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Abstract

Objective—To evaluate the interaction of articular cartilage (AC) and subchondral bone (SB)
through analysis of osteoarthritis (OA)-related genes of site-matched tissue.

Design—We developed a novel method for isolating site-matched overlying AC and underlying
SB from three and four regions of interest respectively from the human knee tibial plateau (n=50).
For each site, the severity of cartilage changes of OA were assessed histologically, and the
severity of bone abnormalities were assessed by microcomputed tomography. An RNA isolation
procedure was optimized that yielded high quality RNA from site-matched AC and SB tibial
regions. Q-PCR analysis was performed to evaluate gene expression of 61 OA-associated genes
for correlation with cartilage integrity and bone structure parameters.

Results—A total of 27 (44%) genes were coordinately up or down regulated in both tissues. The
expression levels of 19 genes were statistically significantly correlated with the severity of AC
degeneration and changes of SB structure; these included: ADAMTS1, ASPN, BMP6, BMPER,
CCL2, CCL8, COL5AL, COL6A3, COL7AL, COL16A1, FRZB, GDF10, MMP3, OGN, OMD,
POSTN, PTGES, TNFSF11 and WNT1.

Conclusions—These results provide a strategy for identifying targets whose modification may
have the potential to ameliorate pathological alterations and progression of disease in both AC and
SB simultaneously. In addition, this is the first study, to our knowledge, to overcome the major
difficulties related to isolation of high quality RNA from site-matched joint tissues. We expect this
method to facilitate advances in our understanding of the coordinated molecular responses of the
whole joint organ.

Keywords

Subchondral bone; cartilage; RNA isolation; Gene expression; Bone sectioning and grinding;
Osteoarthritis

Introduction

Osteoarthritis (OA) is a disease of the whole joint organ involving pathological changes of
articular cartilage (AC), structural changes of underlying subchondral bone (SB) and
synovitis [1]. Maintenance of normal joint structure and function relies on load adaptation of
the cartilage and bone. Disruption of the physiological relationship between these tissues
contributes to the development of OA pathology [2, 3]. Although it is debated whether
skeletal adaptations antedate detectable alterations in the structural integrity of the AC,
numerous clinical and experimental studies have confirmed that increased bone volume and
changes in bone quality of the tibial SB of the knee are related to loss of AC integrity [4-8].
The cellular system of the SB adapts rapidly in response to adverse mechanical influences
[9]. It also appears that factors released from bone cells might affect cartilage metabolism
[10, 11]. These studies provide insights into the association of mechanical load with OA and
highlight the close relationship between the SB structural changes and alterations in AC.

Despite the fact that some of the most promising therapeutics for OA are agents that target
bone, including bisphosphonates [12, 13], calcitonin [14] and vitamin D [15], all the gene
expression studies in OA have been performed on AC or synovium and none have been
performed on human SB tissue directly. This is most likely due to the difficulties associated
with isolation of RNA from SB. The SB adheres tightly to the overlying AC and contains
cells and abundant mineralized extracellular matrix (ECM) that negatively impacts the
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ability to purify RNA. For these reasons, SB might be one of the most difficult tissues from
which to extract nucleic acid.

We developed a novel method for extracting high quality nucleic acid from bone that relies
on finely grinding the desired regions of the knee tibial plateau under liquid nitrogen. By
controlling the depth of drill penetration we could reliably separate and isolate articular
cartilage and site-matched subchondral bone with high fidelity. We also set up a model
system based on four specific regions of interest within a joint corresponding to a gradient of
disease severities; this system can be used to represent different disease severity states of
OA. With this method we have been able to address the goal of this study: To understand the
coordinated molecular responses of the AC-SB unit of the OA knee. To our knowledge, this
represents the first direct assessment of gene expression in OA of site-matched AC and SB.

Materials and Methods

Human knee joint tissues

Human tibial plateaus were obtained during total knee joint replacement surgery from 50
patients with medial compartment knee OA, comprising 32 females and 18 males (mean age
69 years, range 51-91 years). To ensure consistency of sampling of prespecified regions of
interest, the anatomic orientation was indicated on the freshly isolated specimens by marker
pen then all specimens were stored immediately in liquid nitrogen. The study was approved
by the institutional review board of all the participating hospitals and Academia Sinica,
Taiwan, and written informed consent was obtained from all of the participants.

