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Identification of differentially expressed micro-RNA
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Introduction. The pathomolecular events behind the
development of tendinopathy remain unknown.
Methods. Paired biopsies from human shoulder
supraspinatus (tendinopathy) and subscapularis
(control) tendons were obtained from patients undergoing shoulder arthroscopy, with tendinopathy confirmed using light microscopy evaluation.
Differentially expressed micro-RNA were identified using RNA sequencing analysis, with target
genes for the differentially expressed micro-RNA
predicted using miRbase and Targetscan. The micro-RNA were secondarily screened to identify
those with predicted binding to genes known be
involved in tendinopathy – collagen 1A1/1A2/3A1,
BMP-2/7, and IL-6 – with additional cross referencing of gene/micro-RNA predicted binding performed with NetworkAnalyst.
Results. Supraspinatus samples demonstrated
significantly greater histologic characteristics of
tendinopathy versus subscapularis samples. A
total of 21 micro-RNA were differentially expressed between normal and diseased tendon,
with six (let-7g, miR-7a, miR-22, miR-26a/b, and
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miR-29a) having predicted binding to genes
known to be involved in tendinopathy.
Conclusion. The identiied micro-RNAs may be involved in the development of tendon disease and
represent potential therapeutic targets.
Level of evidence: Basic science investigation.
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Introduction

Tendinopathy is physically disabling, leads to pain with
physical activity, and results in an estimated $ 30 billion
dollars in treatment costs annually in the United
States1. Of the nearly 100 million office visits for musculoskeletal complaints in 20102, approximately 30%
were related to tendinopathy diagnoses3. Even though
treatment can extend beyond six months, 30% of patients never return to prior levels of physical activity, underscoring the need for better therapeutic strategies.
Collagen accounts for approximately 85-90% of the
dry mass of non-pathologic tendon, of which 98% is
type I collagen (Col1). Within normal tendon, parallel
arrays of predominantly Col1 are aligned in a regular
linear pattern with tenocytes interspersed among the
collagen, with cell and collagen turnover closely regulated. In diseased tendons, however, degeneration
and disorganization of collagen fibers occur 4 and
there is an increase in catabolic inflammatory mediators5-7. In addition, tenocytes undergo a phenotypic
change6 and type III collagen (Col3) within the extracellular matrix is increased 8 . The mechanism for
these changes remains poorly understood, however,
there is evidence that increased bone morphogenic
protein (BMP) expression in diseased tendon may impair tenocyte differentiation from resident tendon
stem progenitor cells (TSPC)9-11.
Micro-RNA (miRNA/miR) are small non-coding RNAs
that regulate post-transcriptional gene expression by
binding to the 3′ UTR target sites of messenger RNA
(mRNA), thus inhibiting translation through a RNA-induced silencing complex (RISC)12. They have been
shown to be involved in a wide range of biological
processes, including stem cell differentiation13-15. In
addition, they have demonstrated regulatory function
over inflammatory mediator production16-20 as well as
collagen12, 13, 19, 21 and BMP expression10, all of which
are associated with tendon disease. Because of this,
they remain an attractive target for therapeutic interMuscles, Ligaments and Tendons Journal 2018;8 (1):8-14
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Genetic analysis
We cross-referenced our differentially expressed miRNA with those miRNA predicted to have post-translational regulatory control over genes known to have altered expression in tendinopathic samples 4, 11, 24-26
(Tab. I) using miRbase and Targetscan. To identify
any possible missed associations or predicted binding, we performed the reverse analysis (inputting
gene instead of miRNA) using NetworkAnalyst, a visual analytics tool for gene expression profiling27, 28.
The genes COL1A1, COL1A2, COL3A1, BMP2,
BMP7, and IL-6 (Tab. I) were used as input for NetworkAnalyst and the individual miRNA which were
identified as potential mediators of gene expression
over the identified targets were compared for similar
miRNA to our differential expression data.
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Institutional Review Board (IRB) approval and patient
consent was obtained prior to conducting the investigation. All method comply with the ethical standards
of Muscle, Ligaments, Tendon Journal as previously
described 22. Five male patients consented to have
paired supraspinatus (SS) and subscapularis (SC)
tendon tissue biopsies taken while undergoing arthroscopic shoulder surgery. Inclusion criteria were age
18 years and older with a history and exam consistent with shoulder pain, partial thickness tearing and
tendinopathy of the supraspinatus tendon as determined by magnetic resonance imaging (MRI) and direct arthroscopic visualization, and no tearing or
tendinopathy of the subscapularis on MRI or arthroscopic visualization. Exclusion criteria included history of systemic or musculoskeletal inflammatory disease, a diagnosis of diabetes or hypercholesterolemia requiring medication, current smoking habit, receiving a corticosteroid injection to the operative
shoulder within three months of surgery, or oral antiinflammatory medication within two weeks of surgery.
Biopsies were obtained from the articular side of the
supraspinatus and from the superolateral portion of
the subscapularis just adjacent to its insertion. The
specimens for histologic analysis were frozen at 80°C
in optimum cutting temperature compound (TissueTek, Torrance, CA, USA), and 10-μm cryosections
were cut and affixed on glass slides. Sections from
three different depths of the sample were used to obtain a representative sample of the entire specimen.
Tissue was then stained with hematoxylin and counterstained with eosin. Histologic grading under light
microscopy was measured using the Bonar scoring
system23 with two observers’ scores averaged.
The other set of samples were placed in RNA later
and frozen in liquid nitrogen. Micro-RNA was purified
using a commercially available kit (Qiagen miRNeasy
Mini Kit) according to the manufacturer protocol. RNA
integrity and quantitation analysis was performed using the 2100 Bioanalyzer and the RNA Pico quantitation method (Agilent Technologies Inc, Santa Clara,
CA, USA). The NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (New England Biolabs,
Ipswich, MA, USA) was used for small RNA library
preparation and high throughput sequencing was

