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Abstract
In the growth plate, the reserve and perichondral zones have been hypothesized to have similar
functions, but their exact functions are poorly understood. Our hypothesis was that significant
differential gene expression exists between perichondral and reserve chondrocytes that may
differentiate the respective functions of these two zones. Normal Sprague-Dawley rat growth plate
chondrocytes from the perichondral zone (PC) and reserve zone (RZ) were isolated by laser
microdissection and then subjected to microarray analysis. In order to most comprehensively capture
the unique features of the two zones, we analyzed both the most highly expressed genes and those
that were most significantly different from the proliferative zone (PZ) as a single comparator.
Confirmation of the differential expression of selected genes was done by quantitative real time RT-
PCR. A total of 8 transcripts showing high expression unique to the PC included translationally-
controlled tumor protein (Tpt1), connective tissue growth factor (Ctgf), mortality factor 4 (Morf4l1),
growth arrest specific 6 (Gas6), type V procollagen (Col5a2), frizzled-related protein (Frzb), GDP
dissociation inhibitor 2 (Gdi2) and Jun D proto-oncogene (Jund). In contrast, 8 transcripts showing
unique high expression in the RZ included hyaluronan and proteoglycan link protein 1 (Hapln1),
hemoglobin beta-2 subunit, type I procollagen (Col1a2), retinoblastoma binding protein 4
(LOC685491), Sparc related modular calcium binding 2 (Smoc2), and calpastatin (Cast). Other genes
were highly expressed in cells from both PC and RZ zones, including collagen II, collagen IX, catenin
(cadherin associated protein) beta 1, eukaryotic translation elongation factor, high mobility group,
ribosomal protein, microtubule-associated protein, reticulocalbin, thrombospondin, retinoblastoma
binding protein, carboxypeptidase E, carnitine palmitoyltransferase 1, cysteine rich glycoprotein,
plexin B2 (Plxnb2), and gap junction membrane channel protein. Functional classification of the
most highly expressed transcripts were analyzed, and the pathway analysis indicated that ossification,
bone remodeling, and cartilage development were uniquely enriched in the PC whereas both the PC
and RZ showed pathway enrichment for skeletal development, extracellular matrix structural
constituent, proteinaceous extracellular matrix, collagen, extracellular matrix, and extracellular
matrix part pathways. We conclude that differential gene expression exists between the RZ and PC
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chondrocytes and these differentially expressed genes have unique roles to play corresponding to the
function of their respective zones.

Keywords
Growth plate; microarray; chondrocytes; rat; bone

Introduction
Longitudinal bone growth results from a differentiation cascade of growth plate chondrocytes
through a series of morphologic changes along with provisional calcification, apoptosis, and
metaphyseal bone deposition. Cells in the reserve zone give way to flattened stacks of
proliferative zone cells which go through a transitional phase before ceasing cell division and
going through a hypertrophic stage just before they yield to the terminal changes in the growth
plate. Perichondral chondrocytes surround the periphery of the growth plate. Although
perichondral and reserve chondrocytes are well characterized histomorphologically, an
understanding of their contribution in regulating progression in the growth plate is not fully
explained. Both endocrine effects and a local regulatory loop involving Indian hedgehog (Ihh)
and parathyroid hormone-related protein (PTHrP) have been described [1,2,3]. The local
regulatory loop involves epiphyseal and perichondrial chondrocyte production of PTHrP,
which maintains chondrocyte proliferation [4,5]. PTHrP promotes expression of B-cell
leukemia-2 protein (Bcl-2), inhibiting apoptosis by blocking the pro-apoptotic effects of Bcl-2-
associated X protein (BAX). Beginning in the transitional zone, Ihh promotes chondrocyte
differentiation [3]. The regulatory role in the perichondral and reserve chondrocytes for insulin-
like growth factor I (IGF-I), fibroblastic growth factor (FGF), transforming growth factor β
(TGF-β) and the bone morphogenic proteins (BMP) is less well-defined [6,7,8].

Whether the pathways currently implicated in control of longitudinal growth are the primary
ones responsible is unknown. Other pathways involving genes not previously described in the
growth plate may also play a contributory role. Transcriptional analysis by DNA microarray
can enable a more comprehensive investigation of these complex interactions. In addition, laser
microdissection allows isolation of chondrocytes from individual growth plate zones for
comparative analysis. In this study, we combined both approaches to identify in vivo
differential gene expression between chondrocytes in the perichondral zone (PC) and reserve
zone (RZ) in the tibial growth plates of the adolescent Sprague-Dawley rat. Our hypothesis
was that significant differential gene expression exists between perichondral and reserve
chondrocytes that would provide clues at the transcriptional level as to their functions.

