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Abstract

Growth plates are spatially polarized and structured into three histologically and functionally
distinct layers — the resting zone (RZ), proliferative zone (PZ), and hypertrophic zone (HZ). With
age, growth plates undergo functional and structural senescent changes including declines of
growth rate, proliferation rate, growth plate height and cell number. To explore the mechanisms
responsible for spatially-associated differentiation and temporally-associated senescence of
growth plate in an unbiased manner, we used microdissection to collect individual growth plate
zones from proximal tibiae of 1-wk rats and the PZ and early hypertrophic zones of growth plates
from 3-, 6-, 9-, and 12-wk rats and analyzed gene expression using microarray. We then used
bioinformatic approaches to identify significant changes in biological functions, molecular
pathways, transcription factors and also to identify specific gene products that can be used as
molecular markers for individual zones or for temporal development.
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Introduction

Longitudinal bone growth in mammals occurs at the growth plates. These cartilaginous
structures are located toward the ends of bones, including the vertebral bodies and tubular
bones of the appendicular skeleton. The growth plate shows a high degree of spatial
organization, including spatial polarity along the long axis of the bone. Thus, the surface of
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the growth plate located closest to the end of the bone, which by convention is often termed
the top of the growth plate, is biologically distinct from the surface located closest to the
center of the bone. Along this axis, the growth plate can be divided into three histologically
distinct layers — the resting zone, the proliferative zone, and the hypertrophic zone. The
topmost layer, the resting zone, contains chondrocytes that are scattered in a bed of cartilage
matrix and, in postnatal life, divide infrequently [1]. We have previously shown evidence
that resting zone chondrocytes serve as stem-like cells for the growth plate in that they can
generate clones of rapidly proliferating chondrocytes, which are located in the second layer
of the growth plate, the proliferative zone [2]. In the proliferative zone, these clones of
chondrocytes are arranged in columns parallel to the long axis of the bone. Over time, as
longitudinal growth proceeds, proliferative cells close to the hypertrophic zone undergo
terminal differentiation. During this process, they stop proliferating and physically enlarge
to become hypertrophic chondrocytes, which compose the third layer of the growth plate,
the hypertrophic zone. Simultaneously, the bottom of the hypertrophic zone is invaded by
blood vessels, osteoclasts and differentiating osteoblasts which remodel the newly formed
cartilage into bone tissue.

Thus, longitudinal bone growth requires that growth plate chondrocytes undergo sequential
differentiation from the resting to the proliferative to the hypertrophic state as their spatial
position shifts. The mechanisms responsible for this two-step differentiation program and
hence for the spatial polarity of the growth plate have begun to be elucidated. We have
shown evidence that the polarity of postnatal growth plate cartilage is not governed by
outside spatial cues but rather by intrinsic factors. Studies by Kronenberg and others,
focusing on the embryonic growth plate, have demonstrated that parathyroid hormone-
related protein (Pthrp) and Indian hedgehog (Ihh) participate in a negative feedback loop
that plays a critical role in the differentiation of growth plate chondrocytes, with Pthrp
negatively regulating hypertrophic differentiation and Ihh positively regulating the entry of
chondrocytes into the proliferative zone [3]. Bone morphogenetic protein (BMP) signaling
positively regulates hypertrophic differentiation [4]. Wnt signaling has complex effects on
growth plate chondrocytes including stimulatory effects on hypertrophic differentiation.
Fibroblast growth factors (FGFs) also appear to regulate hypertrophic differentiation [5].
Roles for these specific regulatory systems have often been first suggested by the
phenotypes of mice with targeted mutations in related genes.

In addition to spatial regulation, the growth plate also undergoes important temporal
regulation. Over time, proliferation slows in the growth plate [6], causing the rate of
longitudinal bone growth to decrease and approach zero as the organism approaches its adult
size. This decline in proliferation is accompanied by structural changes that occur in the
growth plate with increasing age, including a decrease in the number of resting,
proliferative, and hypertrophic chondrocytes, a decrease in the final size attained by the
hypertrophic chondrocytes, and an increase in the spacing between adjacent chondrocyte
columns [7]. There is evidence that this programmed senescence of the growth plate is not
due to hormonal or other systemic mechanism but rather to local mechanisms [7]. The
changes in gene expression associated with growth plate senescence and the regulatory
pathways driving these temporal changes have received less attention than those related to
spatial organization. However, declines in chondrocyte /g2 mRNA expression and other
temporal changes in the IGF and FGF systems have been reported [8,9]. There is also
evidence that these changes in gene expression may in fact be driven not by time per se but
rather by progressive growth [10].

To explore the mechanisms responsible for spatial and temporal regulation in the growth
plate in an unbiased manner, we microdissected postnatal rat growth plates into their
constituent zones and then used microarray analysis to characterize the changes in gene
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expression that occur as chondrocytes undergo spatially-associated differentiation and
temporally-associated senescence. We then used bioinformatic approaches to identify
functional pathways that may regulate these processes and to identify specific gene products
that may be used as molecular markers for the spatial zones and for temporal development.

