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Osteoarthritis (OA) is a disabling degenerative joint disease that prompts pain and has limited treatment options.
To permit early diagnosis and treatment of OA, a high resolution mechanistic understanding of human
chondrocytes in normal and diseased states is necessary. In this study, we assessed the biological effects of OA-
related changes in the synovial microenvironment on chondrocytes embedded within anatomically intact carti-
lage from joints with different pathological grades by next generation RNA-sequencing (RNA-seq). We deter-
mined the transcriptome of primary articular chondrocytes derived from anatomically unaffected knees and
ankles, aswell as from joints affected byOA. The GALAXYbioinformatics platformwas used to facilitate biological
interpretations. Comparisons of patient samples by k-means, hierarchical clustering and principal component
analyses together reveal that primary chondrocytes exhibit OA grade-related differences in gene expression, in-
cluding genes involved in cell-adhesion, ECM production and immune response. We conclude that diseased sy-
novial microenvironments in joints with different histopathological OA grades directly alter gene expression in
chondrocytes. One ramification of this finding is that anatomically intact cartilage from OA joints is not an
ideal source of healthy chondrocytes, nor should these specimens be used to generate a normal baseline for
the molecular characterization of diseased joints.
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1. Introduction

Osteoarthritis (OA) is a complex, multifactorial process that variably
and asynchronously affects the integrity of the total joint organ (Burr
and Gallant, 2012). This degenerative disorder diminishes the quality
of life for millions of people worldwide, and costs billions of dollars in
medical care and lost productivity each year (Hunter et al., 2014). Com-
plex interactions between histological, biochemical, microenvironmen-
tal and mechanical changes affecting these tissues limit the clinical
ability to identify specific treatments based solely on pathologic state.
Identifying the common molecular mechanisms among patients and
joints that underlie early clinical symptoms of OA is imperative to facil-
itate a path of intervention before articular cartilage is permanently
ent of osteoarthritic joints alters RNA-seq expression profiles of human
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degraded and lost. Characterization of changes in gene expression dur-
ing OA progression at the whole genome level offers opportunities for
gaining mechanistic insights that could be translated into disease mod-
ifying treatments.

The anatomical and histological cascade of events leading to articu-
lar cartilage loss in OA has been established, but the underlying molec-
ular mechanisms that dictate its advancement remain elusive. Early
diseasemodifying events include an initial chondrocyte repair response
consisting of increased cell proliferation and extracellular protein syn-
thesis (Goldring, 2006). This response is followed by chondrocyte hy-
pertrophy and the amplified production of catabolic cytokines and
extracellular matrix (ECM) degrading proteases (Goldring, 2000;
Appleton et al., 2015). Degradation of collagens and proteoglycanswith-
in the ECM is one of themost characteristic features of OA, and reflects a
failure of chondrocytes to balance ECM synthesis and degradation.
Loss of cartilage is mediated, in part, by the activation of matrix metal-
loproteinases (MMPs) that are mechanistically controlled by several
cytokine-responsive cell signaling pathways linked to OA (Li et al.,
2012; Yan et al., 2011; Muddasani et al., 2007).

Although local inflammation is also typical of OA, increasing evi-
dence suggests that systemic inflammation correlates with disease pro-
gression (Berenbaum, 2014). Importantly, acute and/or chronic cycles
of inflammation both occur in early OA, before extensive loss of articular
cartilage and joint destruction (Benito et al., 2002, 2005; Jiang and Tuan,
2015). Our group has studied the molecular biology of human cartilage
and chondrocytes under normal and diseased conditions to define path-
ways that may promote long-term success of OA mitigation strategies
(Bonin et al., 2015; Li et al., 2011; Im et al., 2012; van Wijnen and
Westendorf, 2015). A number of natural compounds are being explored
for possible use as inhibiting mechanisms that mediate OA-related car-
tilage degradation and/or pain (Yan et al., 2013a,b; Li et al., 2013).