Materials and Methods
Tissue Preparation

All animal procedures were reviewed and approved by the Committee for Humane Use of
Animals (CHUA). Three male Sprague-Dawley rats were euthanized at 42, 46 and 51 days of
age, respectively, all by carbon-dioxide asphyxiation. The tibias were dissected and halved
sagittally immediately after euthanasia. Tissues were then molded in pre-chilled Tissue Tek
O.C.T. compound (Sakura-finetek, Tokyo, Japan) and rapidly frozen in liquid nitrogen. Tissue
samples were then stored at −70°C in sealed bags. Tissue blocks were equilibrated to −21°C
for one hour in the cryostat cabinet before cryo-microtomy. Blocks were trimmed with a razor
blade to remove excessive OCT embedding media and mounted for sectioning with a thin layer
of OCT on the cutting head, and slowly warmed to −18°C. Subsequently, 6 um sections cut on
a Leica CM3050 cryostat were collected and mounted onto RNase-free stainless steel framed
PEN-foiled slides (Leica) for laser capture microdissection. All sectioned tissue was briefly
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brought to room temperature for 30 sec to enhance tissue adherence to the slides, and returned
to the cryomicrotome. Slides with sectioned tissue were then stored in a desiccator at −70°C
until further use or laser capture microdissection.

Laser Microdissection
The PC, RZ and PZ proximal tibial growth plate chondrocytes were laser microdissected
separately by the Leica Application Solution Laser Microdissection instrument (Leica
Microsystems, Bannockburn, IL) as previously described [9]. The reserve zone was defined
as the region from the epiphysis (excluding all cells related to the secondary center of
ossification) to the first flattened chondrocyte at the base of a cell column. The hypertrophic
zone extended from the transitional zone to the chondro-osseous junction. The transitional zone
was defined as extending from the first shape change away from flattened cell morphology to
the first level of fully enlarged chondrocytes. The perichondral zone was referred to the ring
of chondrocytes surrounding the growth plate. In the growth plate, we identified chondrocytes
close to the epiphysis including regenerating columns and non-regenerating column
chondrocytes as PZ and chondrocytes close to metaphyseal side as HZ chondrocytes.

RNA Extraction and Gene Chip Hybridization Procedures
The dissected piece of film with the captured tissue fell directly into 40 µl of RLT Lysis buffer
and total RNA was extracted using RNeasy mini kit (Qiagen, Valencia, CA). The quality and
concentration of the total RNA were analyzed on an Agilent Bioanalyzer as previously
described [9]. Initial RNA samples used in the array study contained approximately 10 ng per
sample. Based on the Bioanalyzer concentrations, we pooled approximately equal amounts of
RNA from three rats samples of each cell type (PC, RZ or PZ) at three time points (42 days,
46 and 51 days of age) to create 9 pooled samples. Each pooled sample contained 30–50 ng
total RNA. The RNA samples were prepared for hybridization using the Ovation™ Biotin
RNA Amplification and Labeling System (NuGen). After the amplification and labeling, equal
amounts (2.2 ug) of labeled single-stranded cDNA product was then added to a Rat RAE 230
2.0 GeneChip (Affymetrix) according to manufacturer instructions. After hybridization,
washing, and scanning the GeneChips, the Affymetrix software (GeneChip Operating System,
Santa Clara, CA) calculated the intensity of the signal from each perfect match probe relative
to the signal for the mismatch probe and determined whether or not the gene was present in
the sample, and also provided a measure of the expression level of the gene. The overall chip
intensities for each sample were scaled by linear adjustment to the same target value (500),
and subsequently normalized by the RMA algorithm The experimental series of data files has
been deposited into the Gene Expression Omnibus (GEO) at NCBI (accession GSE9537).

Analyses of Gene Expression
Affymetrix GCOS/MAS 5 was used to generate a list of genes designated as “present” in PC,
RZ and PZ. GeneSpring GX (Agilent Technologies, Palo Alto, CA) was used to identify
differential expression and create a raw dataset using the Robust Multiarray analysis (RMA)
method. Using the raw data set, the 30 probe sets with the highest expression within both RZ
and PC were identified, excluding unnamed transcribed locus probes and duplicate gene names
(Figure 1). To identify the significant differential gene expression between perichondral and
reserve chondrocytes, the proliferative zone was used as a comparator. Normalized data was
filtered on expression using a cutoff of five-fold increased in PC, RZ and PZ. A total of 471
probe sets passed this filter and were cross-referenced with the top 30 genes identified by
expression level alone. Of these 471 probes, eight overlapped with the top 30 in RZ and eight
overlapped with the top 30 in PC. The differential expression of these latter genes ranked among
the top 0.1% of all changes (i.e., exceeded the 99.9% confidence level) when using PZ as a
comparator. Differential expression between zones was further analyzed using a two-way
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ANOVA (Zone × Age), to create a list of 49 probe sets with statistically significant differences
in expression. Of these 49, 44 exceeded the 99.9% confidence level of all changes when using
PZ as a comparator. After eliminating the unnamed transcribed locus probes and duplicate gene
names, this list of 49 was reduced to only 33 genes (Table 1). When comparing this list of 33
significantly different genes with the list containing the top 30 by expression level in both PC
and RZ, there was one gene in common for each of the zones between the lists (Figure 2).

