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Abstract

Osteoarthritis (OA) is the most common form of joint disease in middle-aged and older people.
Previous studies have shown that over expression of matrix-degrading proteinases and
proinflammatory cytokines is associated with osteoarthritic cartilage degradation. However, it
remains unclear which transcription factors regulate the expression of these cartilage-degrading
molecules in articular chondrocytes. This study demonstrated that mice lacking Nfatl, a member
of the nuclear factor of activated T-cells (NFAT) transcription factors, exhibited normal skeletal
development but displayed loss of type-I1 collagen (collagen-2) and aggrecan with overexpression
of specific matrix-degrading proteinases and proinflammatory cytokines in young adult articular
cartilage of weight-bearing joints. These initial changes are followed by articular chondrocyte
proliferation/clustering, progressive articular surface destruction, periarticular chondro-osteophyte
formation, and exposure of thickened subchondral bone, all of which resemble human OA. Forced
expression of Nfatl delivered with lentiviral vectors in cultured 3-month-old primary Nfatl
knockout (Nfat1 ") articular chondrocytes partially or completely rescued the abnormal catabolic
and anabolic activities of Nfatl ™/~ articular chondrocytes. These new findings revealed a
previously unrecognized critical role of Nfatl in maintaining the physiological function of
differentiated adult articular chondrocytes through regulating the expression of specific matrix-
degrading proteinases and proinflammatory cytokines. Nfatl deficiency causes OA due to an
imbalance between catabolic and anabolic activities of adult articular chondrocytes, leading to
articular cartilage degradation and failed repair activities in and around articular cartilage. These
results may provide new insights into the aetiology, pathogenesis and potential therapeutic
strategies for osteoarthritis.
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Introduction

Methods

Animals

OA is characterized histopathologically by progressive loss of articular cartilage, chondro-
osteophyte formation, and thickening of subchondral bone [1-5]. Primary/idiopathic OA
most commonly develops via unknown initial causes, while secondary OA develops after
joint injuries/disorders with mechanical abnormalities [3-6]. Articular chondrocytes
synthesize extracellular matrix containing collagen-2-rich collagenous networks that provide
tensile strength and aggrecan-rich proteoglycans that resist compressive loads [7,8].
Osteoarthritic chondrocytes may display increased catabolic activity due to overexpression
of matrix-degrading proteinases, abnormal anabolic activity, hypertrophic changes, and/or
increased Wnt/B-catenin signaling depending on the stages of disease [7—14]. The molecular
basis of these pathological cellular activities is poorly understood. Transcription factor Sox9
is critical for embryonic chondrogenesis [15], but is not the key regulator of collagen-2
expression in adult articular chondrocytes [10]. Therefore, key transcription factors
regulating the metabolism of adult articular chondrocytes remain unidentified.

NFAT transcription factors were originally identified as regulators of gene transcription in
response to T-cell receptor-mediated signals in lymphocytes. NFAT signaling also regulates
bone formation and osteoclastic bone resorption [16—18]; however, the role of NFAT
members in chondrogenesis has been controversial [19,20]. Nfat4 was reported to induce or
enhance chondrogenesis [19]. In contrast, Nfatp (Nfat1/Nfatc2) was interpreted as a
repressor/inhibitor of chondrogenesis and tumorigenesis based primarily on “neoplastic”
cartilage proliferation in and around articular cartilage of adult Nfat1~~ mouse appendicular
joints [20]. However, it remains unclear why Nfatl deficiency-induced cartilage phenotype
occurs in specific weight-bearing joints and whether loss of Nfatl triggers any joint disease
because neoplastic cartilaginous tumors rarely occur in articular cartilage. To address these
questions, we recently examined the histopathological changes in the skeletal system of
Nfat1-deficient mice with particular attention to the events occurring before 3 months and
after 12 months of age, time points for which changes had not been presented in the previous
report [20]. We found that proliferating and differentiating cartilage cells in Nfatl~/~ mouse
joints did not display diagnostic characteristics of neoplasia or cartilaginous tumors.
However, these Nfatl~/~ joints did show osteoarthritic changes, which resemble late-stage
human OA [1,2,21]. The cellular and molecular mechanisms involved in the initiation and
progression of Nfatl deficiency-induced OA were elucidated in the present study.

The method for generation of Nfatl ™/~ mice was previously described [16]. All mice used in
this study were bred and maintained in the Laboratory Animal Resources facility at the
University of Kansas Medical Center (KUMC). All animal procedures were performed with
the approval of the Institutional Animal Care and Use Committee at KUMC in compliance
with all federal and state laws and regulations.