Microarray transcriptome surveys have identified many genes
encoding collagenous and non-collagenous ECM-related proteins and
enzymes, as well as many distinct inflammatory genes that are
Fig. 1. Cartilage tissue sampling. (a) Representative arthroscopic images of Collins grades (G0 th
for this study). (b) A cartoon of the synovial joint microenvironment illustrates sampling of ar
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differentially up- or down-regulated in damaged OA tissues (Sato
et al., 2006; Karlsson et al., 2010; Xu et al., 2012; Ramos et al., 2014).
These modulations in cartilage anabolic and catabolic responses largely
reflect a perturbation in ECM remodeling. The goal of the present study
is to investigate differentially expressed genes in chondrocytes subject-
ed to diseased synovial joint microenvironments with different
histopathological grades. To examine grade-specific gene expression
patterns and identify new pathways that are amenable to remediation
strategies, we used next generation RNA-sequencing (RNA-seq) of pri-
mary articular chondrocytes isolated from independent joints with a
full range of disease-severity based on clinically-defined OA grades.

2. Materials and methods

Intact articular cartilage samples were collected from 23 joints of 17
human cadaver donors through the Gift of Hope Organ and Tissue
Donor Network (Elmhurst, IL), with approval by the local ethics com-
mittee and informed consent from each family (ORA#: L03090306).
To facilitate independent analysis of samples collected within each dis-
tinct synovial environment, we treated each joint as a single sample and
cells were isolated from intact (apparently healthy) cartilage. Contami-
nation of hyaline cartilage by other tissue types (e.g., subchondral bone,
blood) was avoided by careful dissection of cartilage tissue followed by
a limited enzyme digestion. Articular cartilage tissues were harvested
from either knee or ankle joints (12 ankles, 11 knees). OA disease states
were determined by macroscopic histological examination of the artic-
ular cartilage within the entire joint and classified using the Collins
grading (G) scheme (Brismar et al., 2002). This well-documented grad-
ing system was designed for autopsy tissue to assess lesion depth and
distribution, and is also more sensitive to changes during early progres-
sion of OA than radiological classifications based on joint-space
narrowing (Brismar et al., 2002). For this study, joints were specifically
classified using the following criteria: G0 joints displayed normal artic-
ular cartilage throughout (n = 5), G1 joints had some softer than
ru G4 from left to right) provided by one of the co-authors (individuals were not sampled
ticular cartilage, cartilage defects, synovial membrane, and the joint cavity.
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Fig. 3. GALAXY bioinformatics workflow showing intermediate steps, software packages
and outputs.

Fig. 2. Cartilage donor information. (a) A complete list of samples used to isolate chondrocytes from articular cartilage. Ankle and knee joints were used, and tissues from both the left
(L) and right (R) leg were sampled in two individuals. Grades (G) were defined by a clinical pathologist using the Collins grading scale which categorizes G0 as pristine healthy
cartilage, and G4 as the most severely diseased; (b) numbers of samples by age; (c) proportional comparisons of samples by anatomic location, gender and grade (a single G4 sample
is depicted in black).
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normal articular cartilage (n= 7), G2 joints exhibited extensive super-
ficial damage to articular cartilage (n=6) without damage to bone, G3
joints had areas with total articular cartilage loss and observable pene-
tration underlying bone (n=4), and a G4 joint was identified as having
full thickness exposure to bone along the articular surface of the joint
(n = 1) (Fig. 1a). All tissues were stored at 4 °C in phosphate buffered
solution until chondrocyte isolation.

Human primary chondrocytes were harvested from identifiable car-
tilage tissue that was dissected from cadaver joints with different Col-
lins grades. To isolate viable articular chondrocytes, tissues were
shavedwith a scalpel from the articulating surface and placed in culture
medium (DMEM/F12, 10% FBS, 1% penicillin–streptomycin and
50 μg/mL gentamicin), followed by a double enzymatic digestion (8 g
of cartilage per 50 mL of media). For the initial digestion, 200 mg of
Pronase (25 KU; Calbiochem, San Diego, CA) was added to 100 mL of
medium, and incubated at 37 °C for 1 h. Tissues were rinsed twice
with PBS and collagenase-P (1.7 U/mg; Roche, Mannheim, Germany)
was added at a concentration of 360 mg/L, followed by an overnight in-
cubation at 37 °C on a shaking platform. The resulting solution was fil-
tered using a BD Falcon cell strainer (70 μm; Corning Inc., Corning,
NY). Isolated chondrocytes were rinsed three times with PBS before
storage at −80 °C in Qiazol, and RNA extraction following protocol of
the RNeasy Mini kit (Qiagen, Valencia, CA).

