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Abstract

In comparison to extraarticular ligaments and tendons, the intraarticular ligaments such as the
anterior and posterior cruciates exhibit different biochemical, biomechanical, and viscoelastic
properties and most importantly, differential abilities to heal after surgical repair. Little is known
about the underlying basis for these differences, in large measure due to the paucity of molecular
markers distinguishing different classes of tendons and ligaments. To date, there has been no
systematic analysis of gene expression differences between different types of connective tissues.
We used Affymetrix expression arrays to analyze the differences in gene expression levels
between the anterior cruciate, posterior cruciate, and medial collateral ligaments, the patellar and
Achilles tendons and the synovium. We have identified five clusters of gene cohorts displaying
similar expression patterns. These clusters group into three categories including: (1) genes that are
strongly expressed in all connective tissues compared to the synovium control tissue; (2) genes
that distinguish intraarticular connective tissues from extraarticular connective tissues; and (3) a
group of genes expressed in common by the patellar tendon and the synovium. Our analysis
identifies a new marker of tendons and ligaments (fibin2), demonstrates molecular diversity
between subtypes of tendons and ligaments, and indicates that the primary molecular subdivision
among dense regular connective tissues is intra- versus extraarticular rather than ligament versus
tendon.
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Tendon and ligament injuries are increasingly common. 1.2 Yet the ability of specific
tendons or ligaments to heal themselves after tearing or after surgical transection varies
widely. Interestingly, the location of the connective tissue appears to be more significant in
this respect than the traditional ligament versus tendon classification. In particular, ligaments
and tendons within the joint (intraarticular) do not heal after rupture3 or after surgical repair,
479 whereas ligaments and tendons outside the joint environment (extraarticular) typically
heal uneventfully.10712 Although intraarticular and extraarticular ligaments reside in very
different environments in situ, it has also been demonstrated that fibroblasts generated from
the different sources exhibit unique proliferative abilities. This may indicate that the
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differential properties of intraarticular and extraarticular ligament and tendons may be at
least partially inherent as opposed to entirely environmental.13716

Although it is clear that there is a diversity in the properties of cells of different tendons and
ligaments, to date there have been no molecular markers to distinguish between them. In
contrast, recent reports have described genes expressed in these connective tissues as a
group. One of the most specific markers of adult tendons and ligaments, Scleraxis (Scx), is
expressed in all tendon and ligament progenitors from the earliest stage of cellular
commitment to adulthood.17=19 Thus, the expression of Scx and of other recently described
molecular markers of tendons and ligaments cannot distinguish, either developmentally or
functionally, between ligaments and tendons, or between intra- and extraarticular ligaments.
Whether this is due to an actual lack of developmental subdivision is currently unclear.

We hypothesized that there would be significant differences between the gene expression of
the tendon and ligament cells, as well as between intraarticular and extraarticular tissues.
Identification of differences in gene expression among different connective tissues is
important for understanding the effect of the different environments on the tissues within
them and for understanding the regulation of their distinct properties. To discover potential
gene expression differences between different connective tissues and to better understand
subdivisions of connective tissues, we carried out an Affymetrix based genome-wide gene
expression analysis on adult intraarticular and extraarticular ligaments and tendons. To
further characterize the expression of genes, we then performed in situ hybridization
analyses on selected genes of interest identified in the gene expression analysis.

MATERIALS AND METHODS
Hybridization of Affymetrix Array

Adult porcine tissue was obtained after euthanasia from animals undergoing other IACUC
approved studies. All tissues were dissected immediately after euthanasia and flash frozen in
liquid nitrogen. Tissues studied included the anterior cruciate ligament (ACL), posterior
cruciate ligament (PCL), medial collateral ligament (MCL), Achilles tendon (AT), patellar
tendon (PT), and synovium (Syn). Tissues were cut into smaller pieces with a fresh razor
blade and homogenized in Trizol (acidified phenol), using a polytron mixer. Total RNA was
purified from the Trizol mixture and cleaned over a Qiagen RNeasy column. RNA integrity
and concentration was analyzed on an Agilent 2100 bioanalyzer. Double-stranded cDNA
was synthesized from the total RNA and biotin-labeled cRNA was produced by in vitro
transcription from the cDNA pool. The cRNA probe was fragmented, spiked with array
controls, and hybridized to an Affymetrix Porcine Genome Array (#900623), for 16 h. This
array contains 23,937 probe sets recognizing approximately 23,256 transcripts from 20,201
porcine genes. The arrays were washed using an automated Affymetrix GeneChip 400
Fluidics Station and scanned twice on an HP/Affymetrix GeneArray Chip Scanner.