Histology, histochemistry, and immunohistochemistry

Mouse joint tissue samples were fixed in 2% paraformaldehyde, decalcified in 25% formic
acid, and embedded in either paraffin or JB-4 plastic medium (Polysciences). Safranin-O
and fast green stains were utilized to identify cartilage cells and matrices. 10% EDTA-
decalcified tissue sections were used for immunohistochemical staining. To observe both
immunoreaction and cellular morphology, some tissue sections were stained by the avidin-
biotin peroxidase complex methods. AEC or DAB chromogen was used for color detection
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[22]. Microscopic structure and cellular details of cartilaginous appendicular joints, cervical,
thoracic, and lumbar vertebral joints (at least 3 segments per region), sternocostal joints, tail
joints, and the xiphoid were examined at 1-day (newborn) and 1, 2, 3, 4, 6, 9, 12, 15, 18, and
24 months. At least five Nfat1~/~ and WT mice were evaluated at each time point.

RNA isolation and gene expression analyses by quantitative real-time PCR (qPCR)

Since the early OA-like phenotype first occurs in the femoral heads and periarticular tissues
of Nfat1 ™/~ female mice and femoral head articular cartilage is thicker and more capable of
being removed compared to other joints, female femoral head articular cartilage and
periarticular tissues were collected for RNA isolation. Articular cartilage and periarticular
tissue (synovium with underlying capsule and periosteum near articular cartilage) samples
were dissected under a dissecting microscope to avoid contamination by surrounding tissues.
Freshly dissected articular cartilage and periarticular tissues were collected in "RNAlater"
(Ambion) at 4°C, homogenized in TRIzol (Invitrogen), and treated with an RNeasy Mini Kit
(Qiagen) and a DNA Digestion Kit (Ambion) to obtain purified RNA. One ug of total RNA
and a "RETROScript" kit (Ambion) were used for reverse transcription to yield cDNA.
"Primer Express 3.0" software (Applied Biosystems) was used to design specific primers of
target genes (Supplementary Table 1). qPCR reactions were performed in triplicate in 96-
well plates using a 7500 Real-Time PCR system (Applied Biosystems) with "SYBR Green"
for detection per manufacturer’s instructions. Primers for rodent Gapdh (glyceraldehyde-3-
phosphate dehydrogenase, Applied Biosystems) were used as internal controls [22, 23].

Western blot

Total protein was isolated from the organic phase following RNA isolation from cells/
tissues according to the manufacturer’s instructions (Invitrogen). Small aliquots were
applied to 4-15% gradient SDS-PAGE, then transferred to a Hybond-P polyvinylidene
difluoride membrane (Amersham Biosciences). After transfer, the membranes were blocked
using 5% dry milk in PBS with 0.3% Tween 20 and incubated with specific primary
antibodies against collagen-2, aggrecan, and Nfatl. Horseradish peroxidase (HRP)-
conjugated anti-mouse (for Nfatl), anti-goat (for collagen-2), and anti-rabbit (for aggrecan)
IgG (Santa Cruz) was used as the secondary antibody, which was detected using
chemiluminescent HRP substrate (Millipore).

Preparation of lentiviral construct for Nfatl expression

A lentiviral construct for stable expression of constitutively active Nfatl was generated
using a pCDH-EF1-MCS-T2A-copGFP lentiviral vector (System Biosciences). Mouse Nfatl
cDNA with multiple serine-to-alanine mutations in the Nfatl regulatory domain, which
render Nfatl constitutively active, was obtained from Addgene (plasmid 11792). This cDNA
was transferred into the unique Xba site of the lentivector. The final construct was verified
by sequencing.

Cell culture and DNA transfection

Articular cartilage cells were isolated from femoral heads of 3-month-old WT and Nfat1 ™/~
female mice using collagenase D (1.5 mg/ml, Roche) in DMEM at 37°C for 3-4 hours.
Primary cells were plated at 2x10° cells per 23-mm culture well in DMEM supplemented
with 2 mM L-glutamine, 10% heat-inactivated fetal calf serum, and 1% penicillin/
streptomycin, then placed into a humidified incubator with 5% CO» at 37°C. At 70-80%
confluence, the cultures were transduced with lentiviral particles for forced expression of
target genes. All cultures were replenished with fresh media three times per week.
Packaging plasmid psPAX2 (Addgene), envelope plasmid pMD2.G (Addgene), and 293T
cells (ATCC) were used for the production of viral particles.
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Cell proliferation and transformation assays

Cell proliferation was assessed by plating isolated articular chondrocytes (5,000 cells/well)
in a 96-well plate. Cells were cultured in the same media and conditions as described above.
Cell proliferation rate was determined at 24, 48, 72, and 96 hours after cell attachment by
CellTiter 96 Aqyeous One Solution Cell Proliferation Assay per manufacturer’s instructions
(Promega, G3582). Cell transformation was assessed by soft agar assay for colony formation
to detect the ability of cells to grow in the absence of adhesion/anchorage as previously
described [24].

