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Col10al-Runx2 transgenic mice with delayed
chondrocyte maturation are less susceptible
to developing osteoarthritis
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Abstract: Osteoarthritis (OA) is the most common joint disease affecting close to 27 million Americans. The patho-
logical change of OA joint is characterized by cartilage degradation and osteophyte formation that have been associ-
ated with OA initiation and progression respectively. Upon OA progression, articular chondrocytes undergo hypertro-
phic differentiation, a process usually occurs only in growth plate chondrocytes during endochondral ossification,
suggesting a role of chondrocyte hypertrophy in OA pathogenesis. However, how altered chondrocyte hypertrophy,
i.e. accelerated or delayed chondrocyte hypertrophy, influences OA development has not been fully elucidated.
We have previously generated transgenic (TG) mice over-expressing Runx2, an essential transcription factor for
chondrocyte hypertrophy, using hypertrophic chondrocyte-specific mouse type X collagen gene (Col10al) control
elements. These Col10al-Runx2 TG mice show delayed chondrocyte hypertrophy and apoptosis in long bone sec-
tions of embryonic and new-born mice compared to their wild-type (WT) littermates. Here, we report further analysis
of the skeletal phenotypes of these mice at postnatal stages. We have performed histological analysis of 1-month
old TG and WT mice. Delayed chondrocyte hypertrophy was also observed in growth plate of TG mice. In addition,
WCT analysis showed that the femur length was significantly shorter in TG mice (p = 0.033). Thinner cortical bone
and markedly decreased BV/TV were also detected in TG mice compared to their WT littermates (p = 0.027), sug-
gesting that delayed chondrocyte hypertrophy affects postnatal long bone development. Interestingly, histological
analysis detected less articular cartilage absorption, while immunohistochemistry assay detected upregulated Sox9
expression in TG mouse joints compared to WT controls, implying that delayed chondrocyte hypertrophy may be OA
protective. Indeed, we have performed Tgf-B1 injection and enforced uphill treadmill running (TTR model) to induce
OA in TG and WT littermates. The results showed that WT littermates displayed characteristic pathology of fibrotic
remodeling at the joint margins and focal cartilage erosion, while the joints in TG mice were essentially protected
from remodeling responses, demonstrating that mice with delayed chondrocyte hypertrophy are not susceptible to
developing OA. Further translational studies characterizing the role of chondrocyte hypertrophy during OA progres-
sion will facilitate identification of therapeutic targets to stop or slow down this degenerative and progressive human
joint disease.
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Introduction and dysfunction as its prominent symptoms.

Current treatment of OA focuses on relieving
Osteoarthritis (OA) is a common degenerative these symptoms, but no therapeutic targets
joint disease that mostly affects the middle- can prevent, slow down, or reverse OA progres-
aged or the elder people [1]. OA is also a pro- sion [2]. Notably, articular chondrocyte hyper-

gressive disorder that causes severe joint pain trophy, a remarkable pathological change of OA,
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has recently drawn extensive attention from
scientists in OA field, as the hypertrophic dif-
ferentiation of articular chondrocytes mimics
the behavior of growth plate chondrocytes dur-
ing endochondral ossification [3, 4]. This makes
it possible to inhibit chondrocyte hypertrophy
so as to slow down OA progression [5]. However,
chondrocyte hypertrophy is a complicated pro-
cess including terminal chondrocyte differenti-
ation, vascular invasion, and chondrocyte apo-
ptosis that are regulated by many transcription
factors and signaling pathways [6]. Currently,
mouse models with distinctive accelerated or
delayed chondrocyte hypertrophy are still lack-
ing. Therefore, the specific correlation of chon-
drocyte hypertrophy with OA development
remains to be determined.