Regions of interest

The regions of interest chosen for this study were informed by prior work of Appleyard [16]
and our preliminary analyses of 26 regions of three human tibial plateau specimens
(Supplementary Figure 1). We were able to reduce our analyses to four specific regions
encompassing a full range of histological severity in knee OA specimens: (a) the outer
region of the lateral tibial plateau (oL T, excluding adjacent fibrocartilage) with a visibly
smooth AC surface (Figure 1d and regions 2+3 in Appleyard’s study); (b) the inner lateral
tibial plateau (iLT) with sufficient AC to detect visible fissures on tissue crossection (Figure
1e and regions 10+11 in Appleyard’s study); (c) the inner medial tibial plateau (iMT), a
region on the inner side of the MT with visible loss of AC (Figure 1f and regions
16+17+20+21 in Appleyard’s study); (d) the central medial tibial plateau (cMT), the central
region of the MT with near full thickness loss of AC (Figure 1f and regions 20+21+24+25 in
Appleyard’s study). Regions of interest were ~2mm in width, ~2-4 cm in length, and ~5mm
in height. If regions of the tibial plateau were too small to section or too thin to analyze,
these regions were excluded from further analysis; in total, 50 oL T and 50 iLT regions could
be tested, but only 38 of 50 iMT and 36 of 50 cMT regions had sufficient cartilage and bone
for sample analysis.

Joint tissue sectioning

The workstation, used to section regions of interest from the isolated tibial plateaus, was
constructed primarily from commercially available components: a rotary tool holder
(PROXXON, no28606, Germany); a high speed rotary motor (PROXXON, no38481,
Germany), custom adapter (Academia Sinica, Taiwan), a 90 Angle Adaptor (PROXXON,
no28405, Germany) (Figure 1a); and a 25mm diameter cutting disc of 0.1mm thickness for
grinding tissue (Busch, S606025s, Germany) (Figure 1k). Tissues were sectioned to generate
2mm thick slices of intact cartilage and attached bone from regions of interest for histology
as well as adjacent regions for subsequent grinding and RNA isolation. To prevent RNA
degradation, and to precisely obtain specimens of a particular type from specific regions of
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interest of the joint, the tissues were manipulated at all times under liquid nitrogen in a
thermally insulated styrofoam container (Figure 1b). Three 2-2.5 mm-thick osteochondral
slabs were generated for further microCT scanning and histological staining (Figure 1c).

Tissue grinding

After trimming specimens under liquid nitrogen, longitudinal sections of the tibial plateaus
were exposed. Cartilage (white coloration) and subchondral bone (pink coloration) could be
observed. To harvest specimens of overlying AC separately from the underling SB, the high-
speed rotary tool was carefully lowered onto the cartilage surface and grinding was carried
out in a mortar filled with liquid nitrogen (to prevent RNA degradation) until the
subchondral bone boundary was reached. The ground cartilage powder that sank to the
bottom of the mortar was carefully decanted into a 50 ml tube. The same procedure was
performed for the subchondral bone. The ground tissue powders from the AC and SB were
stored in -80°C until RNA extraction. The absence of heat generation while grinding under
liquid nitrogen was confirmed by thermal imaging (Figure 2).

RNA extraction—RNA was isolated from the four prespecified regions of interest for 8
individual specimens; these 8 specimens were chosen on the basis of having a gradient of
lesion severity across the tibial plateau and adequate amounts of bone and cartilage tissue
from each of the regions for RNA isolation. These 8 subjects were representative of the
whole sample set (overall similar mean age of 68 years and similar gender distribution with
38% male). Approximately 100 mg of powdered AC or SB from each region of interest was
obtained for RNA extraction. 5ml of Trizol (Invitrogen, CA) were added to 100 mg (dry
weight) of the ground tissue powder and mixed by vortexing until homogeneous. The
remaining protocol is described in supplementary protocol. The RNA concentration and
purity were determined by a Nano-Drop (NanoDrop Technologies, DE). The RNA integrity
number (RIN) and 28s/18s ratio were estimated using the RNA 6000 Nano Assays on an
Agilent 2100 Bioanalyzer (Agilent Technologies, CA).

