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Preservation of osteochondral allografts used for transplantation is critical to ensure favorable 

outcomes for patients after surgical treatment of cartilage defects. To study the biological effects 

of protocols currently used for cartilage storage, we investigated differences in gene expression 

between stored allograft cartilage and fresh cartilage from living donors using high throughput 

molecular screening strategies. We applied next generation RNA sequencing (RNA-seq) and real-

time reverse transcription quantitative polymerase chain reaction (RT-qPCR) to assess genome-

wide differences in mRNA expression between stored allograft cartilage and fresh cartilage tissue 

from living donors. Gene ontology analysis was used to characterize biological pathways 

associated with differentially expressed genes. Our studies establish reduced levels of mRNAs 

encoding cartilage related extracellular matrix (ECM) proteins (i.e., COL1A1, COL2A1, 

COL10A1, ACAN, DCN, HAPLN1, TNC, and COMP) in stored cartilage. These changes occur 

concomitantly with increased expression of “early response genes” that encode transcription 

factors mediating stress/cytoprotective responses (i.e., EGR1, EGR2, EGR3, MYC, FOS, FOSB, 

FOSL1, FOSL2, JUN, JUNB, and JUND). The elevated expression of “early response genes” and 

reduced levels of ECM-related mRNAs in stored cartilage allografts suggests that tissue viability 

may be maintained by a cytoprotective program that reduces cell metabolic activity. These 

findings have potential implications for future studies focused on quality assessment and clinical 

optimization of osteochondral allografts used for cartilage transplantation.
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Focal cartilage lesions caused by disorders, such as osteochondritis dissecans, osteonecrosis, 

and traumatic injury, can lead to the early onset of osteoarthritis requiring early joint 

replacement. Surgical options for treating articular cartilage lesions depend on the location 

of the lesion (e.g., distal femoral, patella, talus, etc.), as well as size and thickness.1 Popular 

treatment options include bone marrow stimulation (BMS; i.e., microfracture), 

osteochondral autograft transfer, autologous chondrocyte implantation (ACI), particulated 

juvenile articular cartilage allograft (PJACA), and transplantation of freshly stored 

osteochondral allografts.2,3 Each method has advantages and disadvantages. BMS leads to 

healing with mature fibrocartilage, which lacks the durability of articular cartilage.4 

Autograft harvests can result in donor site morbidity, and are limited in terms of amount and 

number of harvest locations.5 ACI is costly and labor intensive, because it requires multiple 

surgeries including an initial biopsy, followed by isolation, growth, and expansion of cells 

prior to surgical delivery. Osteochondral allograft transplantation is an effective technique 

for treating condylar lesions.6 Surgery involves the transfer of size-matched subchondral 

bone and cartilage from a cadaveric donor into a focal chondral or osteochondral defect. 

Optimal criteria for donor selection and graft preparation have not been established. Some 

studies advocate the use of grafts from donors between 15 and 40 years of age, with graft 

harvest within 24 h of donor death.7,8 Grafts are typically treated with pulse lavage of bone 

marrow, followed by storage in antibiotic solution for 24 h. The allografts are then 

refrigerated in either lactated ringer’s solution or proprietary physiologic culture medium at 

4°C. Allograft transplantation is usually performed within 28 days of graft harvest at a time 

when the majority of allograft chondrocytes are thought to be viable7,9. Long-term 
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refrigerated storage of grafts may affect graft performance and hence surgical outcome. 

Therefore, it would be desirable to have clinically informative biomarkers for measuring 

graft quality.

Although osteochondral allograft transplantation is a common technique with a high degree 

of clinical success,10 early failure can still occur.11,12 Quality assessment of allograft donor 

cartilage has focused on radiographic imaging, biomechanical assessment, as well as 

histological and metabolic assessment of cell viability.13 Several laboratory studies 

evaluating osteochondral allografts reveal relationships between allograft storage time and 

chondrocyte viability, function, and the integrity of the ECM.14,15 Although useful 

techniques for assessing graft viability, these measures are not fully able to predict the 

clinical efficacy of osteochondral allografts. To improve the accuracy of clinical graft 

assessment over current techniques, we have applied next generation RNA-seq to evaluate 

the expression of all known human genes (n > 23,000) in stored and fresh cartilage 

specimens.