Real-time RT-PCR
Real-time quantitative RT-PCR was performed using an ABI Prism 7000 Sequence Detection
System (PE Applied Biosystems, CA). The 25 µl reaction consisted of SYBR Green PCR
Master Mix (PE Applied Biosystems, CA), a set of rat specific primers and template cDNA
generated by reversed-transcripted PCR (Table 2). The primers were designed to genes of
matrix Gla protein (Mgp), Growth arrest specific 6 (Gas6), Thrombospondin 1 (Thbs1),
Frizzled-related protein (Frzb), Procollagen type IX alpha 1 (Col9a1), Procollagen type X alpha
1 (Col10a1), secreted acidic cysteine rich glycoprotein (Sparc), Cyclin-dependent kinase
inhibitor 1C (Cdkn1c), hemoglobin beta-2 subunit (LOC689064), Procollagen type I alpha 2
(Col1a2), Connective tissue growth factor (Ctgf), Stearoyl-coenzyme A desaturase 2 (Scd2),
Procollagen type XXVII alpha 1 (Col27a1), Sparc-related modular calcium binding 2 (Smoc2),
Procollagen type V alpha 2 (Col5a2). All samples were run in triplicate along with 18S rRNA
as reference gene and no template controls. The threshold cycle (CT) was normalized to that
of 18S rRNA to account for differences in cDNA loading. The 18S rRNA was chosen because
there was no differential expression between samples from different days. The comparative
threshold (CT) method was utilized for relative quantitative analysis of gene expression. In
addition to the melting point analysis that is routinely provided by the ABI Prism unit, the size
and identity of the amplicons from the PCR reaction were then directly verified by gel
electrophoresis (using a 2% agarose gel).

Pathway Analysis
For both the RZ and PC, overall functional pathway analysis was performed for the top 30
genes by expression level using Gene Ontology (GO) annotations provided by the NetAffx
browser (Affymetrix). Enrichment of GO functional groups was determined to be meaningful
when the number of probe sets in our list that mapped to a specific GO pathway was greater
than 1, a hypergeometric p-value estimating the probability that this amount of overlap could
have occurred due to chance alone based on the size of the list and the annotated content of the
array was less than 0.05, and the fold enrichment of overlap with a specific pathway compared
to what would be expected by chance alone exceeded 2. Because of the large number of
pathways that met these criteria, however, we utilized two additional screens to narrow the
field. First, we separated out those pathways which had a p-value less than 0.05, ≥5 probe sets
(rather than >1 probe set) and showed a fold enrichment of ≥5.0. Second, we identified those
from the narrowed list that relate to bone, cartilage, matrix, and/or skeletal development
(BCMSD). The latter screen was determined based on a search utilizing AmiGO, a search
engine for the GeneOntology database (http://amigo.geneontology.org/cgi-bin/amigo/go.cgi).

Results
Highly Expressed Genes According to Growth Plate Zone

Of the 31,099 probe sets arrayed on the RAE 230.2.0 chips, the 30 genes showing the greatest
absolute expression levels within the PC (Table 3) and RZ (Table 4) were selected for further
analysis. Twenty-one genes from the top 30 genes expressed within the PC were also present
among the top 30 genes expressed within the RZ (Figure 1), so only 8 genes from each list
were unique to the respective zone. The 37 total genes in both zones at 42, 46 and 51 days of
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age for the Sprague-Dawley rat were comprised of 8 genes known to be involved in chondrocyte
function and 33 (9 in PC, 9 in RZ, 15 shared) not previously identified within chondrocytes.

Highly Expressed Genes in Both PC and RZ
Among the mRNAs highly expressed within both the PC and RZ were 21 genes, including
Col2a1, Col9a3, Ctnnb1 (Catenin β1), Eef1a1 (eukaryotic translation elongation factor 1 α1),
ND3 (NADH dehydrogenase subunit 3), Hmgb1 (high mobility group box 1), Rpl35a
(ribosomal protein L35a), Plxnb2 (Plexin B2), Mtap7 (microtubule-associated protein 7), Rcn1
(reticulocalbin 1), Col9a1, Rps6 (ribosomal protein S6), Col11a1, Cpe (carboxypeptidase E),
Cpt1a (carnitine palmitoyltransferase 1a), Sparc (secreted acidic cysteine rich glycoprotein),
Gja1 (gap junction membrane channel protein 1), RGD 1308977 (similar to RIKEN cDNA),
RGD 1306734 (similar to hypothetical protein FLJ32743), and LOC 685491 (similar to
retinoblastoma binding protein 4), Mgp (matrix Gla protein). Eight of these play a known role
in growth plate extracellular matrix (ECM) function: Col2a1, Ctnnb1, Eefla1, Col9a1,
Col11a1, Cpt1a, Sparc, and Mgp. The most abundant ECM mRNA in both PC and RZ zones
by microarray was Col2a1 at 42, 46 and 51 days, and its absolute expression level was greater
in the proliferative zones at all three time points.