Histological scoring of cartilage and bone

Adjacent to the regions ground for RNA, we obtained cartilage-bone sections of
approximately 2 mm diameter from the tibial plateau for histological and bone structure
evaluation of all 50 specimens. Sections were fixed in 4% paraformaldehyde (4%PFA)
(Sigma-Aldrich, Mo) overnight and decalcified in 10% ethylenediamine-N,N,N’,N’-tetra-
acetic acid, disodium salt, dehydrate (EDTA,Na) (Sigma-aldrich, Mo) for two weeks. After
decalcification, the sections were embedded in paraffin and 10 pm sections were prepared,
then deparaffinized, hydrated and treated with Masson’s trichrome stain according to the
manufacturer’s instructions (Sigma-Aldrich, Mo).

Digital images of each section were acquired at 200x magnification using a Mirax Scan
(Carl Zeiss, Germany). After routine histological processing, sections were scored on a six
level histopathological grading scale (G1-6) and a five level staging scale (S0-4) based on
the Osteoarthritis Research Society International (OARSI) Osteoarthritis Cartilage
Histopathology Assessment System [17]; the overall score was computed as the product of
the grade and stage. Two graders performed the assessments, blinded to the topographical
origin of each slide. They scored three consecutive sections of every specific region of the
OA tibial plateau; the results were averaged to achieve a final OARSI histopathological
score for each joint site of each joint (possible range 0 - 24).

Microcomputed tomography

Regions of interest were sectioned from the tibial plateau extending from the surface to the
subarticular tissue beneath the calcified cartilage (~2mm width, 2~4cm length, and ~5mm
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height). The sections were fixed in 4% PFA overnight at 4°C then scanned in a high
performancep CT scanner, SKYSCAN 1076 (SKYSCAN, Belgium) at a resolution of 18um.
After scanning, the bone mineral density (BMD) was determined for a volume of interest
(~2mm width, ~5mm length, and ~5mm height) using the CT Analyser software
(SKYSCAN, Kontich, Belgium). Three-dimensional reconstruction was performed to obtain
the bone structural parameters that included the following: percent bone volume (BV/TV;
%); the structure model index (SMI); trabecular thickness (Th.Th; mm); trabecular number
(Tb.N; mm1); and trabecular separation (Tb.Sp; mm). SMI is an estimation of the plate-like
or rod-like (cylindrical) characteristics of the subchondral bone structure. The ideal plate and
cylindrical architectures have SMI values of 0 and 3 respectively [18]. A rod-like trabecular
bone structure has higher mechanical strength than a plate-like structure [19].

Real time quantitative PCR

A total of 1600ng RNA from each section was converted into cDNA using Superscript 111
reverse transcriptase (Invitrogen, CA). A total of 64 genes were selected for gene expression
analysis (Supplementary Table 1). Gene expression was determined by real time quantitative
PCR (Q-PCR) using the Tagman high density microfluidic cards (Invitrogen, CA) according
to the manufacturer’s instructions. The Q-PCR reactions were performed on the ABI Prism
7900HT Sequence Detection system and the fluorescent signal intensity was analyzed by
Sequence Detector v2.3 software. The levels of cDNA among samples were normalized to
the expression of GAPDH first and the A ACt relative quantification method for calculating
gene expression was then applied.

Statistical analysis

Results

The normality of all the measures has been tested by the Kolmogorov-Smirnov test
(Graphpad Prism v5.0, San Deigo, CA); this revealed that all parameters were normally
distributed with the exception of BMD which violated this assumption for a very few of the
regions studied (Supplementary Table 2). One-way ANOVA was used to determine
differences among regions with respect to tibial OARSI scores, BV/TV, SMI, Th.Th, Th.N,
and Th.Sp. To control for type | error, the Bonferroni multiple comparison test was
performed as a post-hoc analysis to determine the statistical significance of changes in
cartilage integrity and bone parameter between regions. BMD data was analyzed with non-
parametric Kruskal-Wallis test and Dunn’s post-hoc test. Student’s t-tests were used to
assess differences in the means levels of expression for each gene between iLT, iMT, and
cMT regions relative to the oLT region. Correlation between the histologic scores of the
cartilage, site-matched bone parameters, and real-time PCR determined gene expression
were calculated using Pearson correlation. P value < 0.05 was considered statistically
significant.