The primary goal of this study is to evaluate the effects of conventional storage techniques 

on cartilage gene expression in clinical-grade osteochondral allografts at the highest level of 

molecular resolution currently achievable. We show that a selective subset of mRNAs 

encoding genes linked to stress/cytoprotective responses and ECM production exhibit 

prominent differences in expression. Our study suggests that chondrocytes embedded in 

stored but not fresh allografts mount a cytoprotective response that mitigates apoptosis and 

downregulates cartilage anabolic genes to preserve cell viability. The biomarkers identified 

in our study can facilitate molecular assessment of osteochondral allograft preservation to 

help optimize graft storage conditions. They may also have future potential to complement 

radiographic, biomechanical, histological and metabolic assessments for predicting clinical 

outcomes after cartilage transplantation.

MATERIALS AND METHODS

Collection of Cartilage Tissues

Allograft cartilage specimens were collected from osteochondral grafts leftover from 

surgical transplantation procedures. All allograft specimens were collected within 24 h of 

being used for cartilage transplantation procedures. Each allograft had been hypothermically 

stored at 4°C between 18 and 30 days in proprietary storage medium, prior to surgical use 

and research collection. Osteochondral allograft samples included: nine femoral hemi-

condyles, three whole femoral condyles, two talus samples, and one humeral head. These 

clinical-grade grafts were obtained from either the Joint Restoration Foundation or the 

Musculoskeletal Transplant Foundation, and thus conform to highly stringent selection 

criteria for cartilage of surgical quality.

For molecular comparisons, fresh cartilage specimens were collected from either the distal 

femur or proximal tibia, as surgical waste tissue from living patients undergoing orthopedic 

procedures (e.g., amputations, joint replacement). We selected fresh cartilage samples from a 

diverse group of patients that are least likely to have to have undergone major therapies (e.g., 

chemotherapy) that would affect the cellular activity of chondrocytes embedded in cartilage. 
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The clinical characteristics of the allograft and fresh cartilage specimens used in this 

investigation are summarized in Supplementary Table S1.

At the time of harvest, cartilage samples were separated from subchondral bone using a 

scalpel, snap frozen in liquid nitrogen, and subsequently stored at −80°C. Ten fresh cartilage 

samples were collected in total for this study. Written informed consent was obtained for the 

use of all fresh cartilage specimens. Allograft specimens were de-identified at an outside 

agency prior to clinical and research applications. All fresh cartilage specimens used in this 

investigation were collected under protocols approved by the Institutional Review Board.

RNA Extraction From Cartilage

For RNA extraction, 50 mg of tissue frozen in liquid nitrogen was crushed into a fine 

powder using a hammer. Total RNA was then extracted using the Biochain RNA Isolation 

Kit (BioChain Institute, Inc., Newark, CA) according to the manufacturer’s protocol. 

Genomic RNA sample concentrations and purities were measured by NanoDrop 

spectrophotometer (ThermoFisher Scientific, Inc., Waltham, MA).

Next Generation mRNA Sequencing and Bioinformatics Analysis

RNA sequencing and bioinformatics analysis were performed as previously described,16 for 

three fresh and two allograft cartilage samples using the TruSeq RNA method (Illumina, San 

Diego, CA) for analysis of polyadenylated mRNAs that were selected using oligo dT 

magnetic beads. TruSeq Kits (12-Set A and 12-Set B) were used for indexing to permit 

multiplex sample loading on the flow cells of an Illumina HiSeq 2000 sequencer. Quality 

control for concentration and library size distribution was performed using an Agilent 

