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ABSTRACT 20 

Anterior cruciate ligament (ACL) injuries are common and of high relevance given their 21 
significant effects on patient function, quality of life, and posttraumatic arthritis.  To date, 22 
investigators have reported on the expression of genes classically associated with tendon and 23 
ligament reconstruction, including decorin (DCN) and collagen type 1 (COL1A1 and COL1A2).  24 
However, the transcriptional fingerprint for hamstring tendons, one of the most common 25 
autografts used for ACLR, remains to be determined.  The purpose of this study was to 26 
characterize the baseline transcriptional state of semitendinosus autografts in a rabbit model for 27 
ACLR and to employ such characterization to guide scientifically-driven target gene selection 28 
for future analyses. 29 

Next generation RNA sequencing was performed on whole semitendinosus autografts from four 30 
New Zealand White rabbits (mean age: 193 ± 0 days, mean weight: 2.78 kg ± 0.15 kg) and 31 
subsequently analyzed using gene enrichment and protein-protein interaction network analysis.  32 
Decorin, Secreted Protein Acidic and Cysteine Rich (SPARC), Collagen type 1, and Proline and 33 
Arginine Rich End Leucine Rich Repeat Protein (PRELP) and were determined to be the highest 34 
expressed genes with tendon-associated ontology.  These results strengthen the association 35 
between genes such as DCN, COL1A1, and COL1A2 and tendon tissues as well as provide the 36 
novel addition of further high-expression, tendon characteristic genes such as SPARC and 37 
PRELP to provide guidance as to which molecules serve as high-signal candidates for future 38 
ACL research.  In addition, this paper provides open-access to the expression fingerprint of 39 
hamstring autograft for ACLR in New Zealand White rabbits, thus providing a readily-accessible 40 
collaborative reference, in alignment with ethical animal research principles. 41 
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INTRODUCTION 43 

Anterior crucial ligament (ACL) injuries are of high clinical relevance given their frequency, 44 

effects on patient function, and potential for associated meniscus and cartilage injury.1-3  Given 45 

their high incidence and prolonged recovery, ACL research expenditure is amongst the highest in 46 

orthopedics.4, 5, 3  While methods of ACL injury prevention are increasingly recognized and 47 

employed, the rate of ACL injuries continues to rise.2, 6 48 

A key aspect of ACL injury research has been the development of various biomaterial and 49 

biologic adjuncts to ACL reconstruction (ACLR) and associated animal models.7-9  50 

Subsequently, rabbits have emerged as providing the gold standard for animal research models.9-51 
12  Mouse models have been described, but there are limitations in the amount of material for 52 

subsequent molecular, histological, and biomechanical analysis, which has made rabbits the 53 

preferred species for research in this field.13, 14  Furthermore, with the use of rabbit models, a 54 

semitendinosus autograft can be harvested at the time of surgery, which provides a hamstring-55 

based reconstruction, much as is performed clinically in humans.15, 16 56 

As sequencing technologies and downstream bioinformatic pipelines rapidly improve, the 57 

transcriptomic state of cells and tissues can be accurately and precisely assessed. Our group has 58 

successfully utilized RNA sequencing (RNA-seq) to characterize cell types, tissues, and disease 59 

states across a wide range of in vitro and in vivo orthopedic applications17-21. In doing so, we 60 

have come to appreciate the value of such datasets in describing cells and tissues, phenotyping 61 

animal models, as well as characterizing human disease states.  62 

In reviewing the ACL literature, investigated molecular markers are often selected and reported 63 

on the basis of academic precedence, with quantification of genes such as decorin (DCN) and 64 

collagen type 1 (COL1A1 and COL1A2). 22-26  However, to date, the overall molecular 65 

fingerprint of rabbit hamstring tissue has yet to be characterized through modern methods such 66 

as RNA sequencing.  Therefore, it would be of significant knowledge to both characterize the 67 

baseline transcriptional state of such ACL reconstructive tissues and also to use this 68 

characterization for the selection of genes for future investigation. 69 

Furthermore, a central tenet of ethical animal research is the maximization of benefit while 70 

minimizing unnecessary duplication of previous research.  Given that a large portion of 71 

musculoskeletal rabbit experiments are carried out using the New Zealand White species27, 10, 28, 72 