Model system

Histologic evaluation using the OARSI scoring system verified that cartilage pathology
varied in severity by location. The greatest pathological changes occurred at the cMT region
where there was complete cartilage loss and denuded sclerotic bone (Figures 1f, j). For the
other regions, we observed the following histological findings: superficial zone delamination
and mid layer cyst formation at iMT regions (Figures 1f, i); branched fissures of matrix and
disorientation of chondron columns at iL T regions (Figures 1e, h); and predominantly an
intact or only mildly fibrillated superficial zone in oLT regions (Figures 1d, g). Histological
analysis indicated that cMT, iMT, and even the nearby iLT regions of each specimen had
significantly more severe cartilage pathological changes than the oLT regions (A< 0.001)
(Table 1).
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Structural parameters of the subchondral bone

In our system, subchondral bone referred to the total subarticular tissue under the calcified
cartilage, which included the subchondral bone plate and subarticular spongiosa and
extended to 2-5mm depth depending on the individual specimen, The structure of the
subchondral bone in the four regions was analyzed by pCT. The pathological changes in the
bone were striking for their incremental and orderly step-wise progression beginning with
the least affected area (oL T) through to the most affected area (cMT). The oLT regions were
distinctly different from the other three regions and distinguished by the following
characteristics: the lowest BV/TV; a rod-like trabecular architecture; the thinnest and least
trabecular bone; the highest trabecular separation; and the lowest bone density. The iMT and
cMT regions had predominantly sclerotic bone features compared to the oL T and iLT
regions; in addition, the iMT and cMT regions had a higher bone volume, and a plate-like
structure with thicker, denser and more abundant trabecular bone (Table 1 and Figure 3).
There were no statistically significant gender differences for any parameter (Supplementary
Table 3).

Correlation between underlying subchondral bone features and overlying cartilage
degeneration

The severity of articular cartilage degeneration, as assessed by OARSI scores, was
significantly correlated with BV/TV (r=0.83, A/<0.001), Th.Th (r=0.75, /<0.001), Th.N
(r=0.68, £<0.001), and BMD (r=0.42, /<0.001) (Figures 2a, c, d, f), and inversely correlated
with SMI (r=-0.7, £<0.001) and Th.Sp (r=-0.7, A<0.001) (Figure 4). In addition, BV/TV
represented the highest correlation with the degree of cartilage loss and other bone structure
parameters (Supplementary Table 4). These data confirm the close association of the
structural integrity of the AC and SB, and BV/TV as the key bone structural parameter
corresponding to the severity of cartilage pathology.

Quality of the extracted RNA

All 56 RNA samples extracted from AC and SB had 28S/18S ratios greater than 1. The RIN
values were all greater than 6, which demonstrated that high quality RNA was isolated from
both AC and SB (Supplementary Table 5). On average, 100 mg of powdered tissue yielded
2.26 g total RNA from cartilage and 3.29 g total RNA from bone.

Expression levels of OA genes

Gene expression for 6 genes—3 AC-associated genes (COL2A1, COMP, and CRTAC1) and
3 SB-associated genes (COL1A1, COL1A2, and SPP1) [20-24]—confirmed minimal to no
cross-contamination of these tissue elements during harvest by an experienced operator
(Supplementary Figure 2). The gene expression (by real-time PCR normalized to GAPDH)
for 61 genes was analyzed for three overlying AC and four underlying SB regions for 8
individuals totaling 56 specimens; the mean expression pattern of the oL T region was
compared with the expression patterns in all the other regions of interest. The 61 genes
selected for analysis were based on results of previous gene expression studies, candidate-
gene approaches, and genome-wide association studies in OA [25-37]. Our novel system
permitted the first assessment of coordinated gene expression in AC and site-matched SB. A
total of 27 of the 61 genes (44%) were coordinately regulated (i.e. in the same direction with
disease) in both tissues; 16 of 27 genes were coordinately up-regulated, and 11 of 27 genes
were coordinately down-regulated in both tissue elements. A total of 20 of the 61 genes
(33%) were significantly regulated only in SB (half of the 20 genes were up-regulated and
the remainder down-regulated), and 10 of the 61 genes (16%) were significantly regulated
only in AC (7 of the 10 genes were up-regulated, and 3 of the 10 genes were down-
regulated); very few genes (4 of 61 genes) were oppositely regulated, i.e. expression altered
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but in opposite directions. Relative to oLT, the site-specific changes are depicted in Figure
5a (numbers of significantly up- or down-regulated genes), Table 2 (fold changes in gene
expression) and supplementary Table 6 (exact p values in gene expression).