RNA-seq data collection was performed by the Gene Expression
Core, part of the Advanced Genomics Technology Center at Mayo Clinic
(Rochester, MN). Detailed procedures on the creation of RNA libraries,
cDNA synthesis, sequencing and base calling have been described in de-
tail elsewhere (Dudakovic et al., 2014). To avoid biasing insert size cal-
culation and produce unsorted FASTQ files, the BAM files resulting from
sequencing (HiSeq 2000, Illumina, San Diego, CA) were shuffled using
the HTSlib package in the Genome Analysis Toolkit (McKenna et al.,
2010). The resulting FASTQ files were then processed through an analy-
sis workflow in Galaxy v.15.07 (Giardine et al., 2005; Goecks et al.,
2010). Specifically, FASTQ files were post-processed using groomer
and trimmer tools and then aligned using Tophat 2.0.6 (Kim et al.,
2013). Transcript assembly was done using Cufflinks and differential
gene expression analysis was conducted using Cuffdiff following proto-
cols detailed in Trapnell et al. (2012, 2014). The results obtained in the
Cuffdiff analysis were visualized and scrutinized using several data ex-
ploration tools available in the R package CummeRbund (Goff et al.,
2012). Among these tools, we utilized distance matrices, heat maps
and dimensionality reduction (principal component analysis; PCA) to
Please cite this article as: Lewallen, E.A., et al., The synovialmicroenvironment of osteoarthritic joints alters RNA-seq expression profiles of human
primary articular chondrocytes, Gene (2016), http://dx.doi.org/10.1016/j.gene.2016.06.063
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explore relationships between chondrocytes from joints with distinct
OA grades using significantly differentially expressed genes (alpha =
0.05).We additionally employed k-means clustering to identify clusters
of genes with similar expression profiles across sample groups. In this
analysis we experimented withmultiple k-values (k= 4, 6, 14; defined
a priori) to obtain results that allowed for meaningful biological inter-
pretation of clusters. Gene lists obtained in these analyses were further
explored using the functional annotation tool within David v6.7 (Huang
et al., 2009a,b). GeneMania (Warde-Farley et al., 2010)was then used to
create an integrated network of differentially expressed genes detected
by the Cuffdiff analysis (n = 533) and David v6.7 gene ontology sub-
category for cytokines (n = 30). Default analysis parameters were
used, and outputs included specific networks of co-localized genes
and genes with shared protein domains.

3. Results

The complex interaction between histological and biochemical
changes involved in OA has limited the ability to identify stage-
specific treatments based solely on joint pathology. To understand mo-
lecular changes during OA progression, we performed RNA-seq analysis
on chondrocytes isolated from identifiable cartilage tissues within a co-
hort of joints with distinct grades of OA (Fig. 1). Primary articular
chondrocytes were isolated from knee and ankle joints of elderly male
and female donors (19 tissues; 14 donors; age range = 60 to
77 years; average age = 70.6 years; median = 71 years; mode =
75 years) with different Collins grades (Fig. 2). The cohort was
Fig. 4. Pairwise comparisons of chondrocyte data by histological grade. (a) Significance matrix
groups of chondrocytes from G0 vs G1 & G2 and G2 vs G3 (below diagonal) and J–S distance v
533 significantly different genes among treatment groups (G0–G4). Blue = not significan
references to colour in this figure legend, the reader is referred to the web version of this artic
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supplemented with four tissues from three younger donors to improve
representation of Collins grades and anatomic location (Fig. 2). No two
sampleswere collected fromwithin the same joint, although some sam-
pleswere obtained fromdifferent joints of the samedonor. Themajority
of samples were from male donors (20 tissues; 14 donors), but
chondrocytes from females were also included in the analysis to bolster
grade representation (3 tissues; 3 females). In summary, we obtained
multiple samples for each disease grade (i.e., n = 5, n = 7, n = 4,
n = 4 for G0, G1, G2 and G3, respectively), except G4 (n = 1) (Fig. 2).
Primary chondrocytes were harvested from carefully cleaned cartilage
specimens and total poly-adenylated mRNA was isolated for paired
end RNA-seq analysis (RNA integrity scores N7). To permit statistical
analysis of RNA-seq data from chondrocytes, we grouped multiple do-
nors by joint OA grade regardless of demographics.