23, 29, 30, there exists practical and ethical value in describing the basal transcriptional state of 73 

rabbit hamstring tendons.  By publishing open-access mRNA sequencing data for the most 74 

commonly used rabbit breed from one of the world’s largest suppliers of Specific Pathogen Free 75 

(SPF) rabbits (Covance, Princeton, NJ), data can subsequently be employed for post-76 

reconstruction RNA sequencing comparisons as well as for the discovery and establishment of 77 

target genes for in-laboratory RT-qPCR. 78 

Therefore, the authors’ open-access investigation of New Zealand White rabbit semitendinosus 79 

grafts is of significant research relevance given the paucity of literature on the baseline 80 

transcriptional state of hamstring tissues, large volume of publications in this area, ethical goals 81 

of animal studies, and the status of rabbits as the gold standard for small animal ACL research.  82 

 83 

MATERIALS AND METHODS 84 

Hamstring Harvest Technique 85 

Under sterile conditions, rabbit semitendinosus autografts were harvested employing a midline 86 

incision centered over the anterior aspect of the knee for four rabbits (mean age: 193 ± 0 days, 87 

mean weight: 2.78 kg ± 0.15 kg).  A medial flap was developed along the fascial plane of the 88 

patellar tendon by exposure of the medial collateral ligament (MCL). Subsequently, a transverse 89 

incision was made in the muscular fascia just posterior and medial to the MCL and the medial 90 

edge of the quadriceps was lifted to expose the semitendinosus. The distal insertion of the tendon 91 

was released and retracted to allow for mobilization of the tendon to its proximal aspect.  92 

Thereafter, the proximal aspect of the tendon was divided, providing 3-4 cm of tendon autograft 93 

for subsequent reconstruction.  For samples to be used for RNA sequencing, muscle was 94 

debrided from the tendon surface employing gentle perpendicular sweeps of a clean scalpel 95 

blade.   Thereafter, tendon was rinsed in sterile PBS and frozen at -80° C until mRNA isolation 96 

and sequencing. 97 

mRNA Isolation Procedure 98 

Frozen tendon biopsies were removed from -80° C and kept in liquid nitrogen at all times during 99 

processing. Individually, tendons were ground into a fine powder using a mortar and pestle set 100 



on dry ice while re-applying liquid nitrogen as needed (approximately every 30 seconds). 101 

Powder was then transferred to a sterile 1.5ml Eppendorf tube and 700µl of TRI Reagent 102 

(Zymogen Research) was added. Total mRNA was extracted using a Zymogen Research Direct-103 

zol RNA Kit (Zymogen Research) and quantified using the NanoDrop 2000 spectrophotometer 104 

(Thermo Fischer Scientific, Wilmington, Delaware). 105 

 106 

Figure 1: Semitendinosus graft harvest and preparation. The semitendinosus is identified on 107 

the medial side of the knee (A), divided distally and isolated along its proximal course (B), 108 

atraumatically cleared of muscle using a fresh scalpel (C), and prepared for final washing in PBS 109 

(D).   110 

RNA-sequencing 111 

RNA sequencing and subsequent bioinformatic analysis were performed in collaboration with 112 

the Mayo Clinic RNA sequencing and bioinformatics cores, as has been previously described in 113 

detail31, 32. RNA integrity was assessed using the Agilent Bioanalyzer DNA 1000 chip 114 

(Invitrogen, Carlsbad, CA). Only samples with an RNA Integrity Number (RIN) and DV200 115 

score greater than our Sequencing Core's minimum cutoff (RIN >6 and DV200 > 50%) were 116 

used for sequencing. In brief, library preparation was performed using the TruSeq RNA library 117 

preparation kit (Illumina, San Diego, CA). Polyadenylated mRNAs were selected using oligo dT 118 

magnetic beads. TruSeq Kits were used for indexing to permit multiplex sample loading on the 119 

flow cells. Paired-end sequencing reads were generated on the Illumina HiSeq 4000 sequencer. 120 

Quality control for concentration and library size distribution was performed using an Agilent 121 

Bioanalyzer DNA 1000 chip and Qubit fluorometry (Invitrogen, Carlsbad, CA). Sequence 122 



alignment of reads and determination of normalized gene counts were performed using the 123 