Data Analysis

Raw (*.CEL) files were normalized using the software ArrayAssist lite running the GC-
Robust multiarray average (RMA) algorithm20 (using RMA or PLIER normalization
algorithms gave similar results). Normalized data sets were compared to each other using
the GeneSpring GX program. In our primary analysis, clusters were identified by plotting
the ratio of the average normalized expression value for each gene in an individual tissue to
the average expression value of the same gene across all tissues. Thus, a plot above 1.0
indicates that a gene is expressed higher than average in the particular tissue. From this plot,
clusters were discovered by searching for gene expressions that track with specific peaks or
valleys in different samples. Every gene identified in this manner was later individually
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analyzed to assure against inappropriate assignment to a particular cluster. All information
on specific Affymetrix probe sets (annotated *‘Ssc.# # ##. 1.A1_at’’), including target
sequence, oligonucleotide probes, predicted target genes, and Blast homologies, can be
found at the online Affymetrix Netaffx Analysis Center
(http://www.affymetrix.com/analysis/index.affx). Our GC-RMA normalized data set is
contained in Supplemental data 1.

Because these clusters describe transcript expression levels throughout the entire genome,
they can be used to describe the relatedness of specific tissues. For example, two blindly
analyzed samples that showed identical genome-wide transcript profiles would be
considered identical tissues. A third tissue that was highly similar but exhibited a few
transcript expression differences would be considered very highly related. Additionally, two
very different tissues (e.g., skeletal muscle vs. cerebellum), would have vastly different
expression profiles. By adding smooth muscle and hippocampal tissues to the analysis, we
would generate gene expression clusters linking the two neural tissues (containing neural
specific genes), and the two muscle tissues. Thus, a collection of tissue samples can be
compared among themselves by analyzing gene expression clusters and comparing the
number of genes whose expression links them together.

Generation of Chick In Situ Hybridization Probes

To further characterize the expression of genes in all of our clusters we performed in situ
hybridization analyses. Because it is impractical to perform in situ hybridization on porcine
tissue, we limited our secondary analysis to expression in the embryonic chick. Our rational
for using chick tissue is threefold. First, we can obtain large numbers of staged embryos that
are easily probed for gene expression. Second, there is a large collection of chicken cDNA
sequences allowing us to obtain DNA constructs suitable for generating in situ probes
without having to screen libraries for individual genes. Finally, using the chick instead of a
more closely related mammalian organism allows us to identify genes within these clusters
whose expression in tendons and ligaments is highly conserved between divergent species
and thus is more likely to represent a functional expression pattern rather than simply
promiscuous and benign transcription.

To generate probes suitable for expression analysis in the chick, the target porcine sequence
from the Affymetrix array (identified through the Netaffx analysis center) was used to
search the NCBI genebank server using the BLAST algorithm
(http://www.ncbi.nlm.nih.gov/BLAST/). The identified closest chick relative of the target
porcine gene was then used to identify Expressed Sequence Tag (EST) sequences in the
chick EST server (http://www.chick.manchester.ac.uk/).

In Situ Hybridizations

Chick EST in situ probe templates were generated by PCR amplification of the insert using
M13 forward and M13 reverse primers flanking the vector inserts [primer sequences are
(M13forward: 5-GTA AAA CGA CGG CCAG-3’; M13reverse: 5-AAC AGC TAT GAC
CATG-3")]. Antisense digoxigenin labeled cRNA riboprobes were generated using T3 RNA
polymerase in the presence of ribonucleotides including digoxigenin-Uridine. Fertilized
White Leghorn chick eggs (ordered from Charles River Spafas, N. Franklin, CT) were
incubated in a 37°C humidified chamber until reaching the desired stage of development.
Adult chicken tissue was harvested fresh from a 1-year-old Rhode Island Red rooster
(Mayflower Poultry Company, Cambridge, MA). In situ hybridizations were performed as
described in our lab protocols (http://genetics.med.harvard.edu/~cepko/protocol/index.html),
with the exception of Proteinase K treatment in whole mount specimens where PK
concentration was varied based on the age of the embryo.
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RESULTS

Genomic Analysis of Different Connective Tissues

Our comparison identified five unique clusters of genes whose expression patterns were
similar to each other across the six tissues (Fig. 1). We discarded as background those genes
whose expression was uniformly high (i.e., “housekeeping” genes), or low (nonexpressed
genes), and genes that were anomalously assigned to clusters due to chance variation of
weak signals below the noise threshold. We defined a cluster as a group of five or more
genes with similar relative expression changes across the six tissues. Clusters identified
contained: genes that were expressed at a higher level in all connective tissues compared to
the synovium (Connective>Syn); genes that were expressed at a higher level in the
synovium compared to all of the connective tissues (Syn>Connective); genes that were
expressed at a higher level in the ACL and PCL compared to all other tissues examined
(ACL, PCL>Rest); genes that were expressed at a lower level in ACL and PCL compared to
the other tissues (ACL, PCL<Rest); and genes that were expressed at a higher level in the
PT and synovium compared to all the other tissues (PT, Syn>Rest).