RNA isolation from cartilage is challenging because only 2–5% of the
tissue is comprised of living chondrocytes (Goldring, 2006), but we re-
liably obtained high-resolution transcriptome data from primary cells
derived from articular cartilage. Although previous studies used paired
samples fromwithin the same joint (Bonin et al., 2015), our study com-
pares RNAderived from chondrocytes isolated from cartilage specimens
that were subjected to independent synovial microenvironments in
joints with distinct Collins grades. Our experimental protocol accounts
for microenvironmental influences that could be obscured if samples
are collected from within the same synovial joint space, and thereby
permits a direct focus on disease-related effects of cartilage damage
and the surrounding synovial fluid on chondrocytes. RNA-seq data
were obtained from chondrocytes in each cartilage specimen and raw
highlighting elevated numbers of genes differentially expressed (alpha = 0.05) between
alues (above diagonal). (b) PCA of samples on a set of significant genes. (c) Heat map of
t in this comparison, red = significant in this comparison. (For interpretation of the
le.)
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reads (~20 to 25 million reads) were initially mapped against the
human genome scaffold (hg19 assembly) to yield amatrix of expression
values for 23,338 genes in 23 samples.

To specifically test the differences and similarities between expres-
sion patterns for chondrocytes from joints with distinct Collins grades,
we examined the Jensen–Shannon divergence tomeasure pairwise sim-
ilarity between samples based on probability distribution, principal
component analysis to assess the inherent variability in expression
data, and heat map to identify differentially expressed genes between
RNA samples from different Collins grades. For each of these analyses,
we remapped reads at a high level of stringency using a TopHat2–
Cufflinks–Cuffdiff pipeline (Trapnell et al., 2010, 2012, 2014; Kim
et al., 2008) and probability of Type I error (alpha = 0.05) within the
Galaxy platform (Fig. 3). Jensen–Shannon distance estimations revealed
that the comparison between samples with joint Collins grades G0 and
G1 yields the highest number of differentially expressed genes (n =
422). The comparison between primary chondrocytes from G0 and G2
joints uncovered a similar number of genes with different expression
values (n = 393). Jensen–Shannon distance estimations calculated in
a pairwise similarity matrix between conditions also indicated G1 as
the most dissimilar sample relative to others (0.139–0.157; Fig. 4a).

The principal component analysis conducted within CummeRbund
provides additional support for these findings, because the gene expres-
sion profiles of chondrocyte RNAsamples from jointswith Collins grades
G1 andG2were highly correlated, while G0 andG3 chondrocytes group
together (Fig. 4b). For illustration, we note that the gene expression pat-
tern of a single G4-derived chondrocyte sample appeared to correlate
with that of G1 and G2, but this result remains inconclusive because of
our inability to acquire other G4 samples. More importantly, the princi-
pal component analysis result (Fig. 4b)was consistentwith the interpre-
tation that G1 and G2 samples have unique expression features that
were also detected by analysis of Jensen–Shannon divergence (Fig. 4a).
Furthermore, heat-mapping highlighted that the bulk of genes with sig-
nificant differences (in red) are seen in comparisons between Collins
grades G0 versus G1, G0 versus G2, G2 versus G3 and G1 versus G3
(Fig. 4c). The main biological interpretation that can be derived from
Fig. 5. K-means clustering of samples by Cuffdiff analyses yields 14 clusters of genes differentiall
lines from distinct genes are simplified into a single gray polygon that encompasses these lin
represented by the black line within the polygon.
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these global expression analyses is that major differences in gene ex-
pression are observed in chondrocytes that have been subjected to ami-
croenvironment influenced by the histopathological damage evident in
joints with Collins grades G1 and G2. Collectively, these results are con-
sistent with extensive ECM remodeling and repair in response to ana-
tomical joint damage.