Quantitative detection of apoptosis by flow cytometry

Apoptosis of articular chondrocytes was detected and quantified by TUNEL assay (Roche,
11684795910) in which fluorescein-dUTP was conjugated to double-stranded break ends of
apoptotic DNA by terminal deoxy-transferase (TdT). Cells for detection of apoptosis and
negative/positive controls were cultured as described above and trypsinized 2 days after cell
attachment, then further prepared per manufacturer’s instructions. Flow cytometry was
performed using a BD FACS Calibur cytometer and Cellquest software. FITC (fluorescein
isothiocyanate) was excited using a 488-nm laser and detected with a 530/30 bp filter.

Statistical analyses

Unless otherwise stated, statistical analyses were performed with the Student’s t-test (two-
tailed) and were represented as means + s.d. from at least three independent experiments for
each experimental condition. P < 0.05 was considered statistically significant.

Results

OA-like changes in weight-bearing appendicular joints of adult Nfatl-deficient mice

Histopathological studies of the skeletal system revealed no abnormalities in newborn and 1-
month Nfat1 ™~ mice (data not shown). At 2 months of age, the young adult stage in mice
[25], loss of safranin-O-stained proteoglycans (Figure 1A—C), collagen-2 (Figure 1D), and
aggrecan (Figure 1E) was first observed in female Nfat1~/~ femoral head articular cartilage.
Cell proliferation assay showed no difference in the rate of cell proliferation between
Nfatl™~ and WT articular chondrocytes at this time. At 3-4 months, focal loss of
proteoglycans and articular surface roughening with early chondrocyte clustering were seen
in Nfat1~/~ articular cartilage (Figure 1F). Nfat1~~ knees, ankles, shoulders, and elbows
began to show focal loss of proteoglycans in articular cartilage at this stage (data not
shown).

Early degradation of articular cartilage was followed by reparative cellular activity in
Nfat1~/~ articular cartilage and subchondral bone. Focal chondrocyte proliferation with
increased proteoglycan staining became evident in the upper-middle zones of Nfat1 ™~
articular cartilage after 4 months. Chondrocyte differentiation/hypertrophy occurred in the
deep-calcified zones of Nfatl ™/~ articular cartilage (Figure 1G). Reparative proliferating
articular chondrocytes later formed cell clusters, but failed to regenerate deteriorated
articular cartilage. Mesenchymal cells derived from subchondral bone marrow cavities
differentiated into chondrocytes which underwent hypertrophy and endochondral
ossification, leading to thickening of subchondral bone (Figure 1G-I).

From 12 to 24 months, progressive loss of articular cartilage and formation of subchondral
bone cysts (Figure 1J), exposure of thickened subchondral bone (eburnation) (Figure 1K),
and narrowing of joint space (Figure 1L) became evident in weight-bearing joints of

Nfatl ™/~ mice. These histopathological changes were similar to those seen in late-stage
human OA [1, 2, 21]. The OA-like phenotypes of Nfat1 ™~ mice occurred earlier in females
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than males. Abnormal cartilage formation or osteoarthritic changes were not observed in or
around other cartilaginous tissues such as the vertebral joints, sternocostal joints, tail joints,
and the xiphoid (data not shown). Similar, but less severe OA-like changes were seen in
older heterozygous (Nfat1*/~) mice after 12 months, suggesting that Nfatl gene dosage
affects the time of onset and severity of OA (data not shown).

Reparative chondrocytic activity was also activated in Nfatl ™~ periarticular tissues
(synovium and periosteum near articular cartilage). At 3—4 months, mesenchymal progenitor
cells in periarticular tissues proliferated and differentiated into chondrocytes forming
chondrophytes (Figure 2A-C). These chondrophytes subsequently underwent endochondral
ossification and formed chondro-osteophytes or osteophytes around the margins of
deteriorated articular cartilage (Figure 2D-G). The abnormal chondrocyte proliferation/
differentiation and subsequent osteophyte formation occurring in Nfatl ™~ periarticular
tissues appeared to be a secondary reparative reaction to the initial articular cartilage
degradation that had occurred prior to the formation of periarticular chondrophytes.