To target chondrocyte hypertrophy, the type X
collagen gene (Col10al), a specific marker of
hypertrophic chondrocytes is always of special
interest. Previous studies have indicated that
physiological distribution of type X collagen dur-
ing chondrocyte hypertrophy is essential for
endochondral ossification. Meanwhile, abnor-
mal Col10al expression is often accompanied
with abnormal chondrocyte hypertrophy that
has been seen in multiple skeletal disorders,
including OA [7-12]. These findings suggest that
regulators that direct cell-specific CollOal
expression are expected to play a role in chon-
drocyte hypertrophy. We have recently shown
that Runx2 is an indispensible Col10al trans-
activator [13-15], whereas Runx2 has been
implicated as a master transcription factor
both for osteoblast differentiation and for chon-
drocyte hypertrophy [16-19]. We have also per-
formed Runx2 gain-of-function studies by over-
expressing Runx2 in hypertrophic chondrocytes
using the cell-specific Col10al control ele-
ments. Interestingly, these Col10al-Runx2 TG
mice show delayed chondrocyte hypertrophy
and apoptosis at embryonic and early postna-
tal stages compared to the WT littermate con-
trols [20]. In this manuscript, we further ana-
lyzed the skeletal phenotypes and confirmed
that delayed chondrocyte hypertrophy was also
observed in postnatal stage (1 month) of TG
mice compared to WT littermates. This pro-
vides us an opportunity to examine the correla-
tion of delayed chondrocyte hypertrophy with
OA progression in TG mice and WT controls
using Tgf-B1 injection and enforced uphill tread-
mill running (TTR) approach [21].
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Materials and methods
Mouse model, breeding, and PCR genotyping

The Col10al-Runx2 (Tg-Runx2) TG mice have
recently been described [20]. Briefly, flag-
tagged Runx2 cDNA was driven by hypertrophic
chondrocyte-specific Coll0al promoter and
enhancer elements that we previously defined
[14]. These TG mice are on a FVB/N genetic
background and exhibit delayed ossification,
chondrocyte hypertrophy and reduced chon-
drocyte apoptosis at embryonic and early post-
natal stages compared to WT littermates [20].
To generate TG and WT littermates at designat-
ed postnatal stages for relevant phenotypic
analysis, sex-matured Col10al-Runx2 TG mice
(8-10 weeks’ age) were crossed with wild-type
FVB/N mice. The offspring of multiple breeding
pairs of mice were weaned at the age of 3-4
weeks and mouse tail tissues (~0.5 cm long)
were prepared for genomic DNA extraction. TG
and WT Mice were identified by PCR genotyping
using Runx2 and flag-specific primers (5-CT-
TCCCAAAGCCAGAGTGGAC-3’ and 5-TGTCGTC-
ATCGTCTTTGTAGC-3’). The animal studies were
approved by the IACUC (Institutional Animal
Care and Use Committee) committee at Rush
University Medical Center.

Histological analysis

For histological analysis, mouse hind limbs at
the age of 1 month were collected and fixed in
10% formalin for two days. The limbs were then
decalcified in 0.5 M EDTA for 14 days and sub-
jected to dehydration, paraffin embedding, and
sectioning. Whole-joint saggital sections (5 um)
were obtained from different locations of the
lateral and medial compartments. Comparable
slides from both TG and WT littermates were
selected for standard H&E (Hematoxylin & Eo-
sin) and Safranin O/Fast Green staining to iden-
tify cartilage cells and matrices. For Safranin
O/Fast Green staining, after de-paraffin with
xylene and gradient ethanol treatment, slides
were stained in Fast Green solution (0.1%) for 2
minutes followed by Safranin O (0.1%) staining
for 4 minutes. At least 10 sagittal sections of
the joint from both TG and WT littermates were
observed under microscope (Nikon Eclipse 80i,
Nikon Instruments Inc., Melville, NY USA) and
analyzed using the Qcapture Suite software
(version, 2.95.0, Quantitative Imaging Corp.,
USA).
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Micro computed tomography (uUCT) analysis