Bioanalyzer DNA 1000 chip and Qubit fluorometry (Invitrogen, Carlsbad, CA). Sequence 

alignment of reads and determination of normalized gene counts were performed using 

MAPRSeq (v.1.2.1), TopHat 2.0.6,17 HTSeq, and edgeR 2.6.218 work flows. Gene 

expression was normalized to one million reads and corrected for gene length (reads per 

kilobasepair per million mapped reads, RPKM). Functional gene annotation clustering 

analysis was performed using DAVID Bioinformatics Resources 6.7 database (DAVID 

6.7)19 to obtain a ranking of primary gene ontology categories for genes preferentially 

expressed in stored versus fresh cartilage.

Real-Time Reverse Transcription Guantitative PCR (RT-qPCR) Analysis

Isolated RNA was transcribed into cDNA using the Super-Script III First-Strand Synthesis 

System (Invitrogen, Carlsbad, CA). A gene panel was determined by screening the RNA 

sequencing results. Gene expression was quantified by using real-time qPCR reactions 

performed with 25 ng of cDNA per 10 μl using the QuantiTect SYBR Green PCR Kit 

(Qiagen, Hilden, Germany) and CFX384 Real-Time System (BioRad, Hercules, CA). Gene-

specific primers are shown in Supplementary Table S2. Transcript quantity measurements 

were normalized to AKT1, and gene expression levels were quantified using the 2(−ΔCt) 

method. We note that AKT1 is among the most consistently expressed housekeeping genes 

(e.g., compared to GAPDH, HPRT, ACTB) in more than 400 mesenchymal cell types and 

musculoskeletal tissues analyzed by our investigative team (unpublished data).
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Allograft Chondrocyte Viability Recovery Examination

Allograft cartilage was harvested as thin sections (approximately 1 mm) using a scalpel 

blade from osteochondral allografts immediately after use for surgical implantation. 

Cartilage tissues were stored at 4°C in the original preservation solution that specimens were 

shipped in. A subset of cartilage specimens was incubated at 37°C for either a 24 h or 10-

day period. At the end of the incubation period, the cartilage specimens were fixed in 4% 

paraformaldehyde. Mitochondrial activity of the chondrocytes within the cartilage tissue was 

assessed using Mito Tracker staining (Life Technologies, Carlsbad, CA) with 1 mM 

MitoTracker Deep Red FM according to the manufacturer’s protocol at room temperature. 

Cartilage sections were counter-stained with 4′,6-diamidino-2-phenylindole (DAPI) 0.2 

μg/ml solution. Stained cartilage sections were imaged using confocal microscopy. In 

addition, total RNA was extracted and quantified for each of the cartilage specimens 

harvested at the end of each incubation period.

Quantitative and Statistical Analyses

RNA-seq data were analyzed to assess relevant genes that differ between stored (n = 2) 

versus fresh allografts (n=3). Gene selection was initially achieved by filtering normalized 

reads for relative expression at a minimal arbitrary value (RPKM > 0.1) that reduces noise in 

the analysis. We also filtered genes for fold-changes greater than threefold to increase our 

focus on biologically interesting genes. Selected genes for representative pathways that are 

altered were subjected to RT-qPCR validation using gene-specific primers with mRNA 

samples from 24 cartilage specimens (i.e., n=15 allograft and n=9 fresh cartilage samples). 

Changes in gene expression obtained by RT-qPCR were statistically evaluated using a two-

tailed Student’s t-test with statistical significance set at p-value <0.05. Error bars in all 

figures are given as ±1 standard deviation from the mean.