Animal procedures

Sprague-Dawley rats (Harlan, Indianapolis, IN) were maintained and used in accordance
with the Guide for the Care and Use of Laboratory Animals [11] and received standard
rodent chow (Zeigler Bros, Gardners, PA) and water ad libitum. The protocol was approved
by the Animal Care and Use Committee, National Institutes of Child and Human
Development, National Institutes of Health. Male rats (n = 5 per time point) were killed by
carbon dioxide inhalation at ages 1, 3, 6, 9, 12 weeks. To study growth plate senescence
without the complicating effects of sex steroids, 3-, 6-, 9-, and 12-week-old rats were
castrated at 18 days of age. Proximal tibial epiphyses were excised, embedded in optimum
cutting temperature (O.C.T.) compound (Electron Microscopy Sciences, Hatfield, PA) and
stored at —80 C.

Growth plate microdissection

Microdissection of rat growth plates was performed as previously described [12]. Briefly,
frozen longitudinal sections of 60 m thickness were obtained from the proximal tibial
epiphyses. Slides were thawed, fixed in methanol, and stained with eosin. Stained slides
were dehydrated and placed in xylene. Using an inverted microscope, razor blades, and
hypodermic needles, growth plate sections were separated according to zone based on
histological hallmarks. Perichondrium, metaphyseal bone, and epiphyseal bone were
excluded from the dissected samples. The growth plate from 1-wk rats were divided into:
epiphyseal cartilage, resting zone, proliferative zone, proliferative-hypertrophic transition
zone, and hypertrophic zone. To minimize cross-contamination between resting zone and
proliferative zone, the uppermost part of the proliferative columns and the lowest part of
resting zone was discarded. Due to decreasing growth plate height, the growth plates from
older animals could not be microdissected into four individual zones, and therefore only the
central portion of the growth plate, including the proliferative and the proliferative-
hypertrophic transition zone, was collected from 3-, 6-, 9-, and 12-week-old animals. For
each zone, tissue dissected from both proximal tibias of one animal (approximately 25
sections) was pooled prior to RNA isolation. RNA isolation was performed as previously
described except that one tenth of every volume was used [13]. Approximately 30-200 ng of
total RNA was extracted from each zone of the growth plate in individual 1-week-old rats
and at least 200 ng of total RNA per animal was extracted from the central portion of growth
plate cartilage dissected from 3-, 6-, 9-, and 12-week-old rats. The 28S/18S ratio was
assessed using a Bioanalyzer 2100 (Agilent Biotechnologies, Inc., Palo Alto, CA), and only
high quality RNA (285/18S > 1.8) was used.

Microarray Analysis

Microarray analysis was performed as previously described [12]. Briefly, total RNA
extracted from resting zone (n = 5), proliferative zone (n = 5), hypertrophic zone (n = 5)
from 1-week-old rats and from growth plate cartilage of of 3-, 6-, 9-, and 12-week-old rats
(n =5 each) was amplified and labeled using the Two-Cycle Target Labeling and Control
Reagents (Affymetrix, P/N 900494) according to Expression Analysis Technical Manual,
version 701021 Rev.5 (Affymetrix). Rat Genome 230 2.0 GeneChip Arrays (Affymetrix)
were hybridized with a hybridization cocktail containing 15 g of fragmented, labeled
cRNA. After hybridization, the arrays were washed and stained using a Fluidics Station
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FS-400 (Affymetrix) following the EuKGE-WS2v5 protocol and scanned using a GeneChip
Scanner 3000.

Statistical and Bioinformatic analysis of microarray data

Affymetrix CEL files were imported into Partek Genomics Suite™ 6.3 (Partek Inc., St.
Louis, MO) using the default Partek normalization parameters. Probe-level data were pre-
processed, including background correction, normalization, and summarization, using robust
multi-array average (RMA) analysis. RMA adjusts for background noise on each array using
only the PM probe intensities; and subsequently normalizes data across all arrays using
quantile normalization[14,15] followed by median polish summarization to generate a single
measure of expression [15]. These expression measures were then log transformed, base 2.
ANOVA analysis was performed for spatial and temporal comparisons using Partek Pro
software (Partek Inc.). The data have been deposited in NCBI’s Gene Expression Omnibus
[16] and are accessible through GEO Series accession number
GSE16981(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE16981).

To identify useful molecular markers for each major zone of the growth plate (resting,
proliferative, and hypertrophic), we used an empirical formula that gave high rank to genes
that were expressed at high levels in a particular zone and at low levels in both of the other
two major zones. Using the resting zone as an example, the formula was: score = (P + H +
MR)/R, where R = expression level in resting zone, P = expression level in proliferative
zone, H = expression level in hypertrophic zone, and M = geometric mean expression of all
genes in the resting zone. This formula was applied to each probe set, and then genes were
ranked from lowest to highest score.