Our clusters were then assigned to one of three functional groups. One group contained two
separate clusters of genes whose expression patterns distinguished the connective tissues
from the control tissue (Connective>Syn, and Syn>Connective). In these two clusters gene
expression levels varied up to 100-fold compared to the average expression levels in all
tissues (Fig. 1B and C). The second group contained clusters that distinguished intraarticular
connective tissues from extraarticular connective tissues (ACL, PCL>Rest, and ACL,
PCL<Rest; Fig. 1D and E). Genes in these clusters demonstrated expression differences on
the order of 10-fold between different tissues. A third group, represented by a single cluster,
indicated an epigenetic relationship between the patellar tendon and the synovium (PT, Syn
> Rest; Fig. 1F). Interestingly, there were no definitive clusters distinguishing tendons from
ligaments, which would have been indicated by genes differentially expressed in ACL, PCL,
and MCL compared to PT and AT. However, we do recognize that within the “ACL, PCL >
Rest” and “ACL, PCL < Rest” clusters, the average gene expression levels in the
extraarticular ligament (MCL) were no closer to their levels in the two extraarticular tendons
(PT and AT) than to the their corresponding levels in the intraarticular ACL or PCL tissues.
These genes generally displayed expression levels in the MCL midway between their levels
in the interarticular ligaments and the extraarticular tendons (Fig. 1D and E).

Clusters of Connective Tissue Gene Expression Cohorts

The first cluster we analyzed was one containing genes that were highly expressed in all of
the connective tissues (ACL, PCL, MCL, and AT) but not expressed (or expressed at low
levels), in the Synovium (Fig. 2). In our normalized data we have empirically determined
that expression values below 100 are undetectable, values at 500 are weak, values at 1000
are easily detectable, and values above 5000 are very strong. These genes represent potential
tendon and ligament markers. We did, in fact, observe several genes in this cluster that have
already been identified as being highly expressed in adult tendons and ligaments including
Aggrecan, Connective Tissue Growth Factor (CTGF), Cartilage Oligomeric Matrix Protein
(COMP), Fibromodulin, and Thrombospondin 4.21725 The tendon and ligament markers
Scleraxis (Scx) and Tenomodulin (TeM), are not represented in our gene arrays. We were,
however, able to determine that probe set I.D. “Ssc.23899.1.A1_at” represents the porcine
homolog of the recently described tendon marker Mohawk (Mkx). Mkx is a TALE class
homeobox gene, belonging to the Iroquois subfamily of homeobox genes, that has already
been described as being expressed in the syndetomal tendon progenitors and its expression
persists in later embryonic tendons.26 Our analysis indicates that it remains highly
expressed even in adult connective tissue. Because the probe sets represented on this array
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are developed from Expressed Sequence Tag (EST), libraries, many of them represent 3’
untranslated regions (UTRs) of the targeted porcine genes. Because 3' UTR sequences
diverge rapidly, these sequences are often insufficient to identify the homologous genes in
other organisms. Thus, it is possible that some of the other genes identified only as
“transcribed locus” on the Affymetrix array represent porcine 3" UTR sequences for Scx,
TeM, or other unidentified genes, and simply cannot be unambiguously identified due to
sequence divergence.

We have also identified in this cluster known genes that have not been previously associated
with ligament or tendon development or physiology including Dick-kopf-3 (DKK3), coiled-
coil domain protein 3 (Ccdc3), tumor necrosis factor-3 (C1Q/TNF3/Cors26), keratocan, and
Nephroblastoma overexpressed (NOE) gene. To support this finding, we performed in situ
hybridization to analyze the expression of genes in this cluster. In these analyses, we found
that factors known to be expressed in developing tendons and ligaments, specifically MKkx,
26 CTGF,22 and COMP23 and the new genes that have not been previously associated with
ligament or tendon development or physiology (specifically Keratocan, Coiled- coil domain
protein 3, Nephroblastoma overexpressed gene, DKK3, and Chondrolectin) all demonstrate
dynamic and spatially restricted expression patterns in the chick embryo at Hamburger-
Hamilton stages 24 and 31 (HH24 and HH31),27 of development (Fig. 3) with similarities
between the previously identified genes associated with tendon development and the new
genes identified in this analysis. For example, CTGF and DKK3 show repetitive expression
patterns in the early developing somites that contain cells fated to become mature spinal
tendons (as well as precursors to skeletal and muscle cells). Mkx, COMP, Keratocan, and
DKK3 all show staining in the lateral aspects of the developing spine, which is reminiscent
of Scx staining in the developing spinal tendons (Fig. 3).18:19 Other factors show unique
expression patterns in the developing limbs including Mkx, and Dkk3 in the ventral hind
limb tendons, and NOE in structures surrounding and outlining developing tendons in the
hand plate, and CTGF in specific joints of the autopod.