To address whether neoplastic changes occurred in Nfatl ™~ mouse joints, four pathologists
examined tissue slides of these joints. They unanimously concluded that these proliferating/
differentiating cartilage cells in and around articular cartilage of Nfat1~~ joints did not
display diagnostic characteristics of neoplasia (Figure 2B,C,E-G). Although not specific
markers for chondrosarcoma, Mapk1 (mitogen-activated protein kinase-1) and Mapk9 were
reported to be expressed at higher levels in chondrosarcomas and lower levels in
enchondromas, but not in normal cartilage [26]. Our gPCR analyses demonstrated no
significant differences in Mapk1 and Mapk9 expression between Nfat1~~ and WT articular
cartilage or periarticular tissues, while their expression was significantly higher in rat
chondrosarcoma cells (Figure 2H,1), suggesting that Nfat1~~ articular/periarticular cartilage
is neither chondrosarcoma nor enchondroma. Furthermore, colony formation, a feature of
cell transformation, was not detected in Nfat1 ™/~ chondrocytes by soft agar assay (data not
shown). Flow cytometric analysis of Nfat1 ™~ and WT chondrocytes demonstrated
significantly more apoptotic cells in Nfat1 =/~ (Figure 2J,K), which is characteristic of
human osteoarthritic chondrocytes [3, 7].

Loss of Nfatl leads to an imbalance between catabolic and anabolic activities of adult
articular chondrocytes

To explore the molecular and cellular mechanisms for the development of Nfatl deficiency-
induced OA, we examined the effects of Nfat1 deficiency on the catabolic and anabolic
activities of articular chondrocytes during the initiation stage of OA (2—4 months). Catabolic
activity was represented by increased expression levels of cartilage-degrading proteinases
including MMPs (matrix metalloproteinases) and ADAMTS (a disintegrin and
metalloproteinase with thrombospondin motifs), [8,27-29] and proinflammatory cytokines
[11,30]. Anabolic activity was indicated by the expression of chondrocyte marker genes in
articular cartilage. gPCR analyses demonstrated that expression of Mmpla, Mmp13, and
Adamts5, but not Mmp—3, -8, —9 or Adamts4 (data not shown), was significantly increased,
while Timp1 (tissue inhibitor of metalloproteinase-1) expression was decreased in Nfatl ™/~
articular cartilage (Figure 3A). Immunohistochemistry using aggrecan neo G1 antibody,
which detects the degraded aggrecan product, displayed increased aggrecan degradation in
Nfat1~/~ articular cartilage (Figure 3B). The data suggest that Mmp13 and Adamts5 likely
play major roles in degrading cartilage matrix at the initiation stage of Nfatl deficiency-
induced OA.

The expression of chondrocyte marker genes Acan (encoding aggrecan), Col2a1, Col9a1,
and Colllal (encoding collagen—2, —9, and —11) was decreased, while Col10al (a
hypertrophic chondrocyte marker) was elevated and temporally associated with the up-
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regulation of Ctnnb1 (encoding B-catenin) in Nfat1~~ articular cartilage (Figure 3C,D).
However, no significant difference in Sox9 expression was detected between WT and
Nfat1~/~ articular cartilage (Figure 3E). Expression levels of proinflammatory cytokine
genes for IL-1p, IL-6, IL-17a, and TNFa (tumor necrosis factor-a) were up-regulated to
varying degrees at 2—4 months (Figure 3F). Immunohistochemistry demonstrated
substantially more intense IL-1p staining in Nfat1~~ than in WT articular cartilage (Figure
3G). Genes for anti-inflammatory cytokines (IL—4, —10, and —13) displayed no significant
changes in Nfat1 ™~ articular cartilage (data not shown).

Forced expression of Nfatl using lentiviral vectors in cultured 3-month-old primary
Nfatl~/~ articular chondrocytes partially or completely rescued the abnormal catabolic and
anabolic activities of Nfat1 ™~ articular chondrocytes (Figure 4A—C). These results suggest
that Nfatl deficiency causes an imbalance between catabolic and anabolic activities of
young adult articular chondrocytes favoring catabolism, leading to increased cartilage
degradation and decreased anabolic metabolism of articular chondrocytes at the initiation
stage of OA.