To identify useful molecular markers for growth plate senescence, we used analogous
empirical formulas that gave high rank to genes that were expressed at high levels only in
either the young growth plate cartilage (3 wk) or the old growth plate cartilage (12 wk). The
formula to identify markers for young growth plate cartilage was: score = (L + My)/Y,
where L = expression level at 12 wk, Y = expression level at 3 wk, My = geometric mean
expression of all genes at 3 wk. Similarly, the formula to identify markers for old growth
plate cartilage was: score = (Y + M| )/L, where M| = geometric mean expression of all
genes at 12 wk.

Ingenuity Pathways Analysis Software 7.0 (Ingenuity Systems Inc, Redwood City, CA) was
used to identify functional pathways that were regulated spatially or temporally. These
pathways represent sets of genes that participate in a common well-defined biological
function. The analysis included genes that showed either an increase or decrease in
expression with P < 0.01 by ANOVA. To avoid systems that were not likely to be
biologically relevant, we did not include functional pathways that are organ-specific or
disease-specific in our analysis. Heat maps were then constructed using JMP 7 software
(SAS Institute Inc., Cary, NC) to visualize changes in expression of genes participating in
specific functional pathways. In addition, we looked specifically for significant changes in
expression of transcription factors that have been reported to be involved in chondrocyte
regulation.

Quantitative real-time PCR

Total RNA (50-100 ng) were reverse-transcribed into complementary DNA using
Superscript 111 Reverse Transcriptase (Invitrogen) and primed by random hexamers
according to manufacturer’s instructions. Expression levels of selected mMRNAs were
quantified by real-time PCR using an ABI Prism 7500 Fast sequence detector (Applied
Biosystems), according to manufacturer’s instructions. The following pre-designed assays
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(Applied Biosystems) were used: Pcp4, Rn00564515_m1; Sfrp5, Rn01766277_m1; Efempl,
Rn01434325_m1; Lrrcl7, Rn01442518 m1; Pcdhl17, Rn0166237_m1; Prelp,
Rn00584526_m1; c-Fos, Rn02396759_m1; Hifla, Rn01472834_m1; Atf3,
Rn00563784_m1; Frzb, Rn01746979_m1; Fgl2, Rn00584935_m1; Matn1,
Rn01519781_m1; Irx4, Rn01537358_m1; Syt8, Rn00584120_m1; Tm4sfl,
Rn01494890_m1; and 18S ribosomal RNA (18S rRNA): 185-4319413E. Each assay
contains primer and specific intron-spanning FAM or VIC-labeled (18S ribosomal RNA)
TagMan probes. Quantitative PCR conditions were as follows: 1 cycle at 50°C for 2 min and
95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Each sample,
which represents a single skeletal region from a single animal, was run in triplicate for every
assay along with 18S rRNA as a reference gene. 18S rRNA reportedly shows similar
expression levels in different tissues and is therefore useful as an internal standard for
quantitative comparison of mMRNA levels[17,18]. Triplicate threshold cycle (Ct) values were
averaged and then normalized to that of 18S rRNA from the same sample to account for
variability in cDNA loading. The quantity of each transcript was calculated relative to the
amount of starting cDNA, taking into account the efficiency of the respective PCRs, using
the formula: Relative Expression; = [(E;) T"/(E{)€T/] x 107, where “r” represents 185 rRNA,
and “i” represents the gene of interest. “E” represents efficiency of the respective PCR
reaction, and CT represents the threshold cycle [12]. Relative expression values were
multiplied by 107 to produce convenient numbers.

Generation of riboprobes for in situ hybridization

In situ hybridization was performed for Sfrp5, Gdf10, and Prelp in growth plate cartilage of
1-week-old rats. To generate templates for transcription of RNA probes, cDNA from 1-
week-old rat growth plate was amplified using platinum taq (Invitrogen) and primers that
contained either a T7 promoter or an SP6 promoter [19]:

Strp5 forward: TAATACGACTCACTATAGGGAGTGGGTGTCATGGCTAAGCA
Strp5reverse: TGGATTTAGGTGACACTATAGAGCTGAGCCTGCACTCCAGTC

Gdfi0forward:
TAATACGACTCACTATAGGGAGACCTGTGCCTGTCGGTAAGGT

Gdfl0reverse: TGGATTTAGGTGACACTATAGAGGCTCGGTGGACAGATCTTG
Prelp forward: TAATACGACTCACTATAGGGAGCCTGGACAACAACCGCATT
Prelpreverse: TGGATTTAGGTGACACTATAGACGGGATCCTGGAGATGAGGT

The cDNA was PCR amplified using 2720 Thermal Cycler (Applied Biosystems) at the
following thermal cycling conditions: 94°C for 2 min, followed by 35 cycles of 94°C for 30
s, 55°C for 30 s, 72°C for 45 s, followed by a final hold of 72°C for 7 min. A second
amplification was performed with the same parameters using 30 instead of 35 cycles. The
PCR product was confirmed by a single band of the expected size by agarose gel
electrophoresis and DNA sequencing. Single stranded riboprobes for /n situ hybridization
were transcribed using In Vitro Transcription Systems (Promega, Madison, W1)
incorporating a-3°S UTP and a-3°S ATP (1250 Ci/mmol, MP Biomedicals). T7 polymerase
was used for sense probes and Sp6 polymerase for antisense probes. Riboprobes were
purified by Micro Bio-Spin Columns P-30 Tris RNase free (BioRad.). 35S incorporation was
assessed by comparing radioactivity before and after the column purification, by liquid
scintillation counting.
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In situ hybridization

In situ hybridization was performed using frozen sections hybridized to 3°S-labeled
riboprobes as described by Zhou et al [20]. The sections were counterstained with
hematoxylin and eosin. Silver grains were visualized by scanning the slides with ScanScope
CS digital scanner (Aperio Technologies, Inc) under bright field microscopy. The
corresponding sense riboprobe was used as a negative control for each antisense probe.

