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Abstract

Purpose—Genes and pathways involved in early growth plate chondrocyte recovery after
fractionated irradiation were sought as potential targets for selective radiorecovery modulation.

Methods and Materials—Three groups of six 5 week male SD rats underwent fractionated
irradiation to the right tibiae over 5 days totaling 17.5 Gy and then were killed at 7, 11 and 16 days
following the first radiotherapy fraction. The growth plates were collected from the proximal tibiae
bilaterally and subsequently underwent laser microdissection to separate reserve, perichondral,
proliferative, and hypertrophic zones. Differential gene expression was analyzed between irradiated
right and non-irradiated left tibia using RAE230 2.0 GeneChip microarray, compared between zones
and time points and subjected to functional pathway cluster analysis with real-time PCR to confirm
selected results.

Results—Each zone had a number of pathways showing enrichment following the pattern of
hypothesized importance to growth plate recovery, yet few met the strictest criteria. The proliferative
and hypertrophic zones showed bhoth the greatest number of genes with a 10 fold right/left change at
7 days after initiation of irradiation and enrichment of the most functional pathways involved in bone,
cartilage, matrix and/or skeletal development. Six genes confirmed by real-time PCR to have early
upregulation included Igf2, Colla2, Mmp9, Pthrl, Fmod, and Agcl.

Conclusions—Nine overlapping pathways in the proliferative and hypertrophic zones (skeletal
development, ossification, bone remodeling, cartilage development, extracellular matrix structural
constituent, proteinaceous extracellular matrix, collagen, extracellular matrix, and extracellular
matrix part) may play key roles in early growth plate radiorecovery.
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Introduction

Methods

Longitudinal bone growth results from orderly coordination of chondrocyte proliferation and
hypertrophy, calcification of the matrix, vascular invasion, and completion of endochondral
bone formation in the growth plate. Despite recent advances, a complete understanding of the
factors regulating progression in the growth plate has not been achieved. Even less is
understood about the mechanisms of recovery of the growth plate from radiation damage. What
is known is that children who receive radiotherapy for bone or soft-tissue sarcomas in areas
close to a growth plate are at high risk for developing growth arrest, angular deformity, and/
or limb length discrepancy. (1,2,3)

Some capacity for growth plate recovery after irradiation appears to exist, based both on the
variability of clinical outcomes following irradiation of the growth plate and on evidence from
our own work in the weanling Sprague-Dawley rat model. Our recent work has focused on
obtaining a better understanding of early growth plate recovery in order to develop potential
selective radiorecovery agents for clinical use during radiotherapy treatment of pediatric solid
tumors. It is postulated that identification of key early upregulated genes may provide an
understanding of the mechanism of this recovery and lend itself to the development of novel
radiorecovery agents.

In our earlier work a single fraction model was utilized for simplicity’s sake. (4,5) Examination
of gene recovery isolated to the proliferative (PZ) and hypertrophic (HZ) zones suggested a
specific pattern of radiorecovery involving phased upregulation of both matrix elements and
growth factors/cytokines. Since fractionation is the clinical norm; we sought in this manuscript
to report the more clinically relevant pattern of radiorecovery following fractionated
irradiation. In addition, since key growth plate regulatory elements are thought to be generated
in the perichondrium and reserve zone, these zones were also isolated by laser microdissection
in the current report.

The purpose of this report was to utilize laser microdissection and microarray to separate and
characterize gene expression in four zones of the growth plate after fractionated irradiation, as
well as to determine enrichment of gene ontology functional groups in significantly changed
genes. Our hypothesis was that differential upregulation of specific gene expression exists
between irradiated and nonirradiated reserve zone (RZ), proliferative zone (PZ),
perichondrium (PC) and hypertrophic zone (HZ) chondrocytes and that some factors
potentially vital to growth plate recovery would follow a pattern of early upregulation followed
by a decrease in expression.

All animal procedures were reviewed and approved by the Institutional Use and Care of
Animals Committee (IUCAC). Three groups of six 5 week male SD rats underwent fractionated
irradiation to the right tibiae over 5 days totaling 17.5 Gy. The left side tibiae served as non-
irradiated controls. At 7, 11 and 16 days following the first radiotherapy fraction, the animals
were Killed by carbon-dioxide asphyxiation, and the growth plates were collected from the
proximal tibiae bilaterally and immediately frozen in liquid nitrogen and stored at -70°C. The
entire collecting process was completed within two minutes.