Differential Expression According to Growth Plate Zone
Of the top 30 most highly expressed gene transcripts within the PC, 8 transcripts (Tpt1, Ctgf,
Morf4l1, Col5a2, Gas6, Frzb, Gdi2, Jund,) were uniquely highly expressed only within the PC
chondrocytes (Figure 1). Five (Ctgf, Col5a2, Gas6, Frzb, Jund) of these transcripts had
previously been identified in bone or cartilage.

Eight transcripts (Hapln1, LOC689064, Col1a2, Col9a1, Smoc2, Rpl37, LOC497729, Cast)
were uniquely highly expressed within the RZ (Figure 1). Only 3 (Cola2, Col9a1 and Cast) of
these transcripts had previously been identified in bone or cartilage.

Real time RT-PCR
To confirm the microarray result, real-time quantitative RT-PCR was performed with a set of
rat specific primers and template cDNA generated by reverse-transcription PCR. The primers
were designed to selected representative genes among the top 30 most highly expressed genes
in each zone as determined by microarray filters described previously. These genes included
matrix Gla protein (Mgp), growth arrest specific 6 (Gas6), thrombospondin 1 (Thbs1), frizzled-
related protein (Frzb), procollagen type IX alpha 1 (Col9a1), procollagen type X alpha 1
(Col10a1), secreted acidic cysteine rich glycoprotein (Sparc), cyclin-dependent kinase
inhibitor 1C (Cdkn1c), hemoglobin beta-2 subunit (LOC689064), procollagen type I alpha 2
(Col1a2), connective tissue growth factor (Ctgf), stearoyl-coenzyme A desaturase 2 (Scd2),
procollagen type XXVII alpha 1 (Col27a1), Sparc-related modular calcium binding 2 (Smoc2),
procollagen type V alpha 2 (Col5a2). All samples were run in triplicate along with 18S rRNA
as reference gene and controls containing no template. The LOG2 ratios of microarray and real
time PCR data for both the PC and RZ zones were analyzed, indicating that the real time PCR
results highly correlated with the microarray and confirmed these gene expression levels in
both the PC and RZ (Table 5).

Pathway Analysis According to Zone
Functional analysis using the 30 most highly expressed genes from each zone revealed 37
pathways that showed enrichment with a minimum of 5 probe sets per pathway from our data
set and a minimum enrichment score of 5. Eighteen (49%) of the 37 pathways overlapped the
two zones, but there were 13 pathways (35%) unique to the PC and 6 pathways (16%) unique
to the RZ. Nine (24%) of the 37 pathways involved bone, cartilage, matrix, and/or skeletal
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development (BCMSD). Of those, three pathways were unique to the PC: GO ID 1503
ossification, 46849 bone remodeling, and 51216 cartilage development; none were unique to
the RZ, the rest overlapping the two zones: 1501 skeletal development, 5201 extracellular
matrix structural constituent, 5578 proteinaceous extracellular matrix, 5581 collagen, 31012
extracellular matrix, 44420 extracellular matrix part. Other overlapping and unique pathways
not related to BCMSD are shown in Table 6.

Pathway analysis of the list of 33 genes which were derived from RZ and PC by filtering for
an expression level of five times changed and significance by ANOVA showed 30 enriched
pathways (minimum 2 probe sets, fold enrichment score 5 or greater, p≤0.05). Twelve
pathways involved bone, cartilage, matrix, and/or skeletal development, 8 of which overlapped
with those pathways identified by similar pathway analysis of the 30 most highly expressed
genes (1503 ossification, 46849 bone remodeling, 1501 skeletal development, 5201
extracellular matrix structural constituent, 5578 proteinaceous extracellular matrix, 5581
collagen, 31012 extracellular matrix, 44420 extracellular matrix part) described earlier. Only
four additional but closely related pathways (5583 fibrillar collagen, 5584 collagen type I, 8147
structural constituent of bone, 5588 collagen type V) were uncovered by this analysis (Table
7).

Discussion
Our findings support the hypothesis that significant differential gene expression exists between
perichondral and reserve chondrocytes. A number of genes never reported previously to play
a role in the growth plate were identified as showing differential expression in either the PC
or RZ, suggesting unique functions for these two zones.