To investigate how gene expression profiles in primary chondrocytes
differ between joints with distinct Collins grades, we analyzed gene ex-
pression values across our samples by k-means clustering (Fig. 5). Ex-
pression patterns were categorized in multiple bins (k = 14). Two
gene clusters present clear maxima in transcript levels in Collins grade
G2 (i.e., cluster 6, n = 336 genes; cluster 11, n = 62 genes), while one
gene cluster had highest expression in Collins grade G1 (cluster 14;
n = 67 genes). Functional annotation analyses by gene ontology (GO)
terms for these clusters revealed over-representation of cell adhesion-
related genes in cluster 6 (GO: 0007155) and cell cyclemarkers in cluster
11 (GO: 0007049). Cluster 14 was enriched with immune-response
genes (GO: 0006955), cytokine activity (GO: 0005125) and extracellular
functions (GO: 0005576). In summary, k-means clustering combined
with gene ontology analysis demonstrated that the global gene expres-
sion changes we observed for G1- and G2-associated primary
chondrocytes are related to specific changes in expression of different
classes of genes supporting extracellular matrix synthesis/production
and immune-responses.

To complement k-means clustering and permit biological interpre-
tations relative to OAdisease states, we further interrogated the cluster-
ing analysis to assess specific genes with similar functional categories
within selected k-means groupings. We focused on genes that increase
or decrease expression with increasing Collins grades, or genes that
show a biphasic correlation (i.e., increasing and decreasing). Expression
of genes related to inflammation, kinase activity, ossification, ECM, and
MMP activity decreased in primary chondrocytes with increasing joint
OA grade (Fig. 6a). Another category of differentially expressed genes,
whichwere only elevated in joints with intermediate OA Collins grades,
are related to cytokine activity, metallopeptidase activity, basement
membrane production, phosphorylation, and inflammation (Fig. 6b).
y expressed between differentOA grades. To facilitate the presentation,multiple individual
es. The general shape of these lines follows the expression average for each grade that is
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Fig. 6. Illustrative line graphs showing the relative expression (Y-axis in arbitrary units) of select differentially expressed genes as defined by K-means clustering. The graphs show
(a) decreased expression of cytokine/chemokine activity, ossification, inflammatory response, metallopeptidase activity, and extracellular matrix (ECM) markers (specified in the
analysis as G0 N G1 and G0 N G2); (b) expression of genes related to cytokine activity, basement membrane, inflammatory response, metallopeptidase activity, and regulation of
phosphorylation markers that are elevated in one or more grades of OA (specified in the analysis as G0 b G1 and G0 b G2 and G2 N G3 or G0 b G1 and G1 N G2 and G1 b G3); (c) genes
related to ECM and MMP activity or phosphorylation pathways that are consistently elevated in OA samples (specified in the analysis as G0 b G1 and G0 b G2 and G1 b G3 OR G0 b G1
and G0 b G2 and G2 b G3). These line drawings are presented for illustrative purposes and represent the average RNA-seq values for multiple samples except G4 which is a singular
sample. Error bars are omitted for clarity because of excessive overlay with the primary lines within the graphs. We note that expression trends were typically consistent across
different specimens with the same grade.
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Other genes linked to ECM and MMP activity (e.g., ADAMTS15, LAMC2,
MMP10), as well as several genes related to phosphorylation increased
with increasing OA grade (Fig. 6c). One interpretation we derive from
these data is that both structural ECM proteins (i.e., collagens and
non-collagenous proteins) and enzymes that support ECM remodeling
and repair (i.e., MMP and ADAMTS proteins) are differentially regulated
when chondrocytes are exposed to distinct joint conditions (i.e., related
to Collins grade). However, cartilage cells respond to their changing en-
vironment by switching isoform production with increasing Collins
grade as inflammatory pathways and tissue repair processes are initiat-
ed, sustained and/or re-initiated. Our findings suggest that there are
very dynamic and intricate changes in gene expression with OA pro-
gression. Because most prominent changes in gene expression in
chondrocytes occur when joints transition from G0 to Collins grades 1
and 2, there is an opportunity for pharmacological inhibition tomitigate
the symptoms of OA in patients with limited OA damage.

David 6.7 and GeneManiawere again used to characterize functional
pathways involving interrelated genes that are significantly differently
expressed (starting with the list of 533 genes generated above). As
one striking example, we found that these genes are enriched for
Please cite this article as: Lewallen, E.A., et al., The synovialmicroenvironm
primary articular chondrocytes, Gene (2016), http://dx.doi.org/10.1016/j.
many cytokines and chemokines (n = 30). The relationships of these
differentially expressed genes are further reflected by similarities in
co-localization (Fig. 7a) and shared protein domains (Fig. 7b). These
findings are consistent with the activation of inflammatory and/or tis-
sue repair pathways in joints with Collins scores greater than zero.