Correlation with gene expression and severity of OA

Gene expression changes in AC and SB were correlated with OARSI scores of OA severity
and the bone structure parameter, BV/TV (Supplementary Table 7). In one or both tissue
elements, the expression of a total of 57 of 61 genes was correlated with OARSI scores of
histological OA severity; 20 genes were significantly correlated both in AC and SB, 25
genes in SB only and 12 genes in AC only (Figure 5b). The expression of a total of 58 of 61
genes was correlated with BV/TV: 25 genes in both AC and SB, 20 genes in SB only, and
13 genes in AC only (Figure 5c). Of the 26 genes whose regulation was significantly altered
in both AC and SB, the expression of the majority (19) was correlated with OA severity
(OARSI score) and bone structure. (Figure 5d and Table 3).

Discussion

Molecular crosstalk of the cartilage-subchondral bone unit is a key component in the
pathogenesis of OA [38]. To the best of our knowledge, this is the first study to successfully
extract high quality RNA from site-matched AC and SB. The techniques described in this
study represent a significant advance over previous methods. Most previous studies focused
on the non-calcified components of the joint: freshly isolated cartilage, enzymatically
isolated chondrocytes with and without /n vitro culture, or synovium. Hard tissues, such as
bone, become brittle when frozen; this makes them more difficult to handle, laborious and
time consuming to process, and results in inconsistent RNA quality. Thus, the majority of
previous OA-related gene expression studies have focused on AC and very little data exist
regarding OA-related gene changes in SB. As a result of achieving high quality RNA
extraction from both AC and SB, it was feasible to analyze the gene expression of
chondrocytes from the AC and of all the cellular elements from the SB (unlike cartilage, that
has only a single cell type, the SB has a very heterogeneous complement of cells, including
osteoblasts, osteoclasts, osteocytes, and bone marrow cells). Although the specific cell types
contributing to the changes in gene expression cannot easily be confirmed, all the cell types
in the SB would be expected to contribute to the SB gene expression profile [39].

In addition, this method offers several advantages: RNA can be isolated from tissues that are
frozen immediately thereby avoiding alterations in cell differentiation state and gene
expression associated with other methods; specific regions of interest can be dissected with
the bone saw; histological examination can be performed on adjacent regions to evaluate the
site-matched tissue morphology; and the remaining specimens of bone and cartilage can be
ground at later times without compromising RNA quality because the tissue is never thawed.
This method is also applicable to cartilage that is thinned because the depth of drill
penetration can be precisely controlled to target specific layers of the tissue. Finally, it
allows separation of the site-matched tissues. It is likely that cross contamination of tissues
can occur, however, this can be reduced with experience. In fact, tissue elements could be
clearly distinguished in liquid nitrogen consisting of white overlying AC and light pink/
yellow underlying SB, allowing an experienced operator to easily divide the two tissue
elements. We further analyzed the expression of 8 tissue associated genes; although no
single gene may be considered absolutely tissue specific, taken together, the results of all 8
tissue associated genes strongly supported the lack of cross-contamination between the
tissues.

The main limitations of our study were the lack of non-OA site matched tissues for
comparison, and the limited number of separate subjects (8 subjects, 56 samples) that
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contributed to the gene expression analyses. However, this system overcomes a major hurdle
in the field—namely, the problem of significant background variation in gene expression
studies; normalization to a standardized histologically normal region (oLT) in each tissue
controlled for inter-individual variation and thereby enabled us to focus on disease-related
variation. Moreover, even though this represents a small sample size, most of the OA-related
genes had sufficient statistical power in our gene expression analysis; we attribute this to the
normalization strategy and to the use of microfluidic cards that had high accuracy and ability
to detect the gene expression for many genes from multiple regions of one sample
simultaneously.

Of the 61 genes analyzed, approximately half were significantly changed at least two-fold
compared with the relatively normal oL T region in both SB and AC. These genes were
coordinately up- (52%) or down- (36%) regulated simultaneously, and very few genes were
regulated in opposite directions. Moreover, the level of expression of the majority of these
genes (in the iLT, iMT and cMT regions of both tissue elements) displayed strong
correlation to severity states of the disease. However, we could not differentiate the response
to load from correlation with severity state as these are inextricably linked; it is known for
instance, that in normal and disease knees that there are consistently strong contact pressures
inthe iLT and cMT regions and relatively low contact pressures in the oL T region [20].