Statistical analysis

Results

Data are presented as mean £ SEM. Comparison of expression levels in cartilage samples
collected from rats of different ages was performed by one-way ANOVA using log-
transformed relative expression data with age as the independent variable, followed by pair-
wise comparisons corrected for multiple comparisons using the Holm-Sidak method. All
three growth plate zones were collected from each 1-week-old animal. Therefore, individual
growth plate zones of 1-week-old rats do not represent independent samples. Pair-wise
comparisons of MRNA expression levels between individual growth plate zones of 1-week-
old animals were therefore analyzed using paired t-tests. SigmaStat 3.1 statistical program
was used to perform all statistical measures. All P-values were two-tailed, and significance
was recognized at A< 0.05.

The resting to proliferative transition

In the transition from the resting to the proliferative zone, expression of 677 genes was
upregulated and expression of 631 genes was downregulated (with £< 0.01 by ANOVA,
Table 1). Biological functions most strongly implicated in this step of differentiation
included: skeletal and muscular system development and function, tissue development,
cellular development, and cellular growth and proliferation, (all P< 107>, Table 1).
Functional pathways that were implicated in the resting to proliferative transition included:
vitamin D receptor/retinoid x receptor (VDR/RXR) activation, platelet-derived growth
factor (PDGF) signaling, BMP signaling, and notch signaling (all £< 0.05, Table 1).

The proliferative to hypertrophic transition

In the transition from the proliferative to the hypertrophic zone, expression of 1717 genes
was upregulated and expression of 1625 genes was downregulated (with £< 0.01 by
ANOVA, Table 2). Biological functions most strongly implicated in hypertrophic
differentiation included: cell cycle, cellular growth and proliferation, cellular movement, and
cell death (all P< 1077, Table 2). Functional pathways that were implicated in the
proliferative to hypertrophic transition included: p53 signaling, cell cycle: G2/M regulation,
cell cycle: G1/S regulation, ephrin receptor signaling, oncostatin M signaling, and BMP
signaling (all < 0.05, Table 2).

Identification of molecular markers for each growth plate zone

To identify useful molecular markers for each zone of the growth plate, we used an
empirical formula that gave high rank to genes that were expressed at high levels in a
particular zone and at low levels in both of the other two major zones. For the resting zone,
the highest-ranking marker was secreted frizzled-related sequence protein 5 (Sfrp5) which
showed mRNA levels in the resting zone that were 15-fold higher than in the proliferative
zone and 60-fold higher than in the hypertrophic zone (Fig. 1A; Table S1). Other candidate
markers for the resting zone included bone morphogenetic protein 3 (Bmp3) and gremlin 1
(GremI) two genes involved in BMP signaling, epidermal growth factor-containing fibulin-
like extracellular matrix protein 1 (EfempI), and collagen type 14 alpha 1 (Co/14a).
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For the proliferative zone, the highest-ranking marker was growth differentiation factor 10
(Gdf10), which is a member of the BMP family and which showed mRNA levels in the
proliferative zone that were 16-fold higher than in the resting zone and 110-fold higher than
in the hypertrophic zone (Fig. 1A; Table S1). Other candidate markers for the proliferative
zone included: Prelp, which is a cartilage extracellular matrix proteoglycan, and
protocadherin 17 (Pcdh1?).

For the hypertrophic zone, interestingly, the two highest-ranking markers were tissue non-
specific alkaline phosphatase (A/p) and collagen X (Co/10aI), two widely used markers for
hypertrophic chondrocytes (Fig. 1A; Table S1). Other candidate markers for the
hypertrophic zone included Indian hedgehog (//4#) and integrin binding sialoprotein (/bsp).

To validate some of our microarray findings, the expression of 3 marker genes in resting
zone (Sfrp5, Pcp4, Efempl) and proliferative zone (Lrrel7, Pedhl7, Prelp) were
corroborated using quantitative real-time PCR (Fig. 1B). In general, the expression pattern
and fold changes observed in real-time PCR agreed with our microarray data. To further
confirm our findings, the localization of several spatial markers in 1 week old growth plate
was studied by /n situ hybridization (Fig. 2). Signals for Sfrp5were primarily present in the
resting zone, whereas Gdf10and Prelp were present exclusively in the proliferative zone,
thus confirmed our microarray findings and justified the use of these genes as markers in the
corresponding zones.