These timepoints were chosen based upon previous work showing that, from a histologic
perspective, the growth plate reaches its most disorganized, paucicellular state at approximately
one week after irradiation. Gradual recovery has been noted thereafter, with clones of
regenerating chondrocytes clearly identified beginning at 2 weeks after irradiation. Hence, in
order to find genes that might play a role in stimulating growth plate recovery, we hypothesized
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that the key genes would be upregulated by 7 days but would gradually return toward normal
by 11 and 16 days after irradiation.

Laser Microdissection

Serial sections (6 um for laser microdissection) were cut on a Leica CM3050 cryostat
immediately before the planned laser microdissection. The laser microdissection (LMD), RNA
extraction and Gene Chip Hybridization procedures were previously described.(6) For each of
the four zones at each of the three time points, equal amounts of RNA from the three samples
derived from three different limbs on each side (right and left) were pooled to create a single
sample to reduce the individual variability and sampling errors, resulting in eight samples of
RNA from the six limbs at each time point, 24 samples in all.(Figure 1) The twenty-four RNA
samples included the right RZ at 7 days, left RZ at 7 days, right PZ at 7 days, left PZ at 7 days,
right HZ at 7 days, left HZ at 7 days, right PC at 7 days, and left PC at 7 days, and identical
sets for 11 and 16 days. Each pooled sample had 30-50 ng RNA.

Real-Time RT-PCR

Real time quantitative RT-PCR was performed as previously described.(6) The 25 pl reaction
consisted of SYBR Green PCR Master Mix (PE Applied Biosystems, CA), rat specific primers
for genes Igf2, Colla2, Mmp9, Pthrl, Fmod, Agcl at a concentration of 300 nM, and 5 ng
pooled cDNA. All samples were run in triplicate along with 18srRNA as reference gene
(forward, 5’GGTCATAAGCTTGCGTTGAT3', reverse, 5’
TCAAGTTCGACCGTCTTCTC3’) and no template controls.

Analysis of Changes in Gene Expression

To identify differentially expressed genes in RZ, PZ, HZ and PC, RAE230 2.0 GeneChip
microarray chips were used and Affymetrix GCOS/MAS 5 was used to generate a list of genes
designated as “present” in any or all zones. Then, GeneSpring GX (Agilent Technologies,Palo
Alto, CA) was used to identify differentially expressed genes in right zonal samples which
were normalized to the left tibia at each of the three time points using the Robust Multiarray
Analysis (RMA) method. An intensity filter of 10 times the lowest background expression
level was applied in GeneSpring to normalized data in order to cut out very low expressed
genes. Meaningful differential expression was determined at the 99.9% confidence level.(7)
We included genes at the extreme tails of the distribution curve at +/- 3.3 z-scores from the
mean, rather than an arbitrary fold difference.

Two additional steps were used for the microarray analysis: clustering self-organizing maps
(SOM) and pathway analysis. Gene lists were clustered by SOM in GeneSpring, and clusters
fitting the hypothesized temporal expression pattern (upregulation at 7 days, then decreasing
expression at 11 and 16 days) were selected within each zone (RZ, PZ, HZ, and PC) for
additional pathway analysis. Based on our hypothesis that the pattern of importance was limited
to those genes that were significantly differentially expressed at 7 days on the irradiated side
compared to the non-irradiated side and then decreased, we selected either a 4x3 or a 3x2
matrix depending upon the best fit of the data. For the RZ there were 23 genes that passed our
expression level filter and for PC there were only 18 genes that passed the expression level
filter, so a smaller (3x2) matrix sufficed. By contrast, for the PZ and HZ, with 244 and 245
genes passing the expression level filter, respectively, a 4x3 matrix did not adequately separate
out a limited number of clusters that fit the desired pattern. Therefore, we discarded the SOM
in lieu of simply analyzing these genes as one large group, for PZ and HZ separately, for the
purposes of pathway analysis.

Functional pathway analysis for all zones was accomplished using hypergeometric p-values,
manually performed in Microsoft Excel, to confirm significance, accepting hypergeometric p
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values of less than 0.05. In addition to the hypergeometric p-values, pathways also had to
include >1 probe set from the experimental data set and to have a fold enrichment score (FER)
>5 in order to be considered meaningful.

For all four growth plate zones (RZ, PZ, PC, HZ), overall pathway analysis of all genes that
met the expression level filter was accomplished independent of their temporal expression
pattern. As in the pathway analysis of the individual clusters, enrichment of GO functional
groups was determined to be meaningful with the number of probe sets in our experimental
data of >1, hypergeometric p-values of less than 0.05, and fold enrichment of >5. We also
identified enriched GO groups that are involved in skeletal development and bone remodeling.
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). The
experimental series of data files has been deposited into the Gene Expression Omnibus (GEO)
at NCBI (accession GSE9537).