Differential expression of specific growth factors between Nfatl~/~ articular cartilage and
periarticular tissues is associated with OA-like cartilage phenotypes

To explore the mechanisms by which Nfat1~/~ articular cartilage showed reduced
expression of chondrocyte markers, whereas Nfatl ™~ periarticular tissues displayed
enhanced cartilage formation during the initiation stage of OA, we analyzed the expression
levels of a large number of growth factors in both articular cartilage and periarticular tissues
at 1-4 months. Insulin-like growth factor-1 (IGF-1), transforming growth factor-p (TGF-B),
and bone morphogenetic proteins (BMPs) are known to induce chondrogenic differentiation
and/or maintain the function of chondrocytes. TGF-B1 and BMPs may also potentiate
osteophyte formation [31-33]. Our qPCR analyses demonstrated that expression of several
Bmps, 1gf1, and Tgfb1-3 decreased at 2-4 months in Nfat1~/~ articular cartilage (Figure
5A,B), while Bmp2, Bmp13, Bmp14, and Tgfb1-2 were up-regulated after 2 months in
Nfat1~/~ periarticular tissues (Figure 5C,D). Acan, Col2al, and Col10al expression was
normal at 1-2 months and elevated at 3 months, correlating with chondrocyte differentiation
in Nfat1~/~ periarticular tissues (Figure 5E).

Our findings suggest that reduced anabolic activity of articular chondrocytes correlates with
decreased expression of specific BMPs, TGF-fs, and IGF1, while enhanced periarticular
cartilage differentiation is associated with up-regulated expression of specific BMPs and
TGF-Bs in Nfat1 ™~ joints around 3 months of age.

Discussion

The present study has demonstrated that the phenotypes of Nfatl ™/~ mouse joints fit the
diagnostic characteristics of osteoarthritis, rather than those of neoplastic transformation.
Although the development of chondro-osteophytes is exuberant and almost tumor-like in
some of the hip joints, malignant-looking cartilage/bone cells or diagnostic characteristics of
benign cartilaginous tumors are not seen in or around Nfat1 ™~ mouse joints. Furthermore,
quantitative flow cytometric analysis and soft agar assay demonstrate that Nfatl =/~
chondrocytes do not present any survival advantage as seen in tumor cells. Instead, these
cells display a significant increase in apoptosis, which is one of the characteristics of human
osteoarthritic chondrocytes [3,7]. This is consistent with previous mutation analyses of the
NFAT1 gene which concluded that NFAT1 is not a tumor suppressor in human cartilaginous
tumors [34]. A previous study [20] interpreted the cartilage proliferation in Nfatl™'~ hip
joints as neoplastic transformation and NFAT1 as a repressor of chondrogenesis and
tumorigenesis, and thus NFAT1 inhibitors were proposed as potential targets for the
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treatment of arthritic cartilage lesions. Our new findings have revealed a better
understanding of the function of NFAT1 in cartilage biology and pathology. Nfatl
deficiency causes dysfunction of articular chondrocytes and progressive loss of articular
cartilage, and cartilage proliferation observed in Nfat1~~ joints appears to be a secondary
reparative reaction. Thus, the potential targets for the treatment of OA should be NFAT1
and/or its activators/enhancers, not NFAT1 inhibitors. Nevertheless, the previous report [20]
discovered the cartilage phenotype of Nfatl~/~ mice, and this scientific contribution should
be highly appreciated.

The results indicate that the morphological, cellular, and molecular biological changes in
and around affected Nfatl ™/~ articular cartilage vary with the progression of OA. Early
pathological changes such as loss of proteoglycans with essentially normal articular
structure and variations in expression of proteinases and cytokines observed in this animal
model may not be seen in human OA specimens, which are mostly harvested at the late-
stage of disease. However, these early morphological and molecular biological alterations
are important clues for exploring the mechanisms for the initiation of OA.

The initial loss of proteoglycans and collagen-2 in Nfat1 ™~ articular cartilage apparently
triggers reparative cellular activity with increased expression of specific growth factors and
cartilage differentiation in periarticular tissues favoring chondro-osteophyte formation.
Reparative chondrocyte proliferation and differentiation are also observed in Nfat1~/~
articular cartilage and subchondral trabecular bone. This is consistent with the repair process
in human OA [3,6,35]. Therefore, it is not surprising that expression of collagen-2 and -10
were up-regulated in Nfat1~/~ articular cartilage and periarticular tissues at later disease
stages, as reported in a previous publication [20]. It is important to point out that collagen-10
is a marker of hypertrophic chondrocytes, which is normally expressed in replacement
cartilage in the growth plate during endochondral ossification, and not in persistent cartilage
such as articular cartilage. Chondrocyte hypertrophy with up-regulated expression of
collagen-10 is also an important feature of human osteoarthritic cartilage [6,7,9,12]. Highly
upregulated expression of collagen-10 in Nfat1~/~ articular cartilage supports our diagnosis
of OA in Nfat1~/~ mouse joints. However, these reactions in and around affected Nfat1 =/~
articular cartilage fail to regenerate deteriorated articular surface because these cells are not
permanent articular chondrocytes in nature. Mechanisms for Nfatl deficiency-induced
cartilage degradation and possible interactions between articular cartilage and surrounding
tissues are summarized in Figure 6.