Six right femurs from each of the age/sex
matched TG and WT littermate controls were
analyzed at the 1 month and 2 month stages
using micro-CT approach. The femur samples
were placed vertically within custom holders
that fit within the manufacturer’'s 12 mm speci-
men holder and scanned in saline (Scanco
Model 40, Wayne, PA) using 55 kVp, 145 uA,
300 ms integration with 12 um isotropic reso-
lution. The trabecular bone region of interest
were identified as the volume extending from
~40 pm proximal to the primary spongiosa of
the distal growth plate to 30% of the length of
the bone measured from the distal condyles.
This region was segmented from the surround-
ing cortical bone, at threshold 320 and the
manufacturer’s software was used to calculate
bone volume per tissue volume (BV/TV), as well
as the trabecular thickness (Tb.Th), trabecular
spacing (Tb.Sp), and connectivity density.
Femur length was also measured by above uCT
scanner. Two-way Analysis of Variance (ANOVA)
was used for statistical analysis followed by
Bonferroni t-Test using SPSS software (version
14.0, Chicago, IL). p < 0.05 was considered
significant.

Immunohistochemistry (IHC) analysis

For immunohistochemical (IHC) analysis, com-
parable pretreated mouse hind limb/knee joint
sections from TG and WT mice at 1 month’s age
were incubated with anti-Runx2 (M-70, sc-
10758, Santa Cruz, CA) and anti-Sox9 (H-90,
sc-20095, Santa Cruz, CA) antibodies as previ-
ously described [20]. The concentration for pri-
mary anti-Runx2 antibody was at 1:50 dilution
and anti-Sox9 antibody at 1:300. Non-immune
mouse IgG was used as a negative control. The
biotinylated anti-rabbit 1gG (Santa Cruz, CA)
was used as a secondary antibody. The ABC kit
(Elite PK-6200 Universal, VECTOR laboratories,
Burlingame, CA) was used for detection. Slides
were counterstained with nuclear fast red (Poly
Scientific R&D Corp., NY) before microscopic
analysis as described above.

TGFB1 injection and treadmill running (TTR)
approach

After PCR genotyping, 12 male mice of TG and
WT littermates (6 each) at around 12 weeks
were selected from the Col10al-Runx2 trans-
genic mouse lines that have been described
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previously [20]. These mice were subjected to
joint injury by repeated intra-articular injection
of TGFB1 into the right knee joints using litera-
ture reported protocols with modifications [21,
22]. Briefly, 200 ng recombinant human TGF1
(hr TGFB1, active form, PrepoTech Inc) in 6 ul of
sterile saline (0.9% NaCl) containing 0.1% ultra-
pure BSA (Sigma) was injected into the right
knee of 3 TG and 3 WT mice using a Kendall
Monoject U-100 Insulin syringe and a 29G nee-
dle on days 1, 3 and 10. 6 pl saline containing
BSA was injected into the right knee of other 3
TG and 3 WT mice as controls. Mice were then
subjected to enforced running on a flat or an
uphill (15°) gradient Stoelting/Panlab treadmill
(Barcelona, Spain) at 24-32 cm/seconds for 20
minutes/day for 14 days.

Macroscopic evaluation of cartilage using
India ink

The use of Indian ink on the cartilage surface
was carried out essentially as previously
described [21, 23]. Briefly, mice knee joints
were carefully opened and rinsed with PBS. The
cartilage surface was painted with India ink for
15 seconds using a paint brush. After rinsing,
the menisci and articular surfaces were photo-
graphed and subjected to microscopic image
analysis using the Nikon dissecting microscope
(SMZ1000, X6). Cartilage erosion was scored
on a scale ranging from O-8. Four areas (the
anterior and posterior aspects of the lateral
and medial compartments) were recorded
based on a visual estimate of affected surface
lesions of the fraction (0/8, 1/8, 2/8, 7/8, 1
etc). The healthy complete femoral or tibial sur-
face reaches a highest score of 32.

Statistical analysis

Values are presented as means + SEM. One-
way ANOVA was used to assess the significance
across experimental groups. Student t-tests
were used to compare mean differences
between groups. p < 0.05 was considered sta-
tistically significant. SSPS v16.0 (Chicago, IL)
and GraphPad Prism 5.0 (La Jolla, CA) were
used for graph and statistics analysis.