4. Discussion

Our study examined themolecular signature of chondrocytes isolat-
ed from articular cartilage tissues in either healthy or OA-afflicted joints
by whole-transcriptome (RNA-seq) analysis. Using bioinformatics, we
identified genes and gene ontology categories characteristic of
chondrocytes that respond to the microenvironment of joints with dif-
ferent pathological grades. Our results corroborate the concept that
OA development occurs concomitant with whole-joint changes that
trigger molecular responses in articular chondrocytes derived from un-
damaged cartilage within the joint. Because themost prominent chang-
es in gene expression were seen in donors with early stages of OA, this
patient population may bemost amenable to discovery efforts aimed at
defining molecular targets that prevent OA progression. However,
ent of osteoarthritic joints alters RNA-seq expression profiles of human
gene.2016.06.063
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Fig. 7.Gene ontology networks of all differentially expressed genes (n=533) across all samples (as defined by Cuffdiff analysis) were visualized byGeneMania (Warde-Farley et al., 2010)
to generate integrated networks for cytokines (n = 30) as a disease-related category relevant to tissue repair and inflammatory processes operative in synovial joints affected by OA
progression. The presentation was customized to emphasize logical gene relationships focused on (a) proteins known to co-localize and (b) have shared protein domains.
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patients with G1 joints do not typically seek treatment, so at-risk popu-
lations (e.g., post-traumatic ACL injury) may bemost pertinent for test-
ing strategies of early detection and intervention.

Gene ontology categories of genes differentially expressed in donors
with early or late OA are related to basic cell functions (e.g., cell cycle,
apoptosis, cellular metabolism, RNA binding). Thus, chondrocyte prolif-
eration and/or survivalmay be compromised in OA. Several of the genes
that are modulated in joints with different OA grades have been exam-
ined in mouse models of OA (Moon and Beier, 2015; Piel et al., 2014).
For example, mutations in ECM genes (e.g., COL2, MMP13) cause mice
to develop OA (Fang and Beier, 2014). MMP13 is controlled by other
regulatory proteins (e.g., basic fibroblast growth factor) that alter the
phenotype of human articular chondrocytes (Im et al., 2007). Disease
modifying OA-events are co-regulated. The biological pathways
linked to modified gene signatures include enzymatic components
(e.g., kinases, phosphatases, and acetylases) that are amenable to drug
inhibition and may support development of novel therapeutic targets
for reducing the severity of OA symptoms, including pain. Our findings
Please cite this article as: Lewallen, E.A., et al., The synovialmicroenvironm
primary articular chondrocytes, Gene (2016), http://dx.doi.org/10.1016/j.
are consistentwith previous studies showing that genetic determinants,
epigenetic chromatin-related mechanisms, transcriptional regulators,
microRNAs and long non-coding RNAs, as well as mediators of inflam-
mation, pain, angiogenesis, joint lubrication, cyto-protective responses
to oxidative stress and mitochondrial function collectively contribute
to OA progression (den Hollander et al., 2015; Lee et al., 2013; Miller
et al., 2014; Lotz, 2012; Vo et al., 2013; Miyaki and Asahara, 2012; Fu
et al., 2015).

Differences betweenhealthy (G0) andG1 chondrocytes are reflected
by differences in their ability to produce cytokine/chemokine signals,
ECM, proteins supporting ossification and metallopeptidase activity.
Because cell–matrix contact regulates chondrocyte activity, failure to
produce ECM proteins would elicit negative feedback regulation on
chondrocyte growth and maturation. Furthermore, failure to produce
appropriate cytokine/chemokine signals would compound the effect
of a poor matrix, by either preventing recruitment of other
chondrocytes, or recruitment of inappropriate cell types. In addition,
the pericellular matrix is a critical component of the chondrocyte
ent of osteoarthritic joints alters RNA-seq expression profiles of human
gene.2016.06.063
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microenvironment (Wilusz et al., 2014). Because this pericellular space
is remodeled bymetalloproteinases, it appears that expression changes
in these enzymes that are evident from RNA-seq analysis, may contrib-
ute to local disease-related changes in the joint environment.