Our novel findings demonstrate for the first time that Nfat1 is a key transcription factor
regulating the expression of specific cartilage-degrading proteinases and proinflammatory
cytokines in adult articular chondrocytes. Nfatl deficiency causes OA due to dysfunction of
adult articular chondrocytes, leading to articular cartilage degradation and repair activities in
and around articular cartilage. These results may provide new insights into the
etiopathogenesis of primary OA. NFAT1 may prove to be a suitable target for the
development of new drugs for the prevention and treatment of OA upon determining that
NFAT1 deficiency is associated with the development of human OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Nfatl deficiency causes OA-like changes in weight-bearing appendicular joints of adult
mice. All photomicrographs are representative of at least 5 Nfatl~/~ or WT mice per gender
at each time point. Safranin-O and fast green staining and counterstained with hematoxylin.
Scale bar = 200 pum. (A) A 2-month-old female WT mouse hip joint showing normal joint
structure and articular surface with safranin-O staining (red) for proteoglycans throughout
the entire articular cartilage. (B) At 2 months of age, a focal loss of safranin-O staining for
proteoglycans is evident in the superficial/upper zone (*) of femoral head articular cartilage
of a female Nfat1~/~ mouse. Formation of abnormal periarticular cartilage is not evident at
this stage. (C) Higher magnification of (B). (D) At 2 months, Western blot (WB) using a
polyclonal antibody against human (cross-reacts with mouse) collagen-2 (Col2, Santa Cruz,
sc-7764) with semi-quantitative measurements of band intensity reveals a loss of collagen-2
in female Nfat1~~ femoral heads. WB using Gapdh antibody (IMGENEX, IMG-3073) was
used as a loading control. Ctl represents a negative control without using primary antibody.
(E) At 2 months, a severe loss of aggrecan in female Nfat1 =~ femoral heads was detected
by WB using a polyclonal antibody against human (cross-reacts with mouse) aggrecan
(Aggr, Santa Cruz, sc-25674) with semi-quantitative measurements of band intensity. (F) At
4 months, roughening of the articular surface, focal loss of proteoglycan staining, and early
chondrocyte clustering (in magnified square) are seen in the upper-mid zones of articular
cartilage of a female Nfat1~~ hip. (G) A 6-month Nfat1~~ hip joint shows roughening and
discontinuity of articular surface, loss of safranin-O staining in the upper zone, chondrocyte
clustering in the upper-mid zones (arrows), and increased safranin-O staining in mid-deep
zones of femoral head articular cartilage. Endochondral ossification, including chondrocyte
differentiation/hypertrophy, vascular invasion (red v), and new bone formation (*) on the
surfaces of calcifying cartilage, is seen in subchondral bone (in magnified rectangle). (H) A
12-month Nfat1~/~ shoulder (glenoid) shows chondrocyte clusters (arrows) with thickened
subchondral bone (*) and vertical clefts in the superficial zone of articular cartilage
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(arrowheads). (1) A 15-month Nfatl~/~ humeral head displays a fragment of cartilage (#)
derived from deteriorated articular cartilage due to a combination of horizontal and vertical
fissures/clefts. Increased proteoglycan staining (red) is evident in the areas adjacent to the
fissures. Thickened subchondral bone (*) is clearly seen. (J) At 15 months, articular
cartilage destruction with surface fibrillation (A) and subchondral bone cysts (*) are seen in
an Nfat1~/~ knee joint. (K) An 18-month Nfat1~~ hip shows thinning or complete loss of
articular cartilage (eburnation) (arrowhead) with exposure of thickened subchondral bone
(#). acet, acetabulum; th, femoral head. (L) An 18-month Nfat1~/~ hip shows narrowing of
joint space (open arrow) and fibrous joint fusion (%).

J Pathol. Author manuscript; available in PMC 2010 November 8.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Wang et al.

Count

OWT PAT

4 25 BNfat1* PAT
235 o HRCS
= €20
&3 £
Q [
o 25 015
L 2 L
@ o ok
215 2 10 o
5, s
Q [
o x 5
0.5 .
0 0
Mapk9 Mapk1 Mapk9

~£

WT : dotted area
Nfat1” : shaded area

N
o
]

N
o

100
Apoptotic

-
o
L

50—

-
o
1

o
1

% of apoptotic chondrocytes

102 10° 104
FITC-dUTP log fluorescence WT Nfat1”

o
1

Figure 2.