Growth plate senescence - bioinformatic analysis

Changes associated with growth plate senescence were assessed by comparing gene
expression in growth plate cartilage of 3-week-old versus 12-week-old rats. With age,
expression of 1221 genes was upregulated and expression of 1046 genes was downregulated
(with P< 0.01 by ANOVA, Table 3). Biological functions most strongly implicated in
growth plate senescence included: skeletal and muscular system development and function,
organ development, small molecule biochemistry, and cell death (all < 1075, Table 3).
Functional pathways that were implicated in growth plate senescence included: eicosanoid
signaling, VDR/RXR activation, p38 mitogen-activated protein kinase (MAPK) signaling,
and Wnt/B-catenin signaling (all £< 0.05, Table 3).

Identification of molecular markers for growth plate senescence

To identify useful molecular markers for growth plate senescence, we used an empirical
formula that is analogous to the formulas used for the spatial data but gave high rank to
genes that were expressed at high levels in either 3-wks (youth markers) or 12-wks (aged
markers). For the young growth plate, the highest-ranking marker was insulin-like growth
factor 2 (/g7f2), which showed mRNA levels 82-fold higher at 3-wks than at 12-wks (Fig. 3;
Table S2). Other candidate youth markers included matrilin 1 (Matn1), frizzled-related
protein (Frzb) and Whi4. For the old growth plate, the highest-ranking marker was Pycard
(PYD and CARD domain containing), which showed mRNA levels increased 9-fold from 3-
wks to 12-wks of age (Fig. 2A: Table S2). Other candidate aged markers included Reelin
(Reln), chondroadherin (Chad) and Igf binding protein 7 (/gfbp7). Similar to the spatial
markers, the expression pattern of senescence markers observed in microarray was
confirmed using real-time PCR (Fig. 2B; youth markers: Frzb, Fgl2, Matn1; aged markers:
Irx4, Syt8, Tm4sfl).

Transcription factors implicated in regulation of growth plate chondrocyte functions

We also analyzed the spatial and temporal regulation of transcription factors that have
previously been implicated in regulation of growth plate chondrocytes in our microarray
(Fig. 4; Table 4). Some important transcription factors were being significantly regulated
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between the resting and proliferative zones (DIx5, ¢c-Fos, c-Maf, Nrf2, Runx2, Runx3, Soxe,
upregulation; Hifla, Shox2, downregulation), or between the proliferative and hypertrophic
zones (A3, c-Fos, c-Maf, MafB, MefZc, Mef2d, Runx2, Sox6, upregulation; Hifla, Runx3,
Shox2, downregulation) Some of these changes (¢-Fos, Hifla, Atf3) were confirmed using
real-time PCR (Fig. 3B). Similarly, several transcription factors showed significant
upregulation (Hifla, Jun) or downregulation (MefZc, Runx2, Runx3, Sox9) with age.

Relationship between spatial and temporal changes in growth plate chondrocytes

We hypothesized that the changes occurring during senescence in the proliferative zone
might be similar to those occurring as resting chondrocytes differentitate into proliferative
chondrocytes i.e. that with age growth plate chondrocytes become less like chondrocytic
stem cells. We also considered the alternative hypothesis that the changes occurring during
senescence in the proliferative zone might be similar to those occurring as proliferative
chondrocytes differentitate into hypertrophic chondrocytes i.e. that with age growth plate
chondrocytes move closer to the terminally-differentiated state. To test the likelihood of
these hypotheses, we examined the 100 genes that were most up-regulated and 100 genes
that were most down-regulated with age (3- vs. 12-weeks with £< 0.01). For these genes,
we assessed the correlation, between their temporal regulation (change in expression with
age) and their spatial regulation (change in expression between adjacent zones) (by Pearson
pairwise correlation, Table 5). Temporal changes correlated significantly with proliferative-
to-hypertrophic (r=0.1561, £=0.0273), but not the resting-to-proliferative changes
(r=0.0160, P=0.8226). Consistent results were obtained when the correlation analysis was
performed using significant genes in proliferative-to-hypertrophic comparison (r=0.1999,
P=0.0045). Our data suggested that age-driven changes may share some similarities with the
proliferative-to-hypertrophic transition, but the overlap appears to be modest.

Discussion

We used microdissection of growth plate tissue combined with microarray analysis to obtain
an overall, unbiased assessment of how gene expression is regulated spatially and
temporally in growth plate cartilage. We previously presented evidence supporting the
validity of this approach [12]; we found strong agreement between relative gene expression
levels in different zones of the growth plate evaluated using microarray and levels evaluated
using real-time PCR. This agreement was confirmed for collagen type X, alkaline
phosphatase, and multiple genes functionally related to BMP signaling. Because the
microarray analysis and the real-time PCR analysis in that study were performed on
different sets of samples, the findings also demonstrate the reproducibility of the
microdissection. Furthermore, the strong localization of collagen X and alkaline phosphatase
to the hypertrophic zone, which matched previous studies using /n situ hybridization,
suggesting that the microdissection into component zones is not just reproducible but also
accurate. In that previous study, we focused only on the expression of BMP-related genes in
the different zones of the growth plate. Here we report the overall results of the microarray
study, including both spatial and temporal comparisons, using bioinformatic approaches to
explore large-scale patterns in gene expression.