RESULTS

To examine the biological effects of long-term storage of cartilage grafts at 4°C before they 

are otherwise implanted into patients, we compared gene expression profiles of stored 

allograft cartilage with those of fresh cartilage from living donors using high throughput 

RNA-seq. RNA-seq analysis defines phenotype-specific genome-wide expression levels, as 

well as permits discovery and evaluation of new biomarkers that may inform about cartilage 

allograft viability and chondrocyte function. Osteochondral allografts used for cartilage 

transplantation in patients are stored for an extended period of time under hypothermic 

conditions (i.e., 4°C) and in storage solutions that differ markedly from normal synovial 

fluid. Therefore, we compared gene expression profiles of stored allografts to fresh cartilage 

that is snap frozen in liquid nitrogen immediately after surgical retrieval from living donors 

to preserve gene expression of chondrocytes in situ at the time of harvest.

One technical difficulty we encountered for RNA-seq analysis with all cartilage samples is 

the technical problem of low RNA yields and generally poor RNA quality. Based on 

statistical and economic considerations, the design of our experiments called for a two-way 

comparison of three independent patient samples (as biological replicates). Eventually, we 

obtained RNA from 25 cartilage specimens with variable RNA integrity (RIN) scores. We 
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subjected three samples each for fresh or stored allografts with acceptable RIN scores. 

Because one of the stored allograft samples had a low read yield, our studies continued with 

the remaining five datasets (n=3 fresh versus n=2 stored allografts). Analysis of the RNA-

seq data was, therefore, primarily used to obtain preliminary data for generating working 

hypotheses (Figs. 1–3). These hypotheses were subsequently validated by RT-qPCR with the 

entire sample cohort (n=24) to permit robust statistical comparisons (Figs. 4 and 6).

Our initial analysis of the RNA-seq data using simple sorting algorithms revealed that all 

specimens express relatively high levels (>100 RPKM) of well-established cartilage ECM 

biomarkers, including collagen type II (COL2A1), aggrecan (ACAN), and decorin (DCN; 

data not shown; further discussed below). This finding indicates that allografts from both 

deceased and living donors contain detectable mRNAs derived from chondrocytes 

functionally producing cartilage-related ECM proteins.

From a genomic perspective, both the number and the distribution of sequencing reads are 

similar between fresh cartilage and allograft cartilage specimens (Fig. 1). The top 100 of 

genes that are most highly expressed in any specimen account for 40–45% of all mapped 

reads (Fig. 1a), consistent with our previous observations for RNA-seq data sets using 

cultured human cells.16 About half of all mRNAs are robustly expressed (RPKM>1), 

whereas less than a quarter of all genes are not detected at all (RPKM=0) in all specimens 

(Fig. 1b). As expected, the most abundant mRNAs encode proteins involved in translation 

(e.g., cytoplasmic and mitochondrial ribosomal proteins) and ECM formation (Fig. 1c). 

However, there appear to be relative differences in the expression of ECM proteins (lower 

mRNA levels) and apoptosis-related genes (higher mRNA levels) in stored versus fresh 

tissues (Fig. 1c). Thus, allograft tissues derived from deceased versus living donors may be 

biologically distinct.

To provide an unbiased assessment of whether fresh and stored cartilage allograft specimens 

are different, we compared the expression values for all genes among all samples using 

unsupervised hierarchical clustering with the Pearson correlation method. The three fresh 

cartilage specimens we analyzed cluster independently from the two stored allograft 

cartilage tissues (Fig. 2). This initial analysis suggests that, first, gene expression patterns for 

fresh and allograft cartilage are different, and second, that there may be quantifiable and 

potentially biologically relevant differences in gene expression between the two groups.

To determine cellular pathways and biological roles of genes that are differentially expressed 

between fresh and stored cartilage, we filtered our datasets initially for genes with 

expression levels of RPKM > 0.1, and biologically interesting changes in expression (fold-

change > 3; Table 1). Functional gene annotation clustering of strongly modulated genes was 

performed using the bioinformatics tool DAVID 6.7.19 Genes enriched in fresh cartilage in 

comparison with allograft cartilage, show enrichment in genes linked to ECM synthesis, 

collagen organization, and glycosaminoglycan binding (e.g., COL1A1, COL2A1, 

COL10A1, ACAN, DCN, HAPLN1, TNC, COMP; Fig. 3a and b). In contrast, allograft 

cartilage specimens show increased expression of early response genes linked to apoptosis/

cell survival and stress/cytoprotective responses, including the key transcriptional regulators 