conducted using the HiSeq 2500 (1x150) (Illumina®,
San Diego, CA, USA). To perform sequence analysis,
Flow, v3.0 (Partek® Incorporated, St. Louis, Missouri,
USA) was utilized with miRbase v.20 for alignment
and annotation. Seed mismatch of one was allowed
to increase validity. Normalization of reads was done
using the reads per million (RPM) formula: (read
counts of an individual miRNA/sum of read counts of
all mappable miRNAs) multiplied by 1x10^6.
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vention and warrant further investigation into their
role in the pathogenesis of tendinopathy.
The differential expression of miRNA within rotator
cuff tendinopathy has yet to be described. Understanding which micro-RNA are up- and down-regulated within tendinopathy may help guide identification
of key miRNA within the disease process. Using miRNA sequencing, we sought to identify differentially expressed miRNA within normal and diseased tendon
as well as further screen for miRNA predicted to exert
regulatory control over genes which regulate tendon
homeostasis.
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Statistical analysis
Individual RPMs were averaged among patients to
determine total number of miRNAs present while
comparisons between patients were performed using
a paired Student’s t-test. Bonar scoring was compared with a paired Student’s t-testing with intra-observer correlation measures using Cohen’s kappa coefficient. An alpha value of 0.05 was set as significant.

Results

Ten paired samples were collected from five male patients (average age 58 years, range 44-65 years). All
patients underwent shoulder arthroscopy with debridement and subacromial decompression, with four
patients additionally undergoing subpectoral biceps
tenodesis and one patient undergoing combined subpectoral bicep tenodesis and arthroscopic distal clavi-

Table I. Gene symbol and names of genes known to be
dysregulated within tendinopathy.
Gene Symbol

Gene Name

COL1A1

Collagen type 1 alpha 1 chain

COL3A1

Collagen type 3 alpha 1 chain

COL1A2
BMP2
BMP7
IL-6

Collagen type 1 alpha 2 chain
Bone morphogenic protein 2
Bone morphogenic protein 7
Interleukin-6
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Figure 1. Light microscopy image (20x) of (A) subscapularis and (B) supraspinatus tendon samples. Note the disorganization and increased cellularity within the supraspinatus sample, indicating tendinopathy.