Identification of a Novel Connective Tissue Marker

We have seen that one of the “transcribed locus” genes within the “Connective > Syn”
cluster (Ssc.2104.1.S1 _at), represents a unique gene that is highly conserved across many
species and, like Scx, TeM, and MKy, is a very early marker of connective tissue
differentiation 17719:26:28730 The protein product from this locus has no identifiable
conserved domains but is similar to the recently described fibin gene in Danio rerio (full
sequence and species alignment in Supplemental Data 2). In D. rerio, fibin?8 is described as
a novel secreted factor that is required for fin bud outgrowth and initiation of T-Box
transcription factor-5 (Thx5) expression and does not seem to be expressed in developing or
mature tendons or ligaments. Because our newly identified gene is very strongly expressed
in developing and mature connective tissues in the chick (Fig. 4) and in the pig (Figs. 1 and
2), and because of the zebrafish genomic duplication, we do not assume that it is a direct
ortholog of the described zebrafish fibin gene. We thus, refer to this gene as fibin2 (fbn2).
Like zebrafish Fbn, Fbn2 is predicted to contain a signal peptide based on analysis using
PSORT (www.psort.org), indicating that it encodes a secreted protein.

In situ hybridization of Fbn2 (Fig. 4) demonstrated that it is expressed from the earliest
stages of tendon development in the syndetome of the developing somites (Fig. 4A).1° As
development proceeds, Fbn2 continues to be expressed in a tendon specific manner in both
the developing axial tendons (Fig. 4B-D) and the limb tendons and joint capsules (Fig. 4E—
G). Thus, Fbn2 is dynamically expressed in the developing limb in a pattern consistent with
developing and mature connective tissues (Fig. 4A-G).
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Clusters of Gene Expression Cohorts Defining Subsets of Connective Tissues

The next clear distinction among the tissues analyzed was between intraarticular and
extraarticular connective tissues. The two intraarticular connective tissues analyzed (ACL,
and PCL), grouped together in two separate clusters (ACL, PCL > Rest and ACL, PCL <
Rest). These clusters contain candidate genes for the mediation of properties specific to
intra- versus extraarticular connective tissues. Among the genes identified here, some are
well-established connective tissue genes (Tenascin C), whereas others (including
Neurocalcin delta, Aquaporin 3, Adiponectin, and the Pentraxin-related gene), represent
genes that have not been described as playing a role in connective tissue function (Fig. 5).
Interestingly, although we did not see clusters (five or more), of genes whose expression
patterns distinguished tendons from ligaments, we did see a few individual genes within
clusters that were generally expressed lower or higher in ligaments compared to tendons.
These included Complement component C3, Glutathione peroxidase 3, and Flavin
Containing mono-oxygenase 1 (FMOL), which all showed lower expression in ligaments
compared to tendons (Fig. 5B). Additionally, Neurocalcin delta, and aActinin-2-associated
LIM protein both showed somewhat higher expression levels in ligaments compared to
tendons (Fig. 5A). We also did not see a cluster of genes that grouped all intraarticular
tissues (ACL, PCL, and synovium) from all extraarticular tissues (MCL, AT, and PT).
Again, however, we did see a single gene (Aquaporin 3; Fig. 5A), whose expression was
consistently higher in ACL, PCL, and Synovium compared to MCL, AT, and PT.

In these clusters that divide the connective tissues into subpopulations we saw that gene
expression patterns varied by degrees. Although some of the variations are striking, none
demonstrate absolute differential expression.

Additional Clusters

We also see an unexpected cluster that connects, on a gene expression level, patellar tendon
with the intra-articular synovium in the knee (Fig. 6A). Although these tissues are widely
different from each other, the connection on the molecular level in this analysis is rather
strong. In particular genes like Carbonic anhydrase 111 and Diacylglycerol o-acyltransferase
homolog 2, are both expressed strongly in PT and Syn but show little or no expression in the
other tissues analyzed.

Finally, we see a cluster of genes that are more highly expressed in the synovium compared
to the connective tissues analyzed (Fig. 6B). In this case, genes belonging to the cluster
could be factors that are important for the function of the developing and or mature
Synovium, or genes whose expression is detrimental for the development or function of
connective tissues. All of the genes from this cluster displayed very low to no expression
when tested in chick embryos by in situ hybridization (data not shown). This is not
surprising, because the synovium does not develop until stages later than we analyzed but
indicates that these genes are not globally expressed during early development.