Highly Expressed Genes and Pathways in Both PC and RZ
By the presence of 8 genes known to be involved in growth plate extracellular matrix (ECM)
function among the 21 most highly expressed genes in both the PC and RZ, it would appear
that support of the extracellular matrix is an important function of both zones. The most highly
expressed single gene in both zones was Col2a1, which is the single gene coding for collagen
type II protein, the major protein of extracellular cartilage matrix. Genes for the two minor
components of growth plate collagen, collagen types IX and XI, were also highly expressed in
both the RZ and PC. Col9a3 may contribute to the three-dimensional integrated structure of
type II collagen molecules [10]. Col9a1 is required for long term tissue stability by mediating
interactions between fibrillar and extrafibrillar macromolecules [11]. Type XI collagen
(Col11a1) is a component of the collagen fibrillar network found in cartilage and consists of
three genetically distinct polypeptide chains: α1, α2 and α3 [12]. Matrix GLA protein (Mgp)
is a mineral binding extracellular matrix protein synthesized by growth plate cartilage
chondrocytes [13]. In mammalian growth plate, Mgp has been reported to be expressed by
proliferative and late hypertrophic chondrocytes. Coordinately regulated levels of Mgp during
chondrocyte differentiation are crucial for chondrocyte survival and mineralization [14].
Secreted Protein Acidic and Rich in Cystein/osteonectin (Sparc) is a nonstructural matricellular
protein involved in cell-matrix interaction during tissue remodeling and embryonic
development. Sparc modulates ECM synthesis and turnover through its effect on collagen and
extracellular proteases [15]. Thrombospondin 1 (Thbs1) is an extracellular modular
glycoprotein that—like Sparc—modulates cell-matrix interactions. It is pleiotropic in function
and affects processes as disparate as bone growth and hemostasis. Pericellular levels of the
matrix metalloproteinase, Mmp2, are controlled to a large extent by Thbs1 and Thbs2 [16].
High expression of both Sparc and Thbs1 in both zones was confirmed by RT-PCR.

Pathway analysis further supported the results from the individual gene expression. Of the six
enhanced pathways shared by zones and involving bone, cartilage, matrix, or skeletal
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development (BCMSD), five of the six were directly related to some aspect of the extracellular
matrix. These included extracellular matrix structural constituent, proteinaceous extracellular
matrix, collagen, extracellular matrix, and extracellular matrix part pathways. The only other
shared enhanced pathway involved skeletal development. Also highly expressed in both the
RZ and PC was catenin beta-1 (Ctnnb1), which has a dual role in stabilizing cell-cell adhesion
and transducing canonical Wnt signaling [17]. Its role of repressing chondrocytic
differentiation in the Wnt/β-catenin pathway also interacts with the Ihh pathway in distinct
ways to control chondrocyte proliferation, hypertrophy, and survival during enchondral bone
growth [18]. Catenins have been reported previously to reside in the murine growth plate,
mostly in the zone of hypertrophy, but to our knowledge this is the first report of catenins in
the RZ or PC [19].

Three additional highly expressed genes in both the RZ and the PC are predominately involved
in protein synthesis. Eukaryotic elongation factor 1A (Eef1A1) is a core component of the
protein synthesis machinery involved at the onset of cell transformation. Ribosomal protein
L35a (Rpl35a) is phosphorylated and activated by Rpsk 1, a major protein kinase involved in
translation initiation, resulting in selectively increased translation of mRNA encoding for
elongation factors and ribosomal proteins [20]. Carboxypeptidase E (Cpe) is a major enzyme
in the biosynthesis of numerous neuroendocrine peptides that are involved in a wide variety
of physiological processes [21].

The remainder of the highly expressed genes common to the two zones are more ubiquitous
and not previously described specifically in growth plate chondrocytes to our knowledge.
NADH dehydrogenase subunit 3 (ND3) belongs to the intricate membrane-bound enzyme
family of the mitochondrial respiratory chain. High mobility group box 1 (Hmgb 1) is a nuclear
DNA-binding protein that is widely distributed [22]. Although described previously in primary
osteoblasts and osteoclasts, it has not yet been reported in the growth plate [23]. Reticulocalbin
(Rcn1), which is distributed predominantly in endocrine and exocrine organs, is one member
of the Ca2+-binding proteins in the secretory pathway [24]. Carnitinine palmitoyltransferase
1A (Cpt1a) is the key regulatory enzyme of hepatic long-chain fatty acid β-oxidation [25].
Cpt1A is also known to regulate apoptotic processes [26]. Gja1, also known as connexin 43,
is a member of the larger family of connexins, the subunits of gap junctions, and it’s mutation
has been shown to cause skeletal malformations [27].

Highly Expressed Genes and Pathways Unique to PC
Very few of the highly expressed genes unique to the PC have been previously described to
have a major role in the growth plate. Of those that have are Ctgf and Frzb. Two additional
genes (JunD and Gas6) are related to the Mapk pathway. All of those except JunD were
examined and confirmed by RT-PCR in the current manuscript to be uniquely highly expressed
in the PC.