matory mediator production. Interestingly, the interactions between miR and inflammatory mediators may
be bi-directional, with Zhang et al. reporting IL-6 upregulation correlated to decreased expression of miR26a33. There are also numerous examples of miRNA
exerting regulatory control over collagen expression.
Millar et al. demonstrated that miR-29a, through IL33, leads to changes in the collagen matrix in a model of early tendinopathy19. They observed that downregulation of miR-29a allowed for increased amounts
of Col3 production. Like our study, they found that
miR-29a was differentially expressed in early tendinopathic samples, with a nearly two-fold expression decrease in miRNA in the pathologic tissue as opposed
to the control. Micro RNA-29 has also been shown to
regulate other collagen types, including Col1 in the
eye34, 35, cardiac fibroblasts36, and hepatocytes37.
While there have been no reports describing association of miRNA and BMP levels within a tendon model,
miR has been shown to have regulatory control over
BMP in other disease states. This is significant as increased expression of BMP has been shown to impair the development of tendon stem progenitor cells
into tenocytes9, 38, a critical cellular component of native tendon tissue. Icli et al., investigating angiogenesis from endothelial cells, reported that systemic intravenous administration of an miR-26a inhibitor increased BMP expression and rapidly induced robust
angiogenesis10. In addition, miR-22 and BMP-7 interactions have been studied within renal tubular cells.
Using a unilateral renal obstruction model of kidney
fibrosis, Long et al. reported that renal fibroblast from
miR-22-deficient mice demonstrated a significant increase in BMP-7 expression39. This phenotype could
be reversed when cells were transfected with miR-22
mimics.
The role of micro-RNA in the development and differentiation of stem cells continues to evolve, with recent hypotheses centering around distinct miRNAs
mediating stem cell renewal and differentiation in
specific cell types and at precise cellular development stages. For example, miR-22 and miR-29, both
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cle resection. The average Bonar score for supra spinatus was 1.6 +/- 0.5 and subscapularis was 0.4
+/- 0.5 (p = 0.03; k = 0.73) (Fig. 1).
RNA samples had no significant degradation and all
were included in the analysis. A total of 633 miRNAs
were identified in supraspinatus tendon samples, with
346 miRNAs having at least one RPM. For the subscapularis tendon, a total of 718 miRNA were identified, with 381 having an average RPM > 1. In the
paired analysis, only 21 miRNAs were differentially
expressed between supraspinatus and subscapularis,
with a decreased RPM in the diseased state (supraspinatus) in all but six of the miRNA (Tab. II).
Cross referencing the identified differentially expressed miRNA in our samples with those predicted
to play a role in post-translational gene regulation for
the identified genes resulted in six matching miRNAs
(Tab. III). The NetworkAnalyst prediction of key micro-RNA for the genes in question is shown in Figure 2.

Discussion
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In comparing miRNA expression patterns between
supraspinatus and subscapularis, we found 21 miRNAs were significantly differentially expressed, with a
majority demonstrating decreased expression in the
diseased state. Of these miRNA, six were predicted
to have regulatory control over genes known to be
dysregulated in tendinopathy.
Micro-RNA, given its role in post-transcriptional regulation, has the ability to affect expression of both cytokines as well as collagen transcripts29, both known
to be hallmarks of tendinopathy. Many miRNA have
been identified in the literature to have such a role.
MiR-23a and miR-26a, both of which were identified
in this investigation as having decreased expression
in tendinopathic tissue, have been shown to regulate
IL-6 30 as well as other pro-inflammatory cytokines
such as TNF-α31, 32. Such down-regulation of microRNA, as demonstrated in our investigation within
pathologic samples, may allow for increased inflam-
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Table II. Differential expression of miRNA between supraspinatus and subscapularis using micro-RNA sequencing
analysis.

hsa-miR-199b-5p

p-value

hsa-miR-26a-5p

0.001

Supra

Expression Change

hsa-miR-140-5p

0.001

Decreased Expression

0.001

Subscap
Supra

0.54

1.29

hsa-miR-29a-3p

hsa-miR-92a-3p
hsa-miR-22-3p
hsa-let-7e-5p

hsa-miR-191-5p

hsa-miR-10a-5p

hsa-miR-199b-3p

hsa-miR-199a-3p
hsa-miR-126-3p
hsa-let-7i-5p

hsa-miR-30c-5p
hsa-let-7g-5p

hsa-miR-30d-5p

hsa-miR-100-5p

hsa-miR-151a-3p
hsa-miR-127-3p

Supra

0.003

Subscap

0.005

Supra

0.006

Supra

0.006

Supra

0.011

Subscap

0.014

Supra

0.014

Supra

0.015

Supra

0.015

Supra

0.023

Supra

0.029

Supra

0.030

Supra

0.039

Supra

0.044

Supra

0.049

Subscap

0.050

0.051

0.056

Ed

hsa-miR-7a-5p

0.003

hsa-miR-26b-5p
hsa-miR-25-3p

hsa-miR-99a-5p
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hsa-miR-125a-5p
hsa-miR-30a-5p

hsa-miR-23a-3p

0.062

Supra

Supra

Subscap
Supra

0.064

Supra

0.071

Supra

0.080

Subscap

0.088

Supra

0.092

Supra

Table III. Micro-RNAs in common between differentially
expressed miRNA in supraspinatus/subscapularis tendon samples and miRNAs predicted to have posttranslational regulatory control over COL1A1, COL1A2,
COL3A1, BMP2, BMP7, and IL6.
hsa-miR-7a-5p
hsa-let-7g-5p