Formation of chondro-osteophytes and apoptosis of articular chondrocytes in Nfat1 ™~
joints. All photomicrographs are representative of at least 5 Nfatl ™'~ or WT mice per gender
at each time point. Safranin-O and fast green staining and counterstained with hematoxylin.
Scale bar = 200 pum. (A) A 3-month-old female WT hip shows normal joint structure and
articular surface with diffuse safranin-O staining (red) for proteoglycans throughout the
articular cartilage. (B,C) Loss of safranin-O staining (*) with focal chondrocyte proliferation
is observed in the upper-mid zones of articular cartilage of both femoral head and
acetabulum in 3-month-old female Nfat1 ™~ mice, which is a feature of early (grade 1) OA
[1]. Chondrocyte differentiation and chondrophytes have begun to appear at the junction of
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articular cartilage and synovium (arrows) of Nfat1 ™~ hip joints. acet, acetabulum; fh,
femoral head. (D) A 12-month-old WT hip shows normal joint structure and articular
cartilage. (E,F) A 12-month Nfat1~/~ hip shows loss of proteoglycan staining in the upper
zone of articular cartilage with surface discontinuity and/or fissuring (A ) and chondro-
osteophyte formation (arrows). The process of endochondral ossification is seen in the
chondro-osteophytes, including chondrocyte hypertrophy and vascular invasion (open
arrow). Cartilage has been partially replaced by newly formed bone (*). Although the
development of chondro-osteophytes is exuberant, malignant-looking cartilage or bone cells
with large single or multiple hyperchromatic nuclei and large nucleoli are not seen in
periarticular chondro-osteophytes. (G) A 9-month Nfat1 ™/~ patellar-femoral joint
demonstrates articular cartilage degradation and the formation of chondro-osteophytes
appearing as newly formed articular surfaces (arrows). Dotted lines indicate the surfaces of
the original articular cartilage/bone. (H,I) gPCR analyses show no significant differences in
expression levels of Mapkl and Mapk9 between Nfatl~/~ and WT articular cartilage cells
(AC) or periarticular tissue cells (PAT), while their expression was significantly higher in
positive control rat chondrosarcoma cells (RCS). According to the 272ACT method [23], the
expression level of each WT group has been normalized to “one”. n = 3 pooled RNA
samples, each prepared from the articular cartilage of 6-8 femoral heads or periarticular
tissues of 3—4 joints. * P < 0.05; ** P < 0.01. (J) Flow cytometric analyses demonstrate
substantially more apoptotic cells in Nfat1™~ chondrocytes than in WT chondrocytes
isolated from 4-month-old femoral head articular cartilage. Overlays of flow cytometric
analyses were made using FlowJo software (Tree Star). (K) Quantitative flow cytometric
analyses indicate that significantly more apoptotic cells were detected in Nfat1 ™~ articular
chondrocytes than in WT articular chondrocytes. P < 0.05.
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Figure 3.
Loss of Nfatl leads to an imbalance between catabolic and anabolic activities of articular

chondrocytes favoring catabolism. (A) gPCR analyses of genes of interest at 1-4 months (1-
4m) demonstrate up-regulated expression of Mmpla, Mmp13, and Adamts5 and reduced
expression of Timp1 in femoral head articular cartilage of female Nfat1 ™~ mice compared to
age-matched female WT mice. n = 3 pooled RNA samples, each prepared from the articular
cartilage of 6-8 femoral heads; * P < 0.05; ** P < 0.01 for all gPCR analyses in Figure 3.
(B) Immunohistochemical staining using an antibody (1:50) against human (cross-reacts
with mouse) aggrecan neo G1 (Affinity BioReagents, PA1-1746), which detects the
degraded aggrecan product, shows that staining of degraded aggrecan (brown areas) was
substantially more intense around cells in the upper zone of 3-month old female Nfat1 ™/~
femoral head articular cartilage than age-matched WT mice. Nfatl~/~ Ctl represents a
negative control without using neo G1 primary antibody. Scale bar = 200 pm for (B) and
(G). (C-F) gPCR analyses indicate temporal changes in expression levels of various genes
of interest in Nfat1 ™~ articular cartilage at 1-4 months. n = 3 pooled RNA samples, each
prepared from the articular cartilage of 6-8 femoral heads. (G) Immunohistochemical
analyses using a polyclonal antibody (1:50) against rat (cross-reacts with mouse) IL-13
(Santa Cruz, sc-1252) show substantially more intense expression of IL-1f (brown areas) in
femoral head articular cartilage of 3-month-old Nfat1™~ mice compared to age-matched WT
mice. Nfat1~~ Ctl represents a negative control using both IL-1p antibody and IL-1p
blocking peptide (1:100) (Santa Cruz, sc-1252P) to validate the specificity of the immune
reaction in Nfatl =/~ articular cartilage.
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Figure 4.

