fibrils, the cornerstone of the interterritorial and pericellular matrices,
starts on day E13.5 and is completed when mice reach 2 weeks of age,
after which neither major changes in fibrillar architecture nor in the
mechanical properties of the collagenous matrices take place.

Our results demonstrating the correct structure of the growth plates
in the MT-pON mice corroborate earlier observations on the role of
well-organized collagen II-rich matrices for the development of epi-
physeal growth plates. Prior studies on mice with targeted inactivation
of the Col2al gene showed that the presence of collagen II is not ne-
cessary to signal the development of the endoskeleton or for the for-
mation of long bones, and moreover, well-organized cartilage is not
needed for the initial mineralization of long bones or for the synthesis
of periosteal bone [39]. In contrast, these earlier studies demonstrated
that the presence of well-organized cartilage is essential for the for-
mation and growth of the epiphyseal growth plates of long bones.
Specifically, these studies showed that transgenic mice with inactivated
Col2al have completely disorganized growth plates and have no zonal
arrangement of chondrocytes [39].

When we studied the consequences of the postnatal expression of
the R992C-Proll mutant on ER stress, we were somewhat surprised to
find that the expression of BiP, a marker of the cellular stress, was not
increased significantly in the MT-pON mice, despite the expression of
the R992C-Proll postnatally. In contrast, the expression of BiP sig-
nificantly increased in the MT-cON mice when compared to WT control.
These results may suggest that coping with ER stress caused by the
excessive intracellular accumulation of misfolded collagen II chains
may not only depend upon an effective intracellular mechanism of
unfolded protein response, but also on the proper ECM structure.
Previously published research supports the notion that the presence of
proper ECM can change the response of chondrocytes to ER stress and
thereby reduce apoptosis [40]. That research demonstrated that in well-
developed ECM, the concentration of cellular stressors needed to be
relatively high in order to increase the ER stress and production of BiP
in chondrocytes. In contrast, to trigger ER stress and increase the BiP
production in chondrocytes grown with poor-developed ECM, the
concentration of cellular stressors needed to be relatively low [40].

Our current findings, in combination with our earlier findings, de-
monstrate that switching off the expression of the R992C-Proll mutant
from the very beginning of embryonic development or in newborn
mice, but not later, produces a normal skeletal phenotype These find-
ings suggest a few important conclusions: (i) these studies indicate that
therapeutic approaches for targeting heritable skeletal dysplasias
caused by mutations in collagen II may be effective if they aim to block
the onset of pathological changes rather than repair established aber-
rations; (ii) these studies indicate the need for early therapeutic inter-
ventions during embryonic development; and (iii) they suggest that
early interventions to eliminate or reduce the amount of the mutant
collagen II molecules may offer stable effects. The conclusion that early
therapeutic intervention is needed to reduce the effects of mutations in
collagen II is consistent with observations from studies on other heri-
table diseases of connective tissues, including achondrodysplasia
caused by mutations in the fibroblast growth factor receptor 3 gene
(Fgfr3) and Alport syndrome caused by the absence of the collagen
a3(1V) chain [11,41].

Since mutations in collagen II cause a broad spectrum of con-
sequences, ranging from embryonic lethal to mild forms of SED, it is not
clear if early therapeutic interventions are needed to achieve positive
outcomes for all cases of SED. However, considering that the R992C
mutation causes the mild form of SED and that therapeutic effects were
achieved only after switching off the expression of the mutant at the
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early developmental stages, we postulate that early intervention may be
required for all cases of SED. Thus, therapeutic approaches are needed
that effectively target the expression of mutant alleles during prenatal
stages, as are diagnostic tools that are able to detect collagen II muta-
tions at early developmental stages.

Our study has a couple limitations. First, the number of samples
available for morphometry of bones was limited because only 12.5% of
littermates expressed the three transgenes needed for the production of
the R992C mutant [4,18]. Thus, although we observed no major dif-
ferences between the MT-pON and WT mice, the statistical significance
of the results could not be clearly determined. Second, we did not es-
tablish the exact time point of switching on the expression of R992C-
Proll following postnatal Dox removal. Third, since strict correlations
between mice and human developmental time lines do not exist, based
on this study we cannot clearly draw parallels between observations
done with the model mutant mice and potential changes in patients
harboring mutations in the COL2A1. Still, this study suggests that future
therapies of skeletal dysplasias applied at early developmental stages
may offer long-term positive effects that could persist even in the pre-
sence of mutant molecules expressed postnatally.
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