We first explored the spatial regulation of gene expression in the growth plate by comparing
expression between different zones of the growth plates of 1-week-old rats. These
differences in expression between zones represent the shifts in expression that occur as
chondrocytes differentiate from the resting to the proliferative and then to the hypertrophic
state. In the transition from the resting to the proliferative zone, the microarray analysis
implicated several functional pathways: VDR/RXR activation, PDGF signaling, BMP
signaling, and notch signaling. BMPs have already been shown to play an important
regulatory role in the growth plate [12,21,22], including a role in differentiation of
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mesenchymal cells into chondrocytes [23], of proliferative chondrocytes into hypertrophic
chondrocytes [4,21,23] and proliferation of resting zone chondrocytes [24]. PDGFs have
been shown to stimulate proliferation of cultured growth plate chondrocytes [4,25-28], but
there is less information about their role /n vivo. Members of the notch family and their
receptors are expressed by hypertrophic chondrocytes [29], and was recently reported to
play critical role in chondrocyte proliferation and differentiation [30]. Vitamin D receptor
ablation in mice causes important growth plate abnormalities but this appears to be related to
the resulting abnormal mineral homeostasis[31], and at least some of the direct effects of
vitamin D on the growth plate appear not to be mediated by the nuclear vitamin D receptor.

In the transition from the proliferative to the hypertrophic zone, the microarray analysis
implicated other functional pathways: p53 signaling, cell cycle: G2/M regulation, cell cycle:
G1/S regulation, ephrin receptor signaling, oncostatin M signaling, and BMP signaling (all P
< 0.05, Table 1, Figure 2). P53 may play a role in apoptosis of growth plate chondrocytes
[32]. Ephrin receptors, which interact with membrane-bound ligands causing bidirectional
signaling, have been implicated in bone remodeling [33] but not, to our knowledge, in
growth plate biology previously. Similarly, Oncostatin M, a pleiotropic member of the
interleukin-6 cytokine family [34], has not, to our knowledge, previously been implicated in
growth plate biology.

We also used the microarray findings to identify potential molecular markers for each zone
of the growth plate. We employed an empirical formula that allowed us to rank the genes
based on their pattern of gene expression. Genes received a high rank only if they were well-
expressed in the zone of interest and if the expression ratio between the zone of interest and
both other zones was high. For the hypertrophic zone, two of the most frequently used
markers, collagen type X, and tissue-nonspecific alkaline phosphatase emerged as the two
best-ranked genes, which supports the validity of our approach. For resting zone and
proliferative zone, equally well-established molecular markers have not previously been
available. We identified potential markers that show greater than 10-fold specificity for each
of these zones. Some but not all of these potential markers have known or suspected roles in
chondrocyte biology. The identified mMRNAs are likely to prove useful as markers for the
resting and proliferative zones in studies using RNA-based methods, as we showed using /n
situhybridization and real-time RT-PCR. Whether the proteins encoded by these MRNAs
will prove useful as markers using immunohistochemistry or western blot analysis remains
to be determined.

Our analysis implicated several functional pathways in the developmental program of
growth plate senescence: eicosanoid signaling, VDR/RXR activation, p38 MAPK signaling,
and Wnt/p-catenin signaling. Each of these pathways have previously been implicated in
growth plate chondrocyte regulation [35-44] generally but not specifically in the
programmed loss of function and other senescent changes that occur during postnatal life.
Similar to identifying spatial markers, we used an empirical formula to identify molecular
markers for growth plate senescence. This approach identified multiple genes that showed
large increases in expression with age and other genes that showed large decreases. The
expression level of these genes may be useful indicators of the maturational state and
residual proliferative capacity of the growth plate chondrocytes, and therefore can be
employed to study processes that delay [10] or accelerate [45] growth plate senescence.

Transcription factors that have previously been implicated in the regulation of growth plate
chondrocyte proliferation and differentiation showed complex spatial and temporal
expression patterns. Some of the transcription factors that have been previously implicated

in hypertrophic differentiation such as A#f3, MefZc, Mef2d, and RunxZ, were upregulated in
the proliferative to hypertrophic transition of the 1-week postnatal rat growth plate. Koziel ef
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al. reported that Gli3 represses the transition from round into columnar chondrocytes [46].
Except for that finding, transcription factors that regulate the resting to proliferative
transition and the progression of senescence have not been well studied. Consequently, the
current findings regarding the spatial and temporal expression patterns of transcription
factors suggest new roles for these factors in switching gene expression to induce the resting
to proliferative and proliferative to hypertrophic transition, as well as the complex changes
associated with growth plate senescence.

Although bioinformatic analysis of expression microarray findings can identify important
functional pathways involved in a physiological, pathological, or pharmacological process,
this approach is neither completely sensitive nor specific. For example, downregulated
expression of a single key gene in a signal transduction pathway might abrogate signaling,
and yet the pathway as a whole might not be identified by a bioinformatic analysis.
Conversely, significantly downregulated expression of multiple genes within a pathway does
not prove a functional role for that pathway. Therefore, the findings in the current study can
only be considered as hypothesis generating. For each of the novel pathways implicated,
additional studies are needed to confirm the expression findings using independent methods
and to investigate the functional role.