We believe that the pathways identified by the coordinately regulated genes provide insights
into disease pathogenesis and are of interest for three main reasons: they may reveal
generalizable tissue responses in OA; they may provide insight into the signals mediating
the communication between AC and SB; and they may identify targets whose modification
could produce beneficial effects in both AC and SB. For instance, GDF10 (also called
BMP-3b), a member of the bone morphogenetic protein (BMP) family and the TGF-beta
superfamily, has been reported to be an important regulator of key events in the processes of
articular chondrocyte differentiation and bone formation [40, 41]. However, no prior study
linked GDF10 with OA. Our data clearly showed that GDF10 was down-regulated in both
AC and SB in association with OA severity and bone structural changes. Taken together,
these data serve to identify a potential new and promising molecular contributor to the
pathogenesis of OA and a potential new target for OA therapy.

Given the gradient of OA severity across the tibial plateau, this model system also has the
potential to provide insights into OA pathogenesis and progression. Support for this
supposition was provided by changes in the WNT signaling gene pathway known to be
associated with OA progression [42]; for instance, in our model system, a gradual up-
regulation of WNT1 and down-regulation of FRZB, a WNT1 modulator [43], was evident
comparing regions of intermediate severity of disease (iLT region) to regions with more
severe disease (iMT and cMT regions).

In addition, our study identified 19 genes whose expression in both AC and SB correlated
with OA severity and bone structural abnormalities. These 19 genes clustered into four main
functional categories: genes known to regulate chondrocyte maturation and long bone
development - BMP6, BMPER, GDF10, FRZB, OMD, TNFSF11, and WNT1 [44, 45];
genes involved in inflammatory responses - CCL2, CCL8, and PTGES; genes contributing
to the collagenous framework of the ECM - ASPN, COL5A1, COL6A3, COL7A1,
COL16A1, OGN, and POSTN; and genes of the metalloproteinase family that process ECM
proteins - ADAMTS14 and MMP3. Zhang et. al. [46] recently reported a whole genome
microarray analysis of SB in an early experimental OA mouse model; their reported fold
changes in SB gene expression of ASPN, CCL2, COL5A1, POSTN and TNFSF11 at the
initial stages of OA were similar to those of our study. Moreover, comparing gene
expression by microarray analysis of human OA lesional cartilage versus intact cartilage
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from donors lacking macroscopic and microscopic signs of OA, these same five genes were
identified as differentially regulated [36]. These results strongly support the credibility of
our methods and model system for identifying genes in AC and SB that play a role in the
pathogenesis of OA. Given evidence by Catterall et al. [47] suggesting that the metabolic
activity of lesional cartilage differs considerably between the hip and knee, we believe this
model system could provide insights into future studies of joint site specific gene regulation
in the pathogenesis of OA.

In conclusion, our custom workstation made it possible to establish a model system for
evaluating alterations in gene expression with OA severity representative of different stages
of OA within and between knee OA subjects. This method is not limited to expression
studies; miRNA and proteins can also be extracted from the isolated sections of AC and SB
to allow a systematic approach to the study of OA. We believe this will provide insights into
the early pathogenic mechanisms of OA and further contribute to the development of new
therapeutic strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Custom toolsfor joint tissue sectioning and sites of analysisand regionsfor RNA
isolation

(a) The workstation was constructed from commercially available components: (1) a rotary
tool holder; (2) a high speed rotary motor, (3) custom adapter, (4) a 90 Angle Adaptor and
(5) a 25mm diameter cutting disc of 0.1mm thickness for grinding tissue. (b) Joint tissue
bathed in liquid nitrogen (LN) ready for sectioning. (¢) Human osteoarthritic knee tibial
plateau; the red boxes indicate regions for micro CT and histological analysis at the 4
regions of interest; the dashed boxes demonstrate regions for RNA isolation: (d) outer lateral
tibia (oLT); (e) inner lateral tibia (iLT); (f) inner medial tibia (iMT); and the central medial
tibia (cMT) devoid of cartilage. Osteophytes were not included in the sampling by the nature
of the prespecified locations chosen. Masson stained photomicrographs of AC (left) and site
matched SB (right) from the following regions: (g) oL T, (h) iLT, (i) iMT and (j) cMT. (k)
Cutting discs, 0.1mm thick, 25mm diameter.
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|| Pps-ho tip