FOS, FOSB, FOSL1, FOSL2, JUN, JUNB, JUND, EGR1, EGR2, and EGR3 (Fig. 3c and d). 
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In addition to showing strong enrichment among differentially expressed genes, stress 

response regulatory mRNAs were also represented among the top most differentially 

expressed transcripts (Table 1). This increase in stress response genes correlates with a loss 

of mRNAs encoding chondrocyte-specific ECM proteins. Hence, the RNA-seq data suggest 

that chondrocytes in stored allografts compared to fresh cartilage may undergo a stress/

cytoprotective response and reduce ECM anabolic activity to maintain cell viability within 

the articular cartilage matrix.

RT-qPCR was used to validate the working hypotheses derived from RNA-seq data by 

establishing which differences in gene expression between allografts and fresh cartilage 

tissues are statistically significant in our larger set of 15 allograft and 10 fresh cartilage 

samples (Fig. 4). These data clearly corroborate differences in expression for all early 

response genes (i.e., FOS/JUN, MYC, and EGR genes) that were detected by RNA-seq. For 

comparison, reduced expression of ECM proteins showed a clear trend in reduced 

expression for all ECM genes we examined, although these differences did not reach 

significance due to sample variation. The observation that these two gene classes (i.e., stress 

response versus ECM) differ in statistical significance favors the interpretation that increased 

expression of stress/cytoprotective early response genes is a primary event, and that reduced 

expression of ECM proteins may be a secondary consequence.

The statistically significant increase in expression of stress-related early response transcripts 

in our cohort of 25 samples indicates that random patient-to-patient variation cannot account 

for the observed differences in mRNA levels. Hence, we postulate that our results are 

associated with procedural parameters related to allograft storage, including cold storage, 

poor nutrient supply, and/or cellular reactions to preservation solution. Discriminating 

among these possibilities may inform clinical procedures for cartilage handling prior to 

surgical implantation. To begin addressing this question, we assessed whether short-term 

incubation of specimens at 37°C would restore gene expression patterns and cell viability 

observed in fresh cartilage. Strikingly, there is no evidence of mitochondrial activity in 

chondrocytes stored at 4°C. However, samples that were warmed during storage at 37°C for 

24 h exhibited positive staining for mitochondrial activity, indicative of chondrocyte viability 

and metabolic activity (Fig. 5). From a clinical perspective, our finding establishes that 

stored allografts are capable of regaining cellular functions characteristic of live tissues, 

consistent with their surgical use in joint repair.

Encouraged by this result, we investigated whether allograft tissue can be maintained at 

37°C for a longer period by monitoring expression of stress response and ECM-related 

genes using RT-qPCR. We selected a 10-day time point because this period would have 

practical advantages for allograft use considering constraints in surgical scheduling. We note 

that a longer period is not desirable because we observe an approximately twofold decrease 

in total RNA yields following extraction from cartilage tissue warmed at 37°C for 10 days 

most likely reflecting increased cell death (Fig. 6a). Consistent with diminished total RNA 

yields and cell viability, RT-qPCR analysis reveals a global decrease in stress response and 

ECM-related genes (Fig. 6b). Because these mRNA expression data are normalized, the 

decreased expression of stress/cytoprotective genes is an inconclusive finding (either 

reflecting less cellular stress or a global down regulation in gene expression), reduced 
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expression of ECM-related genes may reflect reduced ECM anabolic activity in 

chondrocytes that occurs concomitant with compromised cell viability. These preliminary 

studies suggest that while long-term warming (day 10) may not be desirable, short-term 

warming of allografts (24 h) increases mitochondrial activity in chondrocytes without 

compromising cell viability and may warrant further investigation. In addition, these studies 

suggest that global down regulation of both early response and ECM genes may act as 

biomarkers to indicate loss or retention of chondrocyte viability and recovery. Furthemore, 

loss of early response gene expression together with maintenance or increased expression of 

ECM mRNAs may indicate a favorable response to storage conditions, as well as supports 

allograft rejuvenation and clinical optimization.