Connective tissue growth factor (Ctgf, Ccn2) is a secreted protein that mediates interactions
with growth factors, integrins and extracellular matrix components. Ctgf is suggested to
mediate collagen deposition during wound healing and is important for cell proliferation and
matrix remodeling during chondrogenesis. In the growth plate, Ctgf is a key regulator coupling
extracellular matrix remodeling to angiogenesis. Ctgf deficiency leads to skeletal
dysmorphisms as a result of impaired chondrocyte proliferation and extracellular matrix
composition within the hypertrophic zone, but it has not been previously isolated to the PC
[28,29]. Frzb encodes for secreted frizzled-related protein 3 (sFRP3), a glycoprotein that
antagonizes the signaling of wingless (wnt) ligands through the frizzled membrane-bound
receptors that are required for maintaining cartilage integrity [30]. Through its influence on
Wnt signaling, Frzb is a powerful and direct modulator of chondrocyte maturation. In the
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growth plate, Frzb-1 expression was reported previously to be strong in prehypertrophic
chondrocytes. [31].

Two of the genes highly expressed by the PC and not by the RZ that also are regulated in part
by the Mapk pathway are JunD, and Gas6. JunD is a member of the Jun family proteins which
play critical roles in cell growth and cell apoptosis, bone remodeling, and apoptotic phenomena
[32]. Much is known about JunD signaling in osteoblasts, but little is known regarding its
function in chondrocytes [33]. Growth arrest-specific gene 6 (Gas6) was originally identified
in fibroblasts as a gene whose expression is upregulated in growth arrest. Its role in the growth
plate is not established. Gas6 acts directly on mature osteoclasts through activation of Tyro 3
and p42/p44 Mapk, possibly contributing to the bone loss associated with estrogen deficiency
[34]. Gas6 has been shown to negatively regulate chondrogenic differentiation through the
Mapk pathway. The gene coding for the α2 chain of human type V collagen (Col5a2) accounts
for a relatively minor component of tissues rich in collagen I, such as bones, blood vessels,
and tendons, where collagen V copolymerizes with collagens I and III to form heterotopic I/
III/V fibrils [35]. In this manuscript, Col5a2 high expression in the PC was confirmed by RT-
PCR. Tpt1 encodes the Translationally Controlled Tumor Protein (TCTP), which interacts with
translation factor Eef-1a, a gene that is reported in this study to be highly expressed in both the
RZ and PC [36]. Mortality factor on chromosome 4 (Morf4) is a member of the MRG (Morf-
related genes) protein family, which plays a vital role in embryonic development, cell
proliferation and cellular senescence [37]. Rho GDP-dissociation inhibitor 2 (Gdi2) binds to
various Rho proteins and regulates their function in cell adhesion and migration, as well as
multiple cellular activities including proliferation, apoptosis, and transcription [38]. The three
pathways identified to be unique to the perichondrium by pathway analysis included those for
ossification, bone remodeling, and cartilage development.

Highly Expressed Genes Unique to RZ
Similar to the PC, the RZ has only a few of the most highly expressed genes that have been
previously described in the growth plate. These include Hapln1 and Col9a1. In addition, three
genes highly expressed in this zone (Col1a2, SMOC-2, Cast) have previously been described
in bone. The others are reported here as previously undescribed growth plate genes which,
based upon their high level of expression in the RZ, may play an important role in the growth
plate. There were no pathways identified as being uniquely enriched in the RZ by our analysis
filters.

Hyaluronan and proteoglycan link protein (Hapln1) is an unsulfated glycosaminoglycan
consisting of a single repeating disaccharide unit that comprises up to 10% of cartilage
glycosaminoglycans [39]. Col9a1 is one of the main proteoglycan components of hyaline
cartilage. The major proteinaceous component of the bone matrix, collagen I, is encoded for
in part by Col1a2, which has been previously identified in the HZ of the growth plate in our
own work [Error! Bookmark not defined.]. Secreted modular calcium-binding protein
(SMOC-2) is a Sparc related protein that is expressed in nearly all tissues and has been
demonstrated to show an up-regulation in response to injury [40]. Calpastatin (Cast) is an
endogenous inhibitor protein acting specifically on calpain that has a known role in bone in
the regulation of osteoclastogenesis, pre-osteoblastic proliferation and differentiation [41].