Results

Delayed chondrocyte maturation in Col10a1l-
Runx2 mice

We have recently generated multiple Runx2
transgenic mouse lines that over-express
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Figure 1. Delayed chondrocyte maturation in Col10a1-Runx2 mice. (A) Safranin O staining of sagittal section of tibia
from E17.5 WT mouse embryo show organized hypertrophic chondrocytes as indicated by double black arrow. (B)
Hypertrophic chondrocytes can be appreciated in tibia section of 4 wks WT mouse as shown by Safranin O staining
(black arrow). (C) Compared to tibia section of E17.5 WT mouse (A), TG mouse displays much longer hypertrophic
zone (more layers and disorganized hypertrophic chondrocytes) as indicated by double blue arrow. (D) Compared
to tibia section of 4 wks WT mouse (B), 4 wks TG mouse also displays more layers and disorganized hypertrophic

chondrocytes as indicated by blue arrow. WT: wild-type; TG: transgenic.

Runx2 in hypertrophic chondrocytes using the
hypertrophic chondrocyte-specific Col10al
gene controlling elements [20]. These Col10al-
Runx2 mice show upregulated Runx2 and
Col10al expression but delayed chondrocyte
hypertrophy compared to WT littermates. The
growth plate of TG mice displays more layers
and disorganized hypertrophic chondrocytes at
late embryonic (E17.5) and postnatal day 1 (P1)
stages (Figure 1A, 1C) [20]. The hypertrophic
chondrocytes in TG mice undergo less apopto-
sis compared to WT controls as demonstrated
previously [20]. Here, we have performed histo-
logical analysis (Safranin O staining) of tibia
growth plates of both TG and WT mice at 1
month’s age (~4 weeks). As illustrated in Figure
1B (WT) and 1D (TG), the TG mice also show
more layers of hypertrophic chondrocytes, sug-
gesting delayed chondrocyte hypertrophy and
apoptosis as seen in late embryonic and P1
stages [20].
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Impaired bone development in Col10al-Runx2
mice

To examine how delayed chondrocyte matura-
tion affects postnatal skeletal development, we
performed skeletal phenotypic analysis using a
micro-CT scanner (Scanco Model 40, Wayne,
PA). The results showed that femur length was
significantly shorter in TG mice compared to
their WT littermates at the age of 1-month (p <
0.05), but not at 2-months (Figure 2A and data
not shown). 3D imaging of microCT scanning
detected thinner cortical bone in TG mice as
measurement showing the bone and total area
values (Figure 2B). The bone volume per tissue
volume (BV/TV) was calculated and was mark-
edly decreased in TG mice (p = 0.027, Figure
2C). No statistical significant difference was
detected as to the trabecular thickness (Th.Th),
trabecular spacing (Tb.Sp), and connectivity
density (data not shown).
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Figure 2. Impaired bone development in Col10a1-Runx2 mice. A. Femur length was significantly shorter in TG mice
as compared to their WT littermates (Wt vs. Tg: 1.317 + 0.03 vs. 1.218 + 0.03, n =6, t = 2.47, df = 10, p = 0.033)
at 1-momth-age. B. 3D imaging of uCT scanning showed that TG mice have thinner cortical bone as compared to the
WT controls. The bone and total area values were recorded in bottom panel. C. The bone volume per tissue volume
(BV/TV) was markedly decreased in TG mice (Wt vs. Tg: 1.00 + 0.02 Vs. 0.90 + 0.03, n =6, p = 0.027).

Tg 0.3985 10379 | 0.3339 1 _ Mouse
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Figure 3. Less cartilage resorption in Col10al1-Runx2 mice. (A, B) Safranin O/fast green staining of sagittal section
of femoral condyle from 4 wks WT mouse show clear cartilage resorption at the frontal margins of the proximal
lateral (A) and medial (B) femoral condyles (black arrows). (C, D) Compared to the WT littermate controls, TG mice
showed a much decreased cartilage resorption in corresponding lateral and medial femoral condyles (blue arrows).