DISCUSSION

Osteochondral allograft transplantation has been widely used for clinical restoration of 

damaged articular cartilage and subchondral bone. Previous studies have demonstrated time-

dependent loss of chondrocytes when grafts are stored at low temperatures and suggest that 

the number of viable chondrocytes in osteochondral allografts at the time of transplantation 

determines long-term clinical outcomes.20–23 Our present work complements these previous 

studies by showing that stored cartilage allografts mount a cytoprotective response that may 

prevent unscheduled cell death, as well as retain viability and resume mitochondrial 

functions required for ECM production when refrigerated tissues are warmed to body 

temperature.

To improve clinical outcomes, all aspects of allografts, including donor selection, allograft 

procurement, processing, storage, transportation, and surgical implantation, need to be 

optimized. Prior studies have examined methods to prolong the viability of allograft 

chondrocytes by modifying the preservation methods or the formulation of preservation 

solutions. Using a canine model, Cook et al.13 found 90% chondrocyte viability at day 60 in 

the “Missouri Osteochondral Allograft Preservation System” compared to 53% viability 

with standard media. Linn et al.24 showed that the cytokine inhibitor etanercept improves 

cell viability of osteochondral allografts after 28 days of storage. As an anti-tumor necrosis 

factor (TNF) antibody, etanercept has the potential to inhibit the stress-induced activation of 

early response genes, thus studies examining changes in gene expression in allografts treated 

with etanercept are potentially interesting. Other studies25,26 suggest that articular cartilage 

allograft storage at a physiologic temperature of 37°C improves chondrocyte viability 

compared to storage at 4°C.

Although previous studies have investigated the effects of storage on cell viability, our study 

pioneers molecular phenotyping of allograft quality at high resolution using RNA-seq. We 

have identified changes in allograft gene expression with the potential to assess graft quality 

and guide the development of more effective storage protocols. Our data show major 

distinctions in gene expression that provide new insights into the biological status of stored 

versus fresh cartilage specimens, which differ by increased expression of stress/

cytoprotective response pathways and as well as decreased expression of ECM proteins. It is 

important to note that cold storage can attenuate RNA degradation, and thus the RNA 

signature we are detecting is partially representative of the state of the chondrocytes before 
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and during their transition to cold storage conditions. A chondrocyte-specific pattern of gene 

expression (e.g., collagen type II and ACAN) clearly exists, with a super-imposed gene 

signature that we can clearly identify as related to classical early response factors (e.g., EGR 

proteins and FOS/JUN proteins).

Allografts from deceased donors remain a primary choice in joint restorative surgery, 

especially in view of inherent limitations in the availability and size of fresh living donor 

allografts. Yet, because storage conditions and time from explantation affect allograft 

viability, assessment of allograft quality is highly important. The differentially expressed 

early response and ECM-related genes identified in this investigation, which are readily 

quantifiable using RT-qPCR, may be able to provide additional information regarding 

chondrocyte activity and clinical viability of cartilage grafts.

Our observation that expression of ECM-related mRNAs exhibit differential expression 

between allograft and fresh cartilage implicates these genes as potential biomarkers for 

future studies aimed at graft storage and optimization. Previous studies have shown that 

some ECM components, such as collagens and aggrecan, play a key role in chondrocyte 

survival by specifically binding to integrins on the surface of cells, which can mediate cell 

survival through downstream kinase-mediated signaling pathways.27 Therefore, ECM 

disruption and concomitant loss of integrin-mediated pro-survival signals may promote 

apoptosis.28,29 Although many factors can initiate chondrocyte apoptosis,28–32 activation of 

cysteinyl aspartate-specific proteases (Caspases)33 is a major downstream enzymatic 

pathway that mediates programmed cell death.34–36 Indeed, broad-spectrum caspase 

inhibitors block apoptosis and enhance the survival of bovine osteochondral allograft 

chondrocytes during storage.37 Our study reveals the mechanistic underpinning of this latter 

finding by showing upregulation of genes associated with apoptosis in stored allografts.