DISCUSSION

In this work we have set out to better clarify the epigenetic differences between connective
tissues using a genomic expression analysis of ACL, PCL, MCL, AT, PT, and synovium,
with our underlying hypothesis being that significant differences would exist specifically
between tendon and ligament. Our analysis uncovered several genes that are of potential
interest in understanding the development and physiology of connective tissues. In
particular, we have identified a unique transcript (fibin2), that exhibits very strong and
restricted expression in developing and mature tendons and ligaments. Faithful molecular
markers of tendons and ligaments have only recently been identified starting with Scleraxis
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and Tendin/Tenomodulin in 2001,18:29:30 followed by Mohawk in 2006.26 The
identification of molecular markers of tendons and ligaments, particularly of Scleraxis,
which is the most faithful to date, has spurred rapid progress and interest in the molecular
development of these tissues. Molecular visualization has allowed researchers to track the
commitment and fate of tendon progenitors,17:1° describe the effect of systemic mutations
on tendon development, and to track the ability of stem cells to develop into tendon
precursors in vitro (Pearse et al. unpublished data). The identification of fibin2 provides both
an independent marker gene for analysis of tendon and ligament precursors and, as a
putative secreted signal, is a candidate gene for cooperative specification and maintenance
of tendon and ligament tissues.

Our analysis also highlights several known genes that have not previously been linked to
tendon and ligament function. Specifically DKK3, a family member of a group of Wnt
inhibitory proteins, Nephroblastoma Overexpressed Gene (NOE), Ccdc3, and Keratocan,
were highly expressed in connective tissues relative to control tissues. These particular
genes also demonstrated spatially restricted expression in the developing chick implicating a
role for them during embryogenesis (Fig. 3). It is, in fact, interesting that most of the genes
within this cluster are expressed in patterns that are individually unique from each other but
that are all spatially related to aspects of the development of connective tissues, bones and
muscles. These expression patterns are compelling because tendons and ligaments will
ultimately bind together the complexity of the musculoskeletal system in the adult.

We also saw expression level differences between intraarticular and extraarticular
connective tissues in 24 different genes. In each of these cases the observed difference was a
matter of level of expression rather than of absolute expression. Our studies, in fact, were
unable to identify a single gene demonstrating absolute “on or off” expression differences
between subtypes of connective tissues regardless of the genome-wide coverage of the
expression array used in our analysis. There could be multiple reasons for this. It is possible
that there simply are no factors that are absolutely restricted to a specific subtype of
connective tissue and that the differential properties that they exhibit are due to the more
subtle alterations we see in this analysis. There could still be embryonic factors that are
sufficient to specify subtypes of connective tissues but from our analysis of the adult tissue,
the resulting differences largely specify an adjustment up or down in levels of specific
cohorts of connective tissue factors.

The analysis of these expression patterns indicates, from a broader perspective, that there is
a closer molecular relationship between extraarticular ligaments and tendons than there is
between intraarticular ligaments and extraarticular ligaments. That is, from a molecular
standpoint, the major subdivision of dense regular connective tissues is not tendon versus
ligament, it is intra- versus extraarticular. This conclusion is based on the observation that,
among the five different connective tissues, the genome-wide expression profiles of the
ACL and PCL tissues were linked to each other (but not to the MCL), by two clusters,
containing 24 transcripts, whereas there are only five genes (discussed above), whose
expression pattern distinguishes tendons and ligaments. These differentially expressed
genes, which are all listed in Figure 5A and B, are candidates for effectors of the differential
biology of intra- and extraarticular connective tissues. Our observations are consistent with
recent work demonstrating that intra- and extraarticular connective tissues undergo very
different developmental pathways. Specifically, all intraarticular tissues, including
ligaments, cartilage, and synovial lining, are descended from the same GDF5 expressing
progenitor cells while extraarticular connective tissues are not.3! Additionally, analysis of
mice containing null mutations in both the Sox5 and Sox6 genes demonstrated a lack of
intraarticular ligaments but normal development of extraarticular tendons and ligaments (V.
Lefebvre personal communication), underscoring the unique developmental requirements of
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intra- and extraarticular connective tissues. It is worth reiterating, however, that all of the
gene cohorts we have analyzed (while tracking together) show a spectrum of expression
levels across the tissues analyzed. Thus, there is a gradient of expression levels of these
genes from intraarticular ligaments, to MCL, to extraarticular tendons.