MAP-RSeq (v.1.2.1) workflow, utilizing TopHat 2.0.633, and HTSeq34. Normalized read counts 124 

were expressed as reads per kilobasepair per million mapped reads (RPKM). Data have been 125 

deposited in the GEO Database. 126 

Tertiary Analysis 127 

Gene Ontology term overlap was conducted using the Compute Overlap tool in the Molecular 128 

Signature Database (MSigDB) v6.2 suite on the Gene Set Enrichment Analysis (GSEA) 129 

website35-37. Protein-protein interaction networks were generated using STRING Database 130 

version 10.538, 39. 131 

 132 

RESULTS 133 

To assess the quality of the dataset and offer a general description for investigators, we first 134 

created a standard plot of average RPKM values for all annotated genes across the four samples 135 

(Figure 2A). Supporting the efficacy and validity of our sequencing data, we note the classic 136 

distribution of reads with few genes receiving a large number of reads while most of the genes 137 

received 10’s-100’s of mapped reads. Because an expected small proportion of genes received a 138 

large majority of the mapped reads, we investigated these genes specifically given that they 139 

represent genes of potential biologic significance as well as targets for measurement in future 140 

studies (Figure 2B). Genes classically involved in tendon formation (i.e., DCN, COL1A1, and 141 

MGP) received 10% of the total reads.  Concurrently, we noted that several of the genes 142 

receiving the most reads were markers of mitochondria and muscle (14% and 3% of total reads, 143 

respectively), as is to be expected given the intimate relationship of tendon and muscle.  144 

To better understand the molecular signature of the tendon samples, we conducted Gene 145 

Ontology keyword overlap using the Gene Set Enrichment Analysis (GSEA) Compute Overlap 146 

online tool. The top 25 expressed genes were used to compute overlaps with Gene Ontology 147 

terms to produce a bubble chart (Figure 2C). Gene Ontology terms related to extracellular matrix 148 

(ECM) production demonstrated the most significant enrichment and largest number of genes 149 

(i.e., COL1A1, COL1A2, PRELP, SPARC, DCN) overlapping with the input gene list.  This 150 

same gene list was utilized to construct a protein-protein interaction network using STRING 151 



online software (Figure 2D) and resulted in clustering of tendon- and muscle-specific genes into 152 

distinct nodes. 153 

Given the presence of muscle markers in our RNA sequencing data following sample preparation 154 

including muscle debridement, we assessed the expression levels of specific muscle and tendon 155 

markers in our novel tendon samples compared to previously described muscle samples from the 156 

GEO Database (accession#: GSE60591) (Figure 2E).  When comparing our tendon samples to 157 

those of well-described muscle specimens, we noted significantly lower expression of muscle 158 

markers ACTA1 (p < 0.001) and TNNC1 (p = 0.027) in rabbit hamstring tissues as compared to 159 

the isolated muscle samples, supporting that our obtained samples are representative of the 160 

tendon transcriptional fingerprint. In addition, we observed enhanced expression of tendon-161 

related markers DCN (p < 0.001), SPARC (p < 0.001), COL1A2 (p = 0.005), and PRELP (p < 162 

0.001) when comparing the tendon and muscle tissues side-by-side. Thus, although tendon and 163 

muscle are intricately related and there may be residual muscle contamination, RNA sequencing 164 

data presented is dominantly representative of isolated, debrided rabbit hamstring, as would be 165 

expected in the setting of ACL reconstruction. 166 



 167 

Figure 2: Tertiary analysis of RNA-seq derived from hamstring grafts prior to ACLR. 168 

Read counts were converted to reads per kilobase per million mapped reads (RPKM) and 169 

average expression across the four samples was evaluated for each gene (A). The top 25 170 

expressed genes were determined (B) and used for subsequent Gene Ontology keyword overlap 171 

(C) and STRING protein-protein interaction network analysis (D). Expression levels of muscle 172 

markers (red) and tendon markers (green) were evaluated in pure muscle samples (Muscle) 173 

compared to our isolated hamstring grafts (Tendon) (E).  174 

 175 



DISCUSSION 176 

Anterior cruciate ligament injury remains a point of focus in orthopedic research and clinical 177 

practice given its high prevalence and potential for subsequent meniscus and joint degeneration. 178 
1-3  A key aspect of ACL research has been the creation of animal models for the evaluation of 179 

novel biomaterials and adjuncts for ACL reconstruction, with rabbit models providing the gold 180 

standard for ACLR given their clinically relevant hamstring-based technique and appropriate 181 

size for molecular, histologic, and biomechanical studies.  This paper provides novel 182 

characterization and open-access availability of the transcriptional fingerprint of rabbit hamstring 183 

autograft, serving as a reference for future comparisons and a guide for establishing molecular 184 

research targets. 185 

There is a current need in the literature for tendon transcriptional characterization, with few 186 

animal studies and no human studies characterizing hamstring graft gene expression.  187 