Of the three genes shown by microarray to be most highly expressed uniquely in the RZ, one
(LOC497729) was confirmed by real-time PCR in the current work. Gene 6A3-5 (Transcription
factor 1, 6A3-5) (LOC497729) is a member of the ARID transcription factor family involved
in control of gene expression during cell growth, cell cycle, and organism development [42].
Ribosomal protein L37 (Rpl37) is the gene for ribosomal protein, the expression of which is
likely determined mainly by cellular growth and proliferation [43].
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In summary, the current work identified a number of highly expressed genes in both the RZ
and PC which related to extracellular matrix and skeletal development. In the perichondrium,
Ctgf is uniquely highly expressed along with components of the Mapk signaling cascade. Wnt/
b-catenin signaling is a common theme among genes highly expressed within both zones and
some (Frzb) uniquely expressed in the PC. While no single pathway was identified among the
highly expressed genes unique to the RZ, additional matrix components and genes related to
Sparc were identified. These pathways should be the targets of additional evaluation to
determine their roles not only in the normal growth plate but in response to injury.
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Figure 1. Top 30 genes showing the greatest expression in PC and RZ
Venn diagram of differential expression according to growth plate zone. A list of genes was
designated as “present” in PC and RZ using Affymetrix GCOS/MAS 5 software. Differential
gene expressions within PC and RZ were identified by GeneSpring GX and a raw dataset was
created using the Robust Multiarray analysis (RMA) method. The top 30 genes by highest
expression within both RZ and PC (individually) were identified, excluding unnamed
transcribed locus probes and duplicate gene names. Twenty-two genes from the top 30 genes
expressed within the PC were also present among the top 30 genes expressed within the RZ.
Only 8 genes from each list were unique to the respective zone.
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Figure 2. Top 30 genes in PC and RZ by greatest expression compared to 33 genes by two-way
ANOVA and 5 times changed
To identify the significant differential gene expression between PC and RZ chondrocytes, the
PZ was used as a comparator. Normalized data was filtered on expression using a cutoff of
five times changed up or down in PC, RZ and PZ described as in the methods section.
Differential expression between zones was analyzed using two-way ANOVA and created a
gene list of 33 significant differentially expressed genes. When comparing the gene list of 33
significantly different than the PZ to the top 30 by expression in both PC and RZ, there was
one gene in common for each of the zones.
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Table 6
Enriched pathways related to other than bone, cartilage, matrix and/or skeletal development comprised of 5 or more
probe sets from our data and their corresponding zones

GO ID GO Term GP Zone(s)

902 cell morphogenesis PC
3735 structural constituent of ribosome RZ
5198 structural molecule activity PC RZ
5509 calcium ion binding PC
5576 extracellular region PC RZ
5615 extracellular space PC RZ
5829 cytosol RZ
5840 ribosome RZ
6412 translation RZ
6811 ion transport PC RZ
6817 phosphate transport PC RZ
6820 anion transport PC RZ
7155 cell adhesion PC RZ
8283 cell proliferation PC
9059 macromolecule biosynthetic process RZ
9887 organ morphogenesis PC
9888 tissue development PC RZ
15698 inorganic anion transport PC RZ
16337 cell-cell adhesion PC
22610 biological adhesion PC RZ
30529 ribonucleoprotein complex RZ
31214 biomineral formation PC
32989 cellular structure morphogenesis PC
44421 extracellular region part PC RZ
48513 organ development PC RZ
48731 system development PC
48771 tissue remodeling PC
65008 regulation of biological quality PC

Bone. Author manuscript; available in PMC 2009 September 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zhang et al. Page 20
Ta

bl
e 

7
Pe

ric
ho

nd
ra

l z
on

e 
(P

C
) a

nd
 R

es
er

ve
 Z

on
e 

(R
Z)

 e
nr

ic
he

d 
pa

th
w

ay
s o

f 3
3 

ge
ne

s b
y 

tw
o-

w
ay

 A
N

O
V

A
 sh

ow
in

g 
hy

pe
rg

eo
m

et
ric

 p
 v

al
ue

s
≤ 

0.
05

, F
ER

 ≥
 5

 a
nd

 ≥
 2

 p
ro

be
 se

ts
. G

ra
y 

in
di

ca
te

s p
at

hw
ay

s a
ss

oc
ia

tio
n 

w
ith

 b
on

e,
 c

ar
til

ag
e,

 m
at

rix
 a

nd
/o

r s
ke

le
ta

l d
ev

el
op

m
en

t.
G

O
 C

at
eg

or
y

G
O

 ID
G

O
 T

er
m

%
 o

f A
rr

ay
%

 o
f l

is
t

Fo
ld

 E
nr

ic
hm

en
t

P 
va

lu
e

B
io

lo
gi

ca
l

48
51

3
or

ga
n 

de
ve

lo
pm

en
t

5.
52

%
34

.6
9%

6.
29

0.
00

00
00

B
io

lo
gi

ca
l

15
01

sk
el

et
al

 d
ev

el
op

m
en

t
1.

09
%

24
.4

9%
22

.5
3

0.
00

00
00

C
el

lu
la

r
55

78
pr

ot
ei

na
ce

ou
s e

xt
ra

ce
llu

la
r m

at
rix

0.
90

%
24

.4
9%

27
.1

1
0.

00
00

00
C

el
lu

la
r

31
01

2
ex

tra
ce

llu
la

r m
at

rix
0.

92
%

24
.4

9%
26

.6
4

0.
00

00
00

B
io

lo
gi

ca
l

98
88

tis
su

e 
de

ve
lo

pm
en

t
1.

52
%

20
.4

1%
13

.4
0

0.
00

00
00

B
io

lo
gi

ca
l

15
03

os
si

fic
at

io
n

0.
59

%
16

.3
3%

27
.6

6
0.