This study also found that the gene for collagen Type Il alpha | (COL2A1) was expressed by
tendon and ligament cells. COL2AL expression is typically associated with chondrocyte
function, but the finding here in fibroblasts is consistent with prior work showing type Il
collagen production by rat renal fibroblasts,32 as well as chick embryo fibroblasts33 and
tenocytes.34 Similarly, the matrix metalloproteinase | (MMP-1) expression noted in the
synovium is consistent with prior studies of rat synovial fibroblasts where MMP-1 is noted
particularly in the lining layer of the synovium,35 and has been shown to be regulated by
IL-1b36:37 and GG2-1.38

One of the weaknesses in this study was the small number of tissues examined. This makes
it difficult to determine whether the appropriate distinction is between intra- and
extraarticular tissues or intra- and extrasynovial tissues. Future studies including analyses of
additional tissues (e.g., the extraarticular flexor tendons and additional extraarticular
ligaments) are planned to follow up and expand on the initial findings reported here.

In summary, we have identified the molecular signatures of a set of diverse connective
tissues. These data have helped to identify at least one novel transcript, Fbn2, that is
expressed very specifically in developing and mature tendons and ligaments. They also
demonstrate a stronger molecular connection between tendons and extraarticular ligaments
than between intra and extraarticular connective tissues.

Supplementary Material

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

Cluster analysis of gene expression among different connective tissues. Relative values of
gene expression in the different panels are plotted on a log scale as the ratio of expression in
the indicated tissue to the average expression across all tissues. Thus, two genes in the same
cluster may track together with respect to their fold expression changes across tissues but
can still vary widely in their absolute expression levels. Tissues plotted are the Achilles
tendon (AT), anterior cruciate ligament (ACL), medial collateral ligament (MCL), patellar
tendon (PT), posterior cruciate ligament (PCL), and the Synovium of the knee capsule
(Syn). The “All Genes” plot demonstrates the ratio of means for all genes analyzed across
the six tissues.
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High in all connective tissues vs, synovium
Affy ID Gene Name AT ACL MCL PT PCL SYN
1|850.236099.1.A1 at | Transcribed locus (Mohawk homeobox (MKX)) | 27845 | 25445 4433 27845 | 24468 563
2|850,25009.1,A1 at _[Collagen, type ||, alpha 1 3796.9 16586 | B727.9 34623 | 17771 23
3[5sc,15807.1.51 at  |Aggrecan CS2 domain 15474 52879 54781 1450 3523 4 14
4|S5c,7117.1.A1 a at |Chondrolectin precursor { MT75) 13011 4807 32777 29189 37522 754
5|55c.8027.1.A1 at | Dickkopf homolog 3 2773 S057.8 50008 1979.2 B8198.9 254.5
6| 55c.15541.1.41 at  |Regenerafion associated muscle protease 3239.7 44443 B2789 63732 49021 3368.7
7|S50.6478.2.51 at Coiled-coil domain containing pretein 3 5493.5 3121.5 8108 8333 3852.5 220
B[Ss5c.12936.1.A1 at__|Keratocan 5764.5 6621.9 He52.8 6775.9 5909 G66.5
9|Ssc.2104.1.51 at | Transcribed bocus-(Fibin2) 4509.5 121919 | 16731.7 3936.8 10861.7 218.2
10|S5c.4231.1.A1 at C1OTHNFNCors26 4037 18084.8 | 123852 | 156553 9651.4 171.6
11[{Ssc.8562.2.51 a al [Connective tissue growth factor (CTGF) 49821 181222 | 16540.3 6180.3 19471.8 513
12|Ssc.186434.1.A1 at _|Nephroblastoma overexpressed gene 47501 2171689 | 278467 | 274711 | 18816.2 Ta0.4
13|53c.15052.1.$1 at__[Myocilin (MYOC) 470533 | 225775 | 400068 | 522080 | 28002.1 1143.4
14[Ssc.16356.1.51_at _|Cartilage oligomeric matrix protein (COMP) 257855 | 330206 | 414368 | 310212 | 404559 170.1
15|Ssc.11858.1.51 at__|Fibremodulin 540781 | S8870.7 | 780306 | 602079 | T3405.5 1248.2
15[&::.1411.1.51 at Thrombespendin 4 a5108 691828 | 950606 | 954015 | 980456 17T06.7
Figure 2.

Genesdifferentiallyexpressed between connective tissues and the control synovium. The
table lists all genes in the Connective > Syn cluster from Figure 1B. Probe set IDs in the
leftmost column can be used to query the Affymetrix data base to retrieve all information
about a specific probe set as described in Materials and Methods. Values listed represent the
expression levels of the individual genes in each tissue and are normalized from the raw
hybridization data using the GC-RMA algorithm.
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HH24

Figure 3.