Less cartilage resorption and increased Sox9 and TG mice. Much decreased cartilage resorp-
expression in Col10al1-Runx2 mice tion was observed at the femoral condyles of

TG mice compared to the WT littermates (Figure
We have performed Safranin O/fast green 3A-D). We have also performed IHC analysis of
staining of knee joint sections of 4-week old WT these joint sections with anti-Runx2 and anti-
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Figure 4. Runx2 and Sox9 expression in Col10al-Runx2 mice. A. sagittal section of knee joint from 4 wks WT mouse
was subjected to IHC analysis using anti-Runx2 antibody. Runx2 was clearly expressed in articular chondrocytes of
WT mice (black arrow). B. No Runx2 expression was detected in comparable section of TG mouse (blue arrows). C.
IHC analysis using sagittal section of knee joint from 4 wks WT mouse and anti-Sox9 antibody detect obvious Sox9
expression in articular chondrocytes (black arrow). D. Sox9 was significantly upregulated in articular chondrocytes of

comparable TG mouse joint section compared to that of WT controls (blue arrow).

Sox9 antibodies. Runx2 expression can be
clearly appreciated in articular chondrocytes of
WT mice, but diminished completely in the TG
mouse joints (Figure 4A, 4B). Meanwhile, Sox9
was clearly expressed in articular chondrocytes
of WT mice as expected. Notably, Sox9 was sig-
nificantly upregulated in TG mouse joints com-
pared to that of WT controls (Figure 4C, 4D),
suggesting an anabonic effect in TG mice.

Protective effect in Col10al-Runx2 mice upon
OA induction

To determine how delayed chondrocyte hyper-
trophy influences cartilage integrity, we created
joint injury by repeated intra-articular injection
of TGFB1 followed by treadmill overrunning to
induce knee-joint OA in 12 weeks TG and WT
controls [21, 22]. As illustrated by India ink
staining, the surface of tibial plateau in WT
mice is rougher and displays shallow grooves
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compared to the smooth and shiny appearance
in the joint surface of TG mice. Signs of synovi-
tis were also shown in WT mice, but not in TG
mice, suggesting different response of mice
subjected to TGFB1 injection and mechanic
overuse (Figure 5A, 5B). Detailed histological
analysis (H&E staining) of mouse knee joints
showed that fibrotic remodeling (majorly carti-
lages erosions and fibrosis) at the margins of
WT surfaces was seen but not in corresponding
regions of the TG mice (Figure 5C, 5D). These
results suggest a protection of delayed chon-
drocyte hypertrophy upon OA pathogenesis.

Discussion

Runx2 impacts chondrocyte maturation during
skeletal development and disorders

Runx2 is a well-known Runt domain containing
transcription factor regulating both osteoblast

Am J Transl Res 2014;6(6):736-745
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Figure 5. Protective effectin Col10a1-Runx2 mice upon OAinduction. A. After repeated intra-articular TGFB1 injection
and treadmill overrunning, the representative mouse knee-joint of WT mouse at 12 weeks’ age was subjected to
India ink staining. Clear rough joint surface/shallow grooves (top, white arrow) and signs of synovitis (bottom, white
arrow) were observed. B. Compared to the WT mice, the corresponding joint surface of TG mice show smooth and
shiny appearance and no signs of synovitis were shown (white arrows). C. H&E staining of WT mouse knee joints
subjected to TTR treatment showed fibrotic remodeling (majorly cartilages erosions and fibrosis) at the margins
of joint surfaces (black arrow). D. Compared to WT mice, the corresponding joint surface of TG mice did not show
fibrotic remodeling as shown in WT mouse joints (black arrow).