There have been other studies recently published that used microarray analysis to investigate
gene expression within the mammalian growth plate. There are important differences
between the current study and these previous studies, and therefore our study complements
rather than replicates previous findings. Wang et al. [47] compared gene expression in the
proliferative zone and hypertrophic zone of 6-7 week-old rats and identified genes that were
highly expressed in both zones and genes that were differentially expressed. Their analysis
implicated BMP signaling as important in the proliferative to hypertrophic transition, a
finding supported by our data. Similarly, Belluoccio et al. [48] used microarray analysis to
investigate genes that were differentially expressed in the proliferative, prehypertrophic and
hypertrophic zones of 14-day-old mice. Our study differs in that it included resting zone,
analyzed temporal as well as zonal effects on gene expression, used a larger number of
samples per zone, and involved younger animals (1-week-old). We then used bioinformatic
algorithms that implicated multiple functional pathways in the resting-proliferative
transition, proliferative-hypertrophic transition, and senescence of growth plate
chondrocytes with statistical significance.

In summary, we have used microdissection to collect individual growth plate zones from
proximal tibiae of 1-wk rats and the PZ and early hypertrophic zones of growth plates from
3-, 6-, 9-, and 12-wk rats and used microarray to analyze global gene expression.
Bioinformatic analyses of the gene expression data confirmed previously known and
implicated novel biological functions, molecular pathways, transcription factors and markers
for spatially-associated chondrocyte differentiation and temporally-associated senescence. In
addition, comparison of gene expression changes during chondrocyte differentiation and
senescence did not reveal a substantial overlap, thus suggesting that the mechanisms that
block proliferation as chondrocytes hypertrophy is different from those that restrict
proliferation with increasing age.
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Figure 1. Changes in gene expression (mean + SEM) of spatial markers across the tibial growth
plate of 1 wk old rats

Different zones of the growth plate cartilage were micro-dissected. (A) The relative
expression of MRNA in each zone was measured by expression microarray (Affymetrix Rat
Genome Array 230 2.0). The data was background corrected and normalized using the
MASS statistical algorithm. (B) The relative expression of Sfrp5, Pcp4, Efempl, Lrrcl7,
Pcdh17, and Prefp was verified using quantitative real-time PCR. RZ, resting zone; PZ,
proliferative zone; HZ, hypertrophic zone.
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Resting Zone Marker

Proliferative Zone Marker

Figure 2. mRNA expression of Sfrp5, Gdf10, and Prelp in growth plate cartilage of 1-week-old
rats by in situ hybridization

Frozen sections were hybridized to 35S -labeled riboprobes. The corresponding sense
riboprobe was used as a negative control for each antisense probe. Silver grains were
visualized by scanning the slides with ScanScope CS digital scanner (Aperio Technologies,
Inc) under bright field microscopy. The left hand panel in each row shows the proximal
tibial at low magnification. The other panels show high magnification views of resting zone
(RZ), proliferative zone (PZ), and hypertrophic zone (HZ) taken from within the rectanglar
area indicated in the corresponding left hand panels. Scale bar, 500m for low
magnification; 50pm for high magnification.
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Figure 3. Changes in gene expression (mean + SEM) of senescence markers in the proliferative
zone of 3, 6, 9, and 12 wk old rats

Proliferative zones of the growth plate cartilage were micro-dissected. (A) The relative
expression of MRNA at different ages was measured by expression microarray (Affymetrix
Rat Genome Array 230 2.0). The data was background corrected and normalized using the
MASS statistical algorithm. (B) The relative expression of Frzb, Fgl2, Matnl, Irx4, Syt8,
and Tm4sf1 was verified using quantitative real-time PCR.
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Figure 4. Spatial and Temporal changes in gene expression (mean + SEM) of transcription
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(A) Relative expression of mMRNA was measured by expression microarray (Affymetrix Rat
Genome Array 230 2.0). Spatially, mRNA in different zones of growth plate of 1 wk old rats
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compared. The data was background corrected and normalized using the MASS statistical

algorithm. *, £< 0.05 compared with the preceding zone; NS, not significant (B) For
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significant spatial changes, the relative expression of ¢-Fos, Hifla, and Atf3was verified
using quantitative real-time PCR. RZ, resting zone; PZ, proliferative zone; HZ, hypertrophic

zZone.
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Bioinformatic analysis of the genes changing from resting zone to proliferative zone in the growth plate
cartilage of 1 wk old rats using the computer program Ingenuity Pathway Analysis 7.1.