In situ hybridization analysis of factors from the Connective > Syn cluster. Darker regions of
embryos label regions of specific gene upregulation. Embryos shown are either at
Hamburger Hamilton (HH; ref. 27) stage HH24(A, E, I, M), orHH31(B-D,F-H, J-L,N-P).
Specific factors probed for are indicated on each panel. Orientation of embryos is as follows:
(C, L, N) dorsal posterior view with the head toward the top of the frame; (A, D, E, O),
dorsal views with heads to right; (B, J, K, P) closeups of dorsal right hindlimbs with the
distal limb to the right; (F, G, I, M) right flank views with head to the right; (H) anterior—
ventral view of left forelimb. CTGF is expressed in the developing somites (A), and in the
forming joints of the autopod (B). Mkx is expressed in the ventral tendons of the hindlimbs
(C), and in tissues of the developing spine (D). Chondrolectin is highly expressed in the
proximal girdle of the developing limb bud (E), and at HH31 at unique regions of the
developing skeleton (F). Keratocan is expressed in developing somites and in regions of the
dorsal hindlimb (G), and in regions of the ventral forelimb (H). Ccdc3 is expressed in the
distal tip of the HH24 limb buds (1), and surrounding the condensing digits of the HH31
autopod (J).NOE is expressed in developing limb regions surrounding primary tendon
condensation sites (K—dorsal, L—ventral hindlimb). DKKS3is expressed in the early
somites (M), and atHH31in the developing spine and ventral tendons of the hindlimb
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(N).COMP is expressed in regions surrounding mesenchymal condensations in the
developing spine (O) and autopod (P).
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Fibinz B

Figure 4.

Embryonic expression patterns of Fbn2, a novel gene expressed in developing tendon
progenitors. In situ hybridization of Fbn2 (A-G) was performed in chicken embryos at stage
of development indicated.2” Expression is indicated by dark brown or purple staining. All
panels are imaged from the dorsal side of the embryo (A-D) or limb (E-G) with anterior
toward the top. Fbn2 is expressed from the early stages of syndetome specification in the
developing somites (A; and 19), and is maintained through the development of axial
connective tissue (D). Fbn2 is dynamically expressed in the developing limb in a pattern
consistent with developing and mature connective tissues (E-G).
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A

High in ACL and PCL vs. Rest of tissues

Page 16

1
2
3
4

Affy 1D Gene Name AT ACL MCL PCL SYN
Sec.77T1L1A1 al vemyb myeloblas|osis-lke 1 vaiant 1 (MYBL1) 404.6 2641.8 #61.9 26681 16007 243.6
Sec22308.1.41 at | ADAM melallopeptidase domi2 isafarm 1 468.6 2043.9 1031.4 606.3 1914 .2 246.4
|Sec 26647.1.51 al | Agorecan core prolein 1012.4 S5018.2 12022 1017.4 22008 8820
S8c.19540.1.51 at | Brain specific pratein (CGI-38) 663.7 S5B03.9 1334.5 5545 41378 1242.3
Sec 22072251 at | Telrasparin 2 (TSPANZ) 154 1153 301.3 25.3 1070.E 738

6| Ssc.12041.1.51 Neurscalan della 184.4 1511.8 BES.3 167.7 1741.4 148 2 |
7| 5825145251 al Heal shock pratain 70 2 1326.9 3936 28718 1614 E736.8 1221.8)
B|Sac 24126.1.A1 al | procolagen-lysine, (lysine hydroxylase 2) TB5.5 71429 2542 6 1569.1 7174 .8 413.8
586 11694.1.51 al inhibitor of DNA binding 2 2230 .4 7825.1 40238 1359.8 10328.4 1060.7,
100 Ssc 8807 1 A1 at Calcpressin 1 4473 1487 .8 10729 290.5 13196 2208
11| 586 3835.1.51 a1 alpha-aclinin-2 -associabed LIM proten 628.2 2B52.4 1055.7 208.2 1844 7 75.2
12| Sac 23014.1.51 at | Calcium binding pealein Ad (CBP A4) a77 6150.9 2874 B 584.3 T284 & 1832.9
13| S8c.16209.1.51 at__ | Tenascin C ISBT.T 17322 Tr23 3623.9 12044 3 1192.6
14| Ssc.3832.1.51 a1 Aguaponn 3 3391 S006.4 310.6 657.2 2231.8 12438.7)
Low in ACL and PCL vs. Rest of tissues
Affy ID Gene Name AT ACL MCL PT PCL SYN
1|Ssc.18549.1.51 at_|adiponectin 7823 135.1 8171 74302 163.8 12831
2|55c.19533.1.51 at_|Transcribed locus 1064.1 71.8 1333 9827.5 127.3 094808
3[55c.8162.1.51 at  |pentraxin-related gene 1811.5 280.5 454 .4 10478.7 315.5 8807 .1
4|5s5c.1089.1.51 at | Adipocyte fatty acid-binding protein 42358 4481 1382 4 2A587.9 T44.6 30171.2
5|55c.61.1.51 at complement component C3 1315.4 135.1 288.8 916.4 128 J227.8
EISsc.19594,1.51 at_|Glutathione percxidase 3 2184.7 138 B04.7 32071 336.2 Boas
7|S8c.220.1.51 at hepatic flavin-containing monooxygenase(FMO) | 3582 2 168.5 354 .9 2036.9 4243 J685.2
slSsc.QS?a.i.Al at__|apolipoprotein O 32743 400.1 1237 8 5189.8 BBS.T 3723.3
8)55c.71568.1.A1 a at |calpain | light subunit (CAPNS1} 5461.4 217.7 1335.5 T134.4 903 12636.3
10]Ssc.5364.1.51 at__ | Transcribed locus B611.4 552.9 16848 | 108531 11301 65841