Of the 31,099 probe sets arrayed on the chips, 23 RZ genes, 244 PZ genes, 245 HZ genes, and
18 PC genes having differential expression within the previously defined parameters were
selected for further analysis.

Reserve Zone

A 3x2 SOM was performed to cluster RZ genes, and three of the six clusters showed
progressive upregulation from 7 to 11 to 16 days.(Supplementary Fig 1) Two clusters (1,2)
and (1,3) fit the pattern of significant upregulation on day 7 with expression decreasing on days
11 and 16.(Supplementary Fig 1) On pathway analysis of this cluster, no significant enrichment
of GO groups was determined. Cluster (1,3) comprised 6 genes of which 4 were significantly
upregulated at seven days.(Table I)

On pathway analysis of the entire group of 23 RZ genes meeting the differential expression
level filters, enrichment was seen for 16 GO ontology pathways, including 4 molecular and 12
biological but no cellular pathways. Hence, these represent enriched RZ pathways containing
genes differentially expressed at some point during the period after irradiation, but not
necessarily following the hypothesized time pattern. Of these, there were no pathways
specifically involving BCMSD. (Table 11) None of these 16 pathways had five or more probe
sets in our experimental data.(Table I11)

Proliferative Zone

For the PZ genes, both 3x2 and 4x3 SOM’s were examined in cluster analysis, and all but one
cluster followed to some extent the hypothesized pattern.(Supplementary Fig 2) Therefore,
pathway analysis of the entire group of 244 genes passing the differential expression level filter
was done in lieu of detailed cluster analysis.(Table 1) This showed 103 enriched pathways
with a minimum of 2 probe sets and a minimum fold enrichment of 5. These pathways included
32 molecular, 28 cellular, and 43 biological pathways. Sixteen pathways (16%) involved
BCMSD.(Table I1I) Forty-three of the 103 (42%) pathways had a minimum of five probe sets
in our data set. Nine (9%) of those 103 pathways involved BCMSD and also had a minimum
five probe sets in our data set.(Table I111)

Perichondrium

For the PC genes, all clusters from the 3x2 SOM showed the trend of hypothesized importance.
(Supplementary Fig 3) Therefore, pathway analysis of the entire group of 18 PC genes passing
the differential expression level filter was done.(Table V) Pathway analysis for all 18 PC genes
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passing the expression level filter showed enrichment of 52 pathways with a minimum of 2
probe sets per pathway from our data set. Of those 52, there were 5 molecular, 20 cellular, and
27 biological. (Table VI) Only 15 pathways (19%) involved 5 or more probe sets from our
data, and 4 pathways (8%) were involved in BCMSD. However, none of those 4 pathways
involving BCMSD involved 5 or more probe sets from our data.(Table I11)

Hypertrophic Zone

For the HZ genes, all clusters from the 4x3 SOM showed the temporal trend of hypothesized
importance.(Supplementary Fig 4) Therefore pathway analysis of the entire group of 245 HZ
genes was done.(Table VII) For pathway analysis of all 245 HZ genes meeting the expression
level filter, 201 pathways showed enrichment with a minimum 2 probe sets per pathway. Of
these, there were 39 molecular, 21 cellular, and 141 biological pathways. Nineteen pathways
(9%) involved BCMSD. (Table VII) Seventy-two pathways (36%) involved 5 or more probe
sets from the current data set. There were 12 pathways (6%) that involved BCMSD as well as
including a minimum of a 5 probe sets.(Table 111)

Other overlapping and unique pathways not related to BCMSD are shown in Supplementary
Table | for all zones. Gene Ontology trees for significantly enriched GO terms have been
created using QuikGO (http://www.ebi.ac.uk/ego/) and can be found in supplementary Figures
5-8 for RZ, PZ, PC and HZ, respectively.