Furthermore, current studies with PCR-based analyses often analyze a subset of candidate genes 188 

which have been classically associated with tendons (i.e. COL1A1, DCN), however, the 189 

prioritization and selection of these molecular targets is often a matter of expert opinion and not 190 

rigorous scientific evaluation and prioritization. 191 

DCN was determined to be the highest expressed tendon-specific gene in terms of RPKM counts 192 

and this gene has previously been well described in the setting of tendons in general as well as 193 

rabbit ACL models in particular. 22-24  Additionally, we observed a high basal level of COL1A1 194 

and COL1A2, as has been previously well characterized.23, 25, 26  However, SPARC was noted to 195 

be 2nd highest expressed tendon marker and the 6th highest overall gene, yet a paucity of data 196 

exists for this marker in the tendon and ligament setting.40-42  This highlights the need for large 197 

RNA sequencing efforts prior to focused, PCR-based evaluation of tissues.  Given its large role 198 

in basal hamstring expression, SPARC, which serves as a cysteine-rich acidic matrix-associated 199 

protein involved in cell growth and extracellular matrix synthesis, should be highly considered 200 

for evaluation in rabbit models of tendon healing. 201 

In addition, PRELP, a leucine-rich protein involved in connective tissue extracellular matrix 202 

structure and molecular anchoring, provides a significant target for tendon studies.  To date, the 203 

role of PRELP in tendon tissues has only been discussed in one paper focusing on bovine deep 204 



flexor tendons.43  The protein has been previously characterized to be the major proteinaceous 205 

component of flexor tendons along with type I collagen (85% dry weight) and decorin (DCN, 1% 206 

dry weight).43, 44  In this study, PRELP’s status as the 15th most expressed gene amongst 20,000+ 207 

genes and third highest tendon specific signal after DCN, SPARC, and COL1A1/COL1A2, place 208 

it as candidate for prioritized quantification when evaluating ACLR, especially given that 209 

previous papers have  focused on and evaluated lower-signal genes such as VIM, MGP, and 210 

COL4A1.45-48 211 

This paper has certain important limitations.  First, as these grafts are intricately involved with 212 

muscle both on physical and molecular levels, we anticipate a small degree of muscle 213 

contamination, even following careful surgical debridement.  Despite this, we have demonstrated 214 

that our samples are predominantly tendinous, with high tendon-specific signals such as DCN 215 

and SPARC and significantly decreased muscle markers such as ACTA1 and TPM2.  Therefore, 216 

we are confident in presenting these samples as tendon biopsies with slight muscle 217 

contamination as to be expected after collection from the hamstring.   Second, there may be 218 

differences in tendon gene expression with various suppliers of New Zealand White rabbits and 219 

other common species used in research.  To this end, we have evaluated a well-established rabbit 220 

breed, as provided by one of the largest research providers of rabbits globally in order to improve 221 

generalizability and applicability for other laboratory groups.  Finally, given that gene expression 222 

may vary with developmental status and age, we have provided the ages and weights of the 223 

evaluated rabbits for groups wishing to optimize and reproduce our experimental conditions. 224 

 225 

CONCLUSION 226 

By determining the RNA sequencing of whole rabbit semitendinosus autograft, this paper 227 

provides novel guidance as to which molecules serve as high-signal candidate genes for further 228 

analysis and pre- and post-intervention comparisons.  In doing so, we have strengthened the 229 

association between genes such as COL1A1, COL1A2, and DCN and tendon tissues as well as 230 

provided the novel addition of further high-expression, tendon characteristic genes such as 231 

SPARC and PRELP.  In addition, this paper provides open-access to the expression fingerprint 232 



of hamstring autograft for ACLR in New Zealand White rabbits, thus providing a readily-233 

accessible collaborative reference, in alignment with ethical animal research principles. 234 
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