00
00

00
B

io
lo

gi
ca

l
31

21
4

bi
om

in
er

al
 fo

rm
at

io
n

0.
59

%
16

.3
3%

27
.6

6
0.

00
00

00
B

io
lo

gi
ca

l
46

84
9

bo
ne

 re
m

od
el

in
g

0.
68

%
16

.3
3%

24
.1

0
0.

00
00

00
B

io
lo

gi
ca

l
48

77
1

tis
su

e 
re

m
od

el
in

g
0.

75
%

16
.3

3%
21

.8
2

0.
00

00
00

B
io

lo
gi

ca
l

68
17

ph
os

ph
at

e 
tra

ns
po

rt
0.

35
%

14
.2

9%
41

.0
1

0.
00

00
00

B
io

lo
gi

ca
l

15
69

8
in

or
ga

ni
c 

an
io

n 
tra

ns
po

rt
0.

66
%

14
.2

9%
21

.6
0

0.
00

00
00

B
io

lo
gi

ca
l

68
20

an
io

n 
tra

ns
po

rt
0.

80
%

14
.2

9%
17

.9
3

0.
00

00
00

C
el

lu
la

r
55

83
fib

ril
la

r c
ol

la
ge

n
0.

06
%

14
.2

9%
24

6.
03

0.
00

00
00

C
el

lu
la

r
55

81
co

lla
ge

n
0.

18
%

14
.2

9%
79

.0
8

0.
00

00
00

C
el

lu
la

r
44

42
0

ex
tra

ce
llu

la
r m

at
rix

 p
ar

t
0.

43
%

14
.2

9%
33

.0
5

0.
00

00
00

M
ol

ec
ul

ar
52

01
ex

tra
ce

llu
la

r m
at

rix
 st

ru
ct

ur
al

 c
on

st
itu

en
t

0.
33

%
14

.2
9%

43
.8

5
0.

00
00

00
M

ol
ec

ul
ar

51
98

st
ru

ct
ur

al
 m

ol
ec

ul
e 

ac
tiv

ity
2.

59
%

14
.2

9%
5.

51
0.

00
02

21
B

io
lo

gi
ca

l
30

19
8

ex
tra

ce
llu

la
r m

at
rix

 o
rg

an
iz

at
io

n 
an

d 
bi

og
en

es
is

0.
25

%
10

.2
0%

41
.6

2
0.

00
00

00
B

io
lo

gi
ca

l
43

06
2

ex
tra

ce
llu

la
r s

tru
ct

ur
e 

or
ga

ni
za

tio
n 

an
d

bi
og

en
es

is
0.

53
%

10
.2

0%
19

.1
7

0.
00

00
06

B
io

lo
gi

ca
l

68
00

ox
yg

en
 a

nd
 re

ac
tiv

e 
ox

yg
en

 sp
ec

ie
s m

et
ab

ol
ic

pr
oc

es
s

0.
60

%
10

.2
0%

16
.9

2
0.

00
00

11

C
el

lu
la

r
55

84
co

lla
ge

n 
ty

pe
 I

0.
01

%
8.

16
%

63
2.

65
0.

00
00

00
M

ol
ec

ul
ar

81
47

st
ru

ct
ur

al
 c

on
st

itu
en

t o
f b

on
e

0.
03

%
8.

16
%

31
6.

33
0.

00
00

00
M

ol
ec

ul
ar

55
06

iro
n 

io
n 

bi
nd

in
g

1.
03

%
6.

12
%

5.
97

0.
01

23
11

C
el

lu
la

r
55

88
co

lla
ge

n 
ty

pe
 V

0.
02

%
4.

08
%

21
0.

88
0.

00
00

36
M

ol
ec

ul
ar

81
33

co
lla

ge
na

se
 a

ct
iv

ity
0.

02
%

4.
08

%
25

3.
06

0.
00

00
24

M
ol

ec
ul

ar
42

22
m

et
al

lo
en

do
pe

pt
id

as
e 

ac
tiv

ity
0.

32
%

4.
08

%
12

.6
5

0.
01

04
39

M
ol

ec
ul

ar
16

70
5

ox
id

or
ed

uc
ta

se
 a

ct
iv

ity
, a

ct
in

g 
on

 p
ai

re
d 

do
no

rs
0.

45
%

4.
08

%
8.

97
0.

01
95

54
M

ol
ec

ul
ar

48
66

en
do

pe
pt

id
as

e 
in

hi
bi

to
r a

ct
iv

ity
0.

55
%

4.
08

%
7.

44
0.

02
72

29
M

ol
ec

ul
ar

30
41

4
pr

ot
ea

se
 in

hi
bi

to
r a

ct
iv

ity
0.

55
%

4.
08

%
7.

40
0.

02
75

09
M

ol
ec

ul
ar

82
37

m
et

al
lo

pe
pt

id
as

e 
ac

tiv
ity

0.
65

%
4.

08
%

6.
30

0.
03

63
38

Bone. Author manuscript; available in PMC 2009 September 1.