1.98

1.66

0.43

1.67
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hsa-miR-222-3p

Supra

1.67

1.35

0.45

1.26
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hsa-miR-199a-5p

0.001
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Micro-RNA

hsa-miR-22-3p

hsa-miR-26a-5p

hsa-miR-29a-3p
hsa-miR-26b-5p

Muscles, Ligaments and Tendons Journal 2018;8 (1):8-14

3.24

1.93

1.93

10.70
1.44

1.91

1.45

1.42

0.55

1.57

1.92

0.66

1.89

1.41

1.95

0.58

3.55

1.91

miRNA found to be differentially regulated in this investigation, play a role in differentiation of embryonic
stem cells 40, 41. Furthermore, miR-23, miR-26, and
miR-29 have also been implicated in the development
of astrocytes in neuronal stem cell differentiation42.
Micro-RNA-26 has also been found to prevent the differentiation of mesenchymal stem cells into osteoblasts by downregulating specific transcription factors required for osteoblast differentiation15.
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Figure 2. Network interaction diagram demonstrating miRNA associated with identified genes.
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One of the only other studies to determine differential
miRNA expression in tendinopathy was performed by
Thankam et al., who examined miRNA expression
profiles of the long head of the biceps tendon in patients with and without shoulder osteoarthritis using
microarray analysis 43, 44. They sought to determine
epigenetic pathways which mediate inflammation
within the shoulder through Janus kinase (JAK)/signal
transducers and activators of transcription-3 (STAT)
pathway, which is a key regulator of inflammatory
mediator expression 43 . They reported significant
down-regulation of 196 miRNA and up-regulation of
39 miRNA43. Highly down-regulated miRNAs included
hsa-miR-191-5p, hsa-miR-361-5p, hsa-miR-1273 g3p, hsa-miR-99b-5p, hsa-miR-145-5p, hsa-miR-99a5p, and hsa-miR-100-5p while up-regulated ones included hsa-miR-4467, hsa-miR-6723-5p, hsa-miR8071, and hsa-miR-5001-5p 43 . While a number of
miRNA identified in their investigation overlap with
our findings, there are some important methodological differences between studies. First, the specimens
used by Thankam et al.43 were long head of the biceps tendons in different patients versus paired
supraspinatus and subscapularis tendon samples in
our study. Furthermore, the disease states varied between patients in the current study and Thankam et
al.43 This investigation sought to determine miRNAs

12

which are differentially regulated early in the disease
process, hence biopsies of tendinopathic supraspinatus tendons without long standing full-thickness tearing pathology. In contrast, Thankam et al.43 utilized
biceps tendons from patients without arthritis and
compared them to patients with severe glenohumeral
arthritis. Additionally, Thankam et al.43 used micro-array analysis while we utilized RNA-sequencing techniques. Although micro-array analysis can provide for
a large number of targets, RNA-sequencing gives the
investigators access to the entire transcriptome.
In addition to modulation of collagen and inflammatory mediator gene expression, the information presented here suggests the possibility of a new model in the
pathogenesis of tendinopathy: modulation of tendon
stem progenitor cells by micro-RNA. It is clear from
the literature that tendinopathy is associated with
molecular inflammation and the production of inflammatory mediators. Furthermore, these inflammatory
mediators have been shown to influence the expression of micro-RNA, which in turn may lead to altered
expression of the inflammatory mediators themselves
as well as modulate differentiation of resident stem
cells within tendon tissue. For example, with an inflammatory-mediated decrease in micro-RNA expression, osteoblastic differentiation may be favored over
tenocyte development from TSPCs, leading to the
Muscles, Ligaments and Tendons Journal 2018;8 (1):8-14
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collagen and eventual biomechanical alterations found
in tendinopathy.
There were some limitations to our study. Mainly, with
only ten samples from five male individuals, our low
sample size and use of a single gender may not reflect the proteomic profile of a larger population. We
did find differential expression of a number of miRNAs in this population, but averaged over a larger
group, it is possible that other miRNAs may have
shown significant differential expression. Furthermore, we limited our secondary analysis to only six
genes known to be involved in tendinopathy. Including others, may have produced more targets in the final analysis, but inclusion of these additional genes
would not change the raw differential expression data
presented in Table II. Lastly, sampling error during
biopsy of the tendon tissue may have lead to aberrant
results. This limitation was mitigated, however, by the
use of light microscopy to confirm normal versus diseased tendon within the samples.
The data presented here suggest specific microRNA
which may be involved in the development of
tendinopathy. Given the central regulatory role of microRNA over gene expression, this raises the possibility of providing exogenous microRNA analogues or
microRNA inhibitors in order to modulate the development of tendinopathy in humans. This would serve to
affect both inflammatory mediator production as well
as collagen changes, both of which are known to occur in the development of tendinopathy. One of the
only studies to investigate this possibility examined
the effect of equine tendon damage with an without
exogenous microRNA 29a. The Authors reported that
locally injected microRNA-29a facilitated tissue remodeling in an equine tendinopathy model45.
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The identified micro-RNAs may be involved in the development of tendon disease and represent potential
therapeutic targets.
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