Forced expression of Nfatl rescues abnormal activities of 3-month-old Nfat1~/~ articular
chondrocytes. (A) Immunofluorescence using an antibody against hemagglutinin (HA) tags
shows positive expression of Nfatl protein in the nuclei of articular chondrocytes after
lentiviral DNA transfection of constitutively active (CA) Nfatl plasmid with HA tags from
Addgene (Nfatl exp in Nfat1~/7), but not in control Nfat1~~ or WT articular chondrocytes
in which HA tags are not present. Cultured cells for immunostaining were fixed with cold
methanol for 15 minutes and incubated with the anti-HA-fluorescein high affinity (3F10)
antibody (Roche, Cat.1988506) at a concentration of 5ug/ml in PBS for 1 hour at 22°C.
After washing three times with PBS, the cells were observed and photographed using a
Nikon (ECLIPSE TE300) fluorescence microscope equipped with a Spot RTKE camera. (B)
Western blots using Nfatl antibody (Nfatl Ab) confirm the effectiveness of forced
expression of CA-Nfatl protein in cultured articular chondrocytes. Western blots using
Gapdh antibody are presented as loading controls. (C) gPCR analyses indicate the
expression levels of Nfatl and other genes of interest in cultured WT, Nfatl~/~, and Nfatl
exp in Nfat1™~ articular chondrocytes. n = 3 cultures. * P < 0.05; ** P < 0.01; *** P <
0.001.

J Pathol. Author manuscript; available in PMC 2010 November 8.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Wang et al.

A

1.6
© 144
2’1'4
S1.2-
Q

-

(=]

Bmp4

o

1owTt
{ M Nfat1-/-

Relative fold change
N w » (3] o ~

o =

Expression in periarticular tissues

* Jok Jok ’t| ook Jok Fokoke
Eo.a- r| | ’-‘ ’-‘ I | P‘ | r‘ P‘
2 0.6 | | | i | |
8 0.4 |
[
0 0.2 I

1m|2m|3m[4m|1m|2m|3m|4m|1m|2m|3m|4m|1m|2m|3m|4m|1m|2m |[3m [4m|1m [2m|3m[4m|1m|2m [3m|4m

OWT
M Nfat1-/-

* *

1
‘|

— %

Bmp5 Bmp7 Bmp10 Bmp11 Bmp12 Bmp13
Expression in articular cartilage

O

OwWT *
1M Nfat1--

w

*

Relative fold change
- N

o
SIS TS T O BN S BN

Expression in periarticular tissues

Figure 5.

Page 17

1.87
6 OwT
3. W Nfat1--
€ 1.4
5 1.2 s k|| e sk A L
R itid
o 0.81
2
T 0.6
& 0.4
0.2
0 [imRmpBmpPmfimREmBmldmfimRmBmimfimmBmpim
Igf1 Tgfb1 Tgfb2 Tgfb3
Expression in articular cartilage
gwr B
o J|M Nfat1--
o 8 -
g
87
©6
3
o 5
2
E 3
& 2
1
0

Expression in periarticular tissues

Differential expression of specific growth factors between articular cartilage and
periarticular tissues. (A—E) gPCR analyses of Bmp2-15 (Bmp members without significant
changes not shown), Igfl, Tgfb1-3, Acan, Col2a1, and Col10a1 expression in femoral head
articular cartilage and/or periarticular tissues of 1-4 months old (1-4m) Nfat1™~ and WT
hip joints. n = 3 pooled RNA samples; each prepared from the articular cartilage of 6-8
femoral heads or periarticular tissues of 3—4 hip joints. * P < 0.05; ** P < 0.01; *** P <

0.001.
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A diagram showing possible mechanisms underlying Nfatl deficiency-induced OA. Arrows
with solid lines indicate mechanistic observations from this study. Arrows with dotted lines
indicate proposed mechanisms described in previous publications [3,4,6,36,37]. Nfatl
deficiency initiates OA-like changes due to dysfunction of adult articular chondrocytes,
leading to articular cartilage degradation and repair activities in and around articular
cartilage. Periarticular osteophytes and thickened subchondral bone may cause abnormal
mechanical loads on the joints and exacerbate the progression of OA, which supports the
concept that OA is not exclusively a disorder of articular cartilage [4,6,36-38].
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