Figure 2. Sectioning and grinding methods for separating overlying AC and underlying SB
(a-b) The custom-made mini bone saw workstation was utilized to section regions of interest
in liquid nitrogen. (c) Tissue elements could be clearly distinguished consisting of white
overlying articular cartilage (AC) and light pink/yellow underlying subchondral bone (SB).
(d) The black arrow depicts a region from which cartilage has been ground off by the high
speed rotary grinder. (e) Site-matched SB subsequently ground off below the corresponding
overlying AC. (f) An example of the powdered tissue collected by decanting the liquid N2
into a tube for further manipulation. (g-i) Masson staining was performed to illustrate the
stages of the procedure through histologic examination of the tissue. Cartilage was stained
with blue color and Bone was stained with red color. Original magnification x10. (k) The
entire process was performed in liquid nitrogen and were carried out below -30 °C. (j)
Minimal heat was generated by the drilling procedure as demonstrated by thermal imaging.
Wolfram vanadium steel milling bits for precision grinding, @ 2.35mm. (I) PPS-hb
(polyurthane resin) tip forceps with low temperature resistance used to stabilize samples
during manipulation.
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Figure 3. Quantification of underlying subchondral bone parameters of each of the four regions
A total of 6 bone structural parameters were quantified for the 4 regions of interest of SB:
(a) percent bone volume (BV/TV); (b) structure model index (SMI); (c) trabecular thickness
(Tb.Th); (d) trabecular number (Th.N); (e) trabecular separation (Th.Sp); and (f) bone
mineral density (BMD). Compared with lateral tibial sites, bone parameters from medial
sites exhibited higher BV/TV, Tb.Th Th.N, and BMD, but lower SMI and Th.Sp. (oLT:
n=50; iLT: n=50; iMT: n=38; cMT: n=36) Each bar represents the mean, and error bars

represent SEM. *: P<0.001; #: P = 0.0253; t: P = 0.0069; t: P= 0.0114
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Figure 4. Pearson’s correlation of OA severity of the overlying AC and structural parameter s of
the underlying SB
The data for all regions were combined for evaluation of the correlation between OA
severity determined by the OARSI grading system, and the 6 bone structure parameters.
Significant correlations were observed for OA severity and all the bone parameters: (a)
percent bone volume (BV/TV) (r=0.83); (b) structure model index (SMI) (r=-0.7); (c)
trabecular thickness (Tb.Th) (r=0.75); (d) trabecular number (Th.N) (r=0.68); (e) trabecular
separation (Th.Sp) (r=-0.7); and (f) bone mineral density (BMD) (r=0.42).
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Figure 5. Genes correlating with OA severity and bone structural alterations

(a) Representation of cartilage degradation, bone volume augmentation and gene
involvement in the regions of interest of the human OA knee tibia. Compared with gene
expression levels of the oLT region, 30 of 61 and 40 of 61 genes showed significant fold-
changes in iLT and iMT regoins in AC. Compared with gene expression levels of the oLT
region, 10 of 61, 38 of 61 and 43 of 61 genes in the iLT, iMT and cMT regions showed
significant fold-changes in SB. The increasing trends in cartilage loss (OARSI score) and
bone structural changes (BV/TV, %) are displayed. (b) 20 of 61 genes were significantly
regulated in both AC and SB, and were correlated with cartilage loss. (c) 25 of 61 genes
were significantly regulated in both AC and SB, and correlated with structural alterations of
the bone. (d) Venn diagram depicting 19 genes that genes correlated with OA severity and
bone structural abnormalities including the following: ADAM metallopeptidase with
thrombospondin type 1 motif, 14 (ADAMTS14), asporin (ASPN), bone morphogenetic
protein 6 (BMP6), BMP binding endothelial regulator (BMPER), chemokine (C-C motif)
ligand 2 (CCL2), chemokine (C-C motif) ligand 8 (CCLS8), collagen, type V, alpha 1
(COL5AL), collagen, type VI, alpha 3 (COL6A3), collagen, type VII, alpha 1 (COL7A1),
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collagen, type XVI, alpha 1 (COL16AL), frizzled-related protein (FRZB), growth
differentiation factor 10 (GDF10), matrix metallopeptidase 3 (MMP3), osteoglycin (OGN),
osteomodulin (OMD), periostin (POSTN), prostaglandin E synthase (PTGES), tumor
necrosis factor (ligand) superfamily, member 11 (TNFSF11), and wingless-type MMTV
integration site family, member 1 (WNT1).
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