Upregulated Genes  No of genes

Table 1
Resting Zone to Proliferative Zone

P<0.01 677

P<0.01, = 2.0 fold 153

Biological Functions Pvalue  No of genes
Cellular Development 6.74E-06 29
Cellular Growth and Proliferation  6.74E-06 45
Cell Morphology 1.02E-04 14
Cellular Compromise 3.71E-04 13

Cell Cycle 6.06E-04 14

Downregulated Genes  No of genes

P<0.01 631

P<0.01, = 2.0 fold 241

Biological Functions Pvalue  No of genes
Skeletal and Muscular System Development and Function ~ 8.68E-09 81
Tissue Development 8.27E-08 100
Small Molecule Biochemistry 2.31E-05 43
DNA Replication, Recombination, and Repair 2.31E-05 29
Nucleic Acid Metabolism 2.31E-05 16

Functional Pathways P value Ratio*

VDR/RXR Activation ~ 1.710E-02  8/80 (10.0%)

PDGF Signaling 3.027E-02  7/77 (9.1%)
BMP Signaling 3.155E-02  7/80 (8.8%)
Notch Signaling 3.184E-02  4/41 (9.8%)

Ratio = number of molecules with £> 0.05/total number of molecules in the pathway
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Table 2
Proliferative Zone to Hypertrophic Zone

Page 20

Bioinformatic analysis of the genes changing from proliferative zone to hypertrophic zone in the growth plate

cartilage of 1 wk old rats using the computer program Ingenuity Pathway Analysis 7.1.

Upregulated Genes  No of genes

P<0.01 1717

P<0.01, = 2.0 fold 794

Biological Functions Pvalue  No of genes
Cellular Growth and Proliferation  6.41E-10 234
Cellular Movement 1.26E-09 152
Cell Death 1.87E-09 213
Cell Morphology 3.28E-08 133
Cellular Development 3.44E-08 181

Downregulated Genes  No of genes

P<0.01 1625

P<0.01, = 2.0 fold 635

Biological Functions Pvalue  No of genes
Cell Cycle 5.79E-10 224
Cellular Growth and Proliferation 2.25E-09 427
Cell Death 3.86E-08 396
Skeletal and Muscular System Development and Function ~ 4.74E-07 98
Cellular Movement 1.93E-06 252
Functional Pathways P value Ratio*

p53 Signaling 1.726E-03  19/87 (21.8%)

Cell Cycle: G2/M Regulation ~ 5.140E-03 ~ 10/43 (23.3%)
Cell Cycle: G1/S Regulation ~ 1.832E-02  12/59 (20.3%)
Ephrin Receptor Signaling 3.311E-02  28/193 (14.5%)

Oncostatin M Signaling 3.698E-02  8/38 (21.1%)

BMP Signaling 4.385E-02  15/80 (18.8%)

Ratio = number of molecules with 2> 0.05/total number of molecules in the pathway
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Senescence (3 wk to 12 wk)

Table 3

Page 21

Bioinformatic analysis of the genes changing in the proliferative zone from 3 wk to 12 wk old rats using the
computer program Ingenuity Pathway Analysis 7.1.

Upregulated Genes  No of genes

P<0.01 1221

P<0.01, = 2.0 fold 173

Biological Functions Pvalue  No of genes
Small Molecule Biochemistry 6.29E-06 25
Cell Death 6.84E-06 38
Cell Morphology 8.75E-06 46
Cellular Growth and Proliferation 2.24E-05 57
Cellular Function and Maintenance ~ 4.79E-05 9

Downregulated Genes  No of genes

P<0.01 1046

P<0.01, = 2.0 fold, 131

Biological Functions Pvalue  No of genes
Skeletal and Muscular System Development and Function ~ 6.91E-09 52
Organ Development 3.74E-06 24
Cellular Growth and Proliferation 1.70E-05 106
Cardiovascular System Development and Function 1.70E-05 36
Tissue Development 2.97E-05 72

Functional Pathways P value Ratio*

Eicosanoid Signaling 7.063E-03  5/84 (6.0%)
VDR/RXR Activation 1.033E-02  7/80 (8.8%)
p38 MAPK Signaling 2.301E-02  6/95 (6.3%)
Wht/B-catenin Signaling  3.846E-02  9/165 (5.5%)

Ratio = number of molecules with £> 0.05/total number of molecules in the pathway
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Table 5
Correlation Between Spatial and Temporal Changes in the Growth Plate

Correlation between temporal and spatial regulation of gene expression in the growth plate cartilage. The top
200 genes (P< 0.01, ranked by geometric fold change) that changed significantly either with age, resting to
proliferative zone, or proliferative to hypertrophic were analyzed. Changes in mRNA levels were compared by
correlation analysis. The correlation coefficients (rvalues) and Pvalues were shown.

Top 200 genes changing from 3 wk to 12 wk

Comparison between: Pearson’s rvalue Pvalue
3to 12wk vs RZ to PZ 0.0160 0.8226
3to 12wk vs PZ to HZ 0.1561 0.0273

Top 200 genes changing from resting to proliferative zone:
Comparison between: Pearson’s rvalue Pvalue
RZ to PZ vs 3 to 12wk -0.1411 0.0462
Top 200 genes changing from proliferative to hypertrophic zone:
Comparison between: Pearson’s rvalue Pvalue

PZ to HZ vs 3 to 12wk 0.1999 0.0045
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