Gene expression patterns underlying OA pathology and cartilage
biology have been observed in human tissues using microarrays
(Aigner et al., 2006) and more recently RNA-seq analysis (Lin et al.,
2016). Typically, transcriptome surveys have been previously conducted
on paired, macroscopically damaged and non-damaged tissues sampled
from within the same diseased joint (Sato et al., 2006; Karlsson et al.,
2010; Xu et al., 2012; Ramos et al., 2014; Geyer et al., 2009). The limita-
tion of this approach is that any cartilage or chondrocytes sampled will
potentially be in contactwith synovial fluid of the inflamed degenerating
joint. Hence, gene expression in normal appearing tissue within a dam-
aged joint may be affected by gene regulatory cell signaling events that
are triggered by inflammatory cytokines. Our cartilage sampling strategy
was designed to isolate effects of the synovial microenvironment by
comparing cartilage specimens fromunaffected limb jointswith a cohort
of joints with different degrees of cartilage damage. Because expression
signatures of chondrocytes from jointswith different pathological grades
differ, it appears that chondrocytes are sensitive to the synovialmicroen-
vironments, in particular in cells fromG1 joints that initiate expression of
inflammatory signals that accompany biological tissue-repair programs.

By examining isolated chondrocytes from the potential contami-
nants normally found in a synovial joint, we observed OA-related and
cell-autonomous transcriptional modulations due to changes in the
joint environment. Our analysis involves a large RNA-seq dataset of
N23 joints that validates, complements and extends previous findings
in the field. Yet,we appreciate that our cohort remains limited consider-
ing stratification of our results over five different pathological grades
(Collins G0 to G4). The resulting small number of specimens per catego-
ry generates statistical limitations. While our sampling limitations
reduce our statistical confidence in categorical changes in gene expres-
sion, a strength of our analysis is that we detected gene expression
patterns that are linked to disease-related pathways. We also note
that in order to obtain a sufficient sample size for meaningful biological
interpretations, we combined data from both ankle and knee joints, as
well as for different patient demographic parameters. In particular, it
was difficult to obtain pristine cartilage (Collins grade G0) because
joints without evidence of OA are very rare in deceased donors
(i.e., typically of advanced age) and have significant clinical value as
allograft tissue for surgical cartilage repair. Future expansion of this
cohort with more samples will further balance the data matrix and
provide additional statistical power to permit stratification of gene
expression patterns by anatomic location, gender, age and ethnicity as
discussed previously (Boyan et al., 2013; Reynard and Loughlin, 2013).

Chondrocytes from diseased joints clearly have disease-related gene
expression signatures that correlatewith differentCollins grades. Never-
theless, we cannot fully exclude the possibility that expression patterns
seen here are at least in part affected by the biological circumstance of
each specimen during RNA isolation. Ideally, RNA should be harvested
instantly to ensure that themolecular signature reflects live tissue. How-
ever, the biological condition of the patient at time of death, the storage
and shipment of the specimen prior to harvest, as well as the tissue
digestion procedure to obtain primary chondrocytes are likely to con-
tribute to the expression signatures we observed here. Regardless of
these constraints, our samples were collected using standard protocols
that permit direct comparisons and revealed OA-related differences.

Oneprincipalfindingof our study is that the jointmicroenvironment
clearly affects gene expression in undamaged cartilage segments from
joints affected by OA with different Collins grades. In contrast to other
approaches that utilize tissue biopsies or samples from within the
same microenvironment, our approach allows for high resolution
assessment of OA-related changes in joints with low Collins-grades
(e.g., G0 versus G1). The observed changes in gene expression may be
a direct reflection of alterations in synovial fluid that are known to
Please cite this article as: Lewallen, E.A., et al., The synovialmicroenvironm
primary articular chondrocytes, Gene (2016), http://dx.doi.org/10.1016/j.
occur during OA and these changes could be monitored clinically. We
are optimistic that further examination of gene expression differences
between normal and early stage arthritis will be informative and facili-
tate identification of specific target genes to prevent disease progression
to later stages of OA.
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