differentiation and chondrocyte maturation
[16-19]. Haploinsufficiency of RUNX2 in hum-
ans causes cleidocranial dysplasia (CCD) which
is characterized by delayed closure of the fonta-
nel, hypoplastic clavicles as well as short stat-
ure and cone epiphyses [9]. Interestingly,
Runx2 inhibits chondrocyte proliferation and
hypertrophy through its expression in the peri-
chondrium. This suggests that Runx2 fulfills
antagonistic functions during chondrogenesis
[24]. Runx2 was previously shown to be a can-
didate gene that promotes osteoarthritis pro-
gression [25]. In surgically induced OA mouse
models, Runx heterozygotes showed decreased
cartilage destruction and osteophyte forma-
tion, along with reduced type X collagen and
MMP-13 expression compared with wild-type
mice. This suggested that Runx2 contributes to
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OA pathogenesis through chondrocyte hyper-
trophy [4, 25].

Mechanisms of impaired bone development
and OA protection in Col10al-Runx2 mice

Generally, Runx2 is a transactivator for Col10al
that is known to upregulate cell-specific Col10-
al gene expression and promote chondrocyte
hypertrophy [12-15, 26-28]. Intriguingly, our
Col10al1-Runx2 mice showed enhanced Runx2
and Col10al expression but delayed chondro-
cyte hypertrophy and less ossification at early
skeletal developmental stages [20]. Consist-
ently, delayed chondrocyte hypertrophy and
apoptosis were also seen in TG mice at 1
month’s age, while micro-CT analysis detected
significantly shorter femur length, less cortical
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bone, and markedly decreased BV/TV. These
results demonstrate that delayed chondrocyte
hypertrophy impaired endochondral ossifica-
tion and skeletal development in Coll0al-
Runx2 mice at both embryonic and postnatal
stages (Figure 2) [20]. As to the potential mech-
anisms, we have shown that targeting Runx2 in
hypertrophic chondrocytes upregulates Col10-
al as well as other marker genes, esp. Sox9,
which dominantly over Runx2’s function [29].
This will change the local matrix environment,
leading to delayed chondrocyte maturation,
reduced apoptosis and matrix mineralization,
and eventually, impaired endochondral ossifi-
cation. It may also explain the chondroprotec-
tion in Col10al1-Runx2 mice upon OA induction,
as less cartilage resorption and increased Sox9
expression was detected in articular chondro-
cytes of TG mice (Figures 3C, 3D, 4D). As men-
tioned above, articular chondrocyte hypertro-
phy is a remarkable pathological change of OA
mimicking the endochondral pathway [3, 4]. It
has also been implicated that chondrocyte
apoptosis contributes to OA [30, 31], whereas
Sox9 is a well-known promoter for early chon-
drogenesis but a major negative regulator for
chondrocyte maturation and apoptosis during
endochondral ossification [32, 33].

Questions and future directions

It should be taken into consideration that many
biological, genetics, and environmental factors
have been shown to contribute to OA. Until now,
there are no therapeutic targets that are able to
cure or reverse OA progression. Given its spe-
cific correlation with OA, articular chondrocyte
hypertrophy has recently drawn extensive att-
ention in the field of cartilage biology. However,
how altered chondrocyte hypertrophy and
apoptosis affect OA development has not been
fully elucidated. This is because articular chon-
drocyte hypertrophy is unlikely the single player
for OA, while animal/mouse models that show
definitive accelerated or delayed chondrocyte
hypertrophy are still lacking, hindering charac-
terization of the relationship between chondro-
cyte hypertrophy and OA. Our Col10al-Runx2
mice show delayed chondrocyte hypertrophy.
These mice are not susceptible to developing
OA upon Tgf-B1 injection and enforced uphill
treadmill running. However, due to limited
resources, we only analyzed these mice using
the single TTR model. Further characterization
of these mice by surgically inducing OA using
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the DMM (destabilization of the medial menis-
cus) approach are needed to draw more reli-
able conclusions regarding the contribution (or
protection) of altered chondrocyte hypertrophy
upon OA development [21, 34].
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