Figure 5.

Genes differentially expressed between intraarticular and extraarticular connective tissues.

The table lists all genes in the (A) ACL, PCL > Rest and (B) ACL, PCL < Rest clusters from

FigurelD and E. Values listed represent the normalized expression levels of the individual

genes within each tissue.
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A High in PT and Synovium vs. Rest of tissues
Affy ID Gene Name AT ACL _ MCL PT PCL __ SYN
1|5$¢.8099.1.51 at Clone Clu_5971 (acetyl-Coenzyme A synthetase 2) 438.3 176.8 Z2BB.6 1077.9 172 1684 .3
2|5sc.1135.1.A1 at nhogghulnosntnd&}klnase, catalytic, gamma 278.5 104.4 1825 a1 ar.2 24887
ZI% o glucacoricaid requlated kina i b 300.5 6.3 1981 21608 a7.9 FGET 4
4155c.15379.1.51 at |diacylglveeral O—awllransl‘er\as.e homnloq 2 57.8 130.4 26.5 1432 62.1 18438
S5c.6784.1.51 at _ |hormone-sansiive lipase 2323 16 16.5 14063 £83.9 27427
6]Sac.10060.1.51 at |carbonic anhydrass (il 35 47.5 avs2 5601.2 22.4 S087.7
T|Ssc.1 1 qlutathisne S-ransferase 1051 265 1 4677 | 36033 | 3358 | 77162
8|55c.17347.1.51 at _|pyruvale carboxylase T81.8 3151 784 3038.8 3397 ASTEO
Wmﬂmm&ﬁﬁl 74,1 4161 G745 41275 108 S411.8
10|S8c.16335.1.52 at |lipoprolein lipass 2550.8 1996.5 1553.2 B55E.1 17301 17044
High in Synovium vs. Rest of tissues
Affy ID Gene Name AT ACL MCL PT __PCL _SYN
1|58 25716151 M |eomplement companent (Thdb) recepier | 61.2 42.2 17.6 G.4 715 2142
2|55218929.1.81 5 at [T i ring finger 1 113 518 569 7003 1428 35616
3| 52c.20630.1.01_at | Tranacribed locus 180.2 65.5 518 1.3 131.7 28N
Al550.16013.1.50 a1 |Matrix mealloproteinade 1 (Type | collagenase) 1241 1z 2134 110.1 278 29314
5{52c.16008.1.51 a1 [ficalin 119.2 .2 103 8.1 0% 41673
6] 550670150 _at lysoryme (LYZ) 179 1429 220.1 130.2 150.2 VEEEDL6
7|'§w1§§?7‘1 51 at | Teanteribed boous.com) ot ant (3d/Epstedn Barr vings) recepioe 2 | 1507 A7.A g4 544 1516 147785
SacBIN1.50_a complement C1oh 2388 1678 4.8 246.1 174.8 EEATE
M:cm«: 12325 10395 1616.1 17609 12033 | 312923
1559 13023 1853.2 1586 1534 2530724
T- galll_\cmptvgm breakpaoint assoclated target 1 ;Tguu 35 17 131 119 &7 10584
NADPH axidase heavy chain subunit §GP51-PHOX) 2614 113.7 631.2 2618 1182 piai ]
Teanscribed kaous {modemnedy simdlar 1o JAMI) 448 1337 A26.4 507 BRI 6336 |
superoxkde dismutase (5007} 5566 6566 5407 69,1 5736 | BIS18 |
Figure 6.

Clusters of genes that (A) connect the patellar tendon with the synovium of the knee and (B)
are highly expressed in the Synovium compared to the connective tissues analyzed. The
table lists all genes in the (A) PT, Syn > Rest and (B) Syn > Connective clusters from Figure
1F and C, respectively. Values listed represent the normalized expression levels of the
individual genes within each tissue.
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