Early response genes are often upregulated under a variety of stress associated factors as a 

cytoprotective mechanism to maintain cellular homeostasis. However, prolonged activation 

due to sustained environmental stresses can ultimately induce inflammation and apoptosis.38 

Thus, examination of stress response genes using RT-qPCR biomarkers may facilitate the 

development of environmental conditions and preservation methods that mitigate stress 

responses (e.g., temperature, storage solutions) to improve the clinical efficacy of allograft 

cartilage.

In conclusion, this study provides a framework for evaluating the quality of cartilage 

materials used for surgical transplantation. The genes identified in this investigation 

represent potential diagnostic biomarkers for evaluating and tracking allograft response to 

different types of storage medium and environmental conditions. These markers are thus 

potentially useful for future experimental work focusing on graft optimization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a, b) The number and distribution of sequencing reads are similar between allograft and 

fresh cartilage specimens. (c) Among the top 100 expressed genes, there are a greater 

percentage of genes associated with apoptosis in allograft cartilage. (d) Total exon counts for 

allograft and fresh cartilage samples were similar, indicating that gene expression 

differences are unlikely to be due to overall abundance of transcripts.
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Figure 2. 
Unsupervised hierarchical clustering using the Pearson correlation method shows 

independent clustering of allograft and fresh cartilage specimens. This unbiased analysis 

suggests that changes in gene expression are due to biological differences in stored versus 

fresh cartilage rather than patient to patient variation.
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Figure 3. 
(a) Gene ontology analysis using DAVID 6.7 for genes with a fold change of threefold 

shows functional gene clusters linked to extracellular matrix production that are elevated in 

fresh cartilage compared to allograft cartilage. (b) Examination of the expression of mRNAs 

encoding ECM proteins linked to cartilage phenotype (COL2A1, ACAN, DCN) and general 

anabolism (COL1A1, COL10A1), from the RNA-seq data shows they are enriched in the 

fresh cartilage tissues. (c) Gene ontology analysis demonstrates upregulation of genes linked 

to apoptosis and stress response in allograft cartilage. (d) Specific genes linked to stress 

response from RNA-seq data are shown to be expressed at higher levels in allograft 

cartilage.
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Figure 4. 
(a) RT-qPCR validation was performed using 25 cartilage specimens (15 allograft and 10 

fresh cartilage samples), these data confirmed upregulation of ECM encoding mRNAs in 

fresh cartilage specimens. (b) RT-qPCR also confirmed differential expression of genes 

linked to stress response in accordance with RNA-seq results.
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Figure 5. 
(a) Allograft chondrocytes incubated at 37°C show positive staining using MitoTracker to 

evaluate mitochondrial activity as a surrogate for cell viability. (b) In contrast chondrocytes 

from the same viable allograft incubated at 4°C do not exhibit positive MitoTracker staining. 

Thus pre-warming of allograft cartilage should be performed prior to the use of metabolic 

assays to assess chondrocyte metabolic activity.
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Figure 6. 
To assess the potential of pre-warming of allograft cartilage to decrease stress response and 

enhance the expression of ECM proteins observed in fresh cartilage, we incubated cartilage 

specimens from allografts at 37°C and 4°C for 10 days. (a) Evaluation of gene expression 

using RT-qPCR shows a downregulation in stress response, as well as a decrease in ECM 

encoding mRNAs. (b) Changes in gene expression are also associated with a decrease in 

total RNA yields from tissue samples. These findings could be seen with a loss of 

chondrocyte viability in warmed allograft cartilage.
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