Real Time Results

To confirm the microarray results, 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 genes among the 18 genes listed in Table V and 37 genes in Table
VII1I that were determined to show significant early upregulation by microarray filters. These
six genes included insulin-like growth factor 2 (1gf2), procollagen type I alpha 2 (Colla2),
matrix metallopeptidase 9 (Mmp9), parathyroid hormone receptor 1 (Pthrl), fibromodulin
(Fmod), and aggrecan 1 (Agcl). Real time PCR LOG 2 ratios (R/L) of two genes, 1gf2 and
Col1a2, from irradiated (R) and non-irradiated (L) perichondrium over 7, 11 and 16 days
showed significant early upregulation followed by later downregulation., this real time PCR
data highly correlated with the microarray results (R>0.99, Table IX-A). Additionally, four
genes, Mmp9, Pthrl, Fmod and Agcl, indicated significant early upregulated changes at 7 days
in HZ and PZ. The LOG 2 ratios (R/L) of these genes were also validated with real time PCR,
in which high correlation coefficients between the microarray and real time PCR data were
present. (Table 1X-B)

Discussion

The damaging effect of radiotherapy on growth plate chondrocytes is well documented and
has been the focus of much laboratory evaluation to date. (4,8-18) Since radiotherapy is
sometimes necessary for the treatment of musculoskeletal oncology tumors in skeletally
immature patients, previous work has focused on the beneficial effects of radioprotectants in
selectively preventing growth plate damage. (4,8-18) However, the chondroprotective effects
of these drugs are incomplete. Recent interest in our laboratory has focused on the use of
selective radiorecovery agents to stimulate growth plate return without stimulating tumor
growth. Animal models suggest that the irradiated growth plate has some capacity to recover
after injury. (10,12,16) The appearance of chondrocyte clones which repopulate the growth
plate and account in large part for its functional recovery are preceded by the early upregulation
of specific genes. (10,12,16,17,18) We hypothesized that the genes and pathways of greatest
importance to growth plate recovery are upregulated early on during the temporal growth plate
recovery process. (17,18) In this experiment, laser microdissection was accomplished on four
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growth plate zones (RZ, PC, PZ and HZ) following a clinically relevant fractionated 17.5 Gy
(5 x 3.5 Gy) irradiation. The purpose was to identify individual genes and pathways showing
early upregulation that may play an important role in growth plate radiorecovery. Based upon
the results, we can now confirm our hypotheses that (1) differential upregulation of specific
gene expression exists between irradiated and nonirradiated RZ, PZ, PC and HZ chondrocytes
and (2) that a number of factors potentially vital to growth plate recovery do follow a pattern
of early upregulation followed by a decrease in expression.

Each zone examined in the current study had a number of pathways showing enrichment
following the pattern of hypothesized importance to growth plate recovery, yet few met the
strictest filters applied. Among the four zones, the majority of the clusters for the PC, PZ, and
HZ fit the hypothesized pattern, whereas only half of the RZ clusters did. The PZ and HZ were
the two zones with the greatest number of genes showing a 10 fold change at 7 days after
initiation of fractionated irradiation, having 244 and 245 genes, respectively, meeting those
criteria. These two zones also showed enrichment of the most functional pathways involved
BCMSD (9 in PZ and 12 in HZ) at the strictest filter criteria (having a minimum of five
transcripts). Broadening the filter to include a minimum of only two transcripts, the PZ showed
16 and the HZ showed 19 enriched pathways involved BCMSD. In using the broadened filter
criteria the PC also showed four enriched pathways BCMSD. With only 18 PC genes and 23
RZ genes having passed the differential expression level filter, it is not surprising that none of
the pathways involved in BCMSD had a minimum of five transcripts in either of those two
Zones.

There was considerable overlap between the 9 PZ and 12 HZ BCMSD pathways showing
enrichment in the PZ and HZ. The 9 overlapping pathways included: 4 involved in skeletal
development (skeletal development, ossification, bone remodeling and cartilage development)
and 5 involved in extracellular matrix or extracellular matrix structural constituent
(extracellular matrix structural constituent, proteinaceous extracellular matrix, collagen,
extracellular matrix, and extracellular matrix part). Because of some overlap in GO
terminology, some of the skeletal development pathways were also involved in bone
remodeling and cartilage development. (Table I11)

Earlier analogous work in our laboratory with post-irradiation laser microdissection utilized a
more pragmatic but less clinically applicable radiation scheme of a single 17.5 Gy fraction in
examining the early post-radiation growth plate response. (17,18) In those studies, microarray
analysis was performed on chondrocytes obtained by laser microdissection from the
proliferative zone (PZ) and hypertrophic zone (HZ) of normal and irradiated tibia growth plates.
Furthermore, pathway analysis was not as rigorous as in the current report. From the
perspective of cytokines and growth factors in the earlier work, IGF2 was found to be up-
regulated in the PZ and CTGF to be up-regulated in both the PZ and HZ at one week after
single fraction irradiation.(17) Since this earliest time point examined occurred prior to the
histomorphometric appearance of growth plate recovery previously reported in this immature
animal radiation model, IGF2 and CTGF were suggested to be important to early growth plate
recovery.(10,17) By two weeks after that single 17.5 Gy fraction, a number of other growth
factors and cytokines (CTGF and Pthrl in both zones, CXCL12 and its receptor in the PZ, and
IL-17b and bone morphogenetic protein 2 in the HZ) showed upregulation, suggesting a
possible later role in radiorecovery.(17)

Three of the growth factor and cytokine genes previously reported to be upregulated were found
to fit the hypothesized pattern of early upregulation after fractionated radiation. These genes
were also involved in the 12 enriched pathways shared by the proliferative and hypertrophic
zones. These include PTHr1 in both zones, CTGF in HZ, and BMP2 in HZ. While each of
these genes were significantly upregulated 7 days after the initiation of the fractionation
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scheme, only CTGF had followed that pattern in the earlier work of single fraction irradiation,
while both PTHr1 and BMP2 were elevated later in the response sequence. Interestingly, CTGF
remained elevated at both timepoints in our earlier work, but while it remained meaningfully
upregulated through 11 days after this fractionation scheme, it was no longer upregulated by
16 days. The other potentially important early growth factor contributor to growth plate
recovery, IGF2, was not among the 34 genes following the hypothesized pattern drawn from
the 12 enriched pathways. (Table V1I1) Putting these findings together, two explanations seem
plausible. First, IGF2 may play less of a role in recovery from the smaller fractionated
radiotherapy insults while BMP2 and PTHR1, along with CTGF, may play more of arole. The
alternative explanation is that a very early peak of IGF2 and CTGF was missed with the peak
in CTGF persisting longer.

From the perspective of extracellular matrix (ECM) changes after irradiation, the report of
Zhang et al utilized the same single 17.5 Gy fraction with laser microdissection of only the PZ
and HZ in preparation for microarray, real-time PCR, and in situ hybridization. (18) In that
work, both at one and two weeks after irradiation, normally expressed ECM genes and others
not highly expressed in the normal growth plate showed upregulation. Conversely,
metalloproteinases and cathepsins were down-regulated. Premature terminal differentiation
was observed in the PZ by gene expression changes resulting in features of the normal HZ. In
addition to normally expressed ECM genes (such as Ibsp, Mgp, Colla2, Collal), ECM genes
not highly expressed in the normal growth plate in the earlier study included several members
of the small leucine-rich proteins (SLRP) and the ezrin-radixin-moesin (ERM) family. The
accumulation of matrix following radiation injury to the growth plate, as previously reported
in a predominately histomorphometric study, correlated well with the observed changes in
ECM gene expression in the single fraction model.(10,18) Upregulation of the less commonly
described growth plate genes was offered as support for their importance in the injury and
repair response.(18)

Among the list of 34 genes fitting the hypothesized temporal pattern of importance and derived
from the genes comprising the 12 enhanced PZ and/or HZ pathways, there were nine
extracellular matrix genes that had previously been reported as being meaningfully upregulated
at some point during the recovery phases after growth plate irradiation.(18) Matrix Gla protein
and fibronectin followed a similar pattern as reported previously, being meaningfully
upregulated at 7 days after the initiation of the fractionated scheme but then also remaining
elevated throughout the time of observation in both zones. Fibromodulin also showed a similar
pattern as it had following the single fraction irradiation, remaining upregulated in both zones
for longer than just one week after initiating fractionated irradiation. Secreted acidic cysteine
rich glycoprotein was upregulated early after irradiation in both manuscripts, but only within
the HZ in the current results. Conversely, procollagen type | alpha 2 was meaningfully
upregulated in both zones early after irradiation in the current manuscript but was similarly
upregulated only in the PZ after single fraction irradiation. Aggrecan was upregulated (only in
the HZ) in the current manuscript but not in the previously reported one. Interestingly, two
proteases that had been downregulated early after irradiation by single fraction irradiation
(cathepsin K and tissue inhibitor of metalloproteinase 2) were upregulated early on after the
current scheme along with other proteases, including matrix metalloproteinase 9 and tissue
inhibitor of metalloproteinase 3.

A number of pathways that are potential targets for manipulation of the post-radiation growth
plate recovery process have been identified. Some of the genes involved in these pathways are
identical to those identified as being important in this process using an earlier model. Still,

many do not have a previously defined role in radiorecovery response or even the growth plate
as a whole in some cases. Further work will be needed to determine the precise roles that each
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of these pathways has and how they may be manipulated to bring about selective radiorecovery
responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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