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Chickens: In Vitro and In Vivo Study
Chuan Hao Chen, MD, You Lang Zhou, MS, Ya FangWu, MD, Yi Cao, MD, Jin Song Gao, MD,

Jin Bo Tang, MD

Purpose Transforming growth factor (TGF)-� is considered to be responsible for the forma-
tion of scars such as adhesions around healing digital flexor tendons. We proposed to deliver
microRNAs (miRNAs) to silence expression of the TGF-�1 gene and to investigate the
effectiveness of miRNAs in down-regulation of the TGF-�1 gene in vitro and in vivo.

Methods We designed and engineered 4 miRNAs according to genetic sequences of chicken
TGF-�1. Four plasmid vectors harboring the respective engineered miRNAs and 1 control
vector were constructed. We transfected 30 wells of cultured tenocytes with these vectors and
harvested them 48 hours later. The gene expression levels were quantified using real-time
polymerase chain reactions. Subsequently, the miRNA that most effectively silenced TGF-�
gene in vitro was tested on 25 chickens in vivo. The miRNA and control vectors were
injected into the injured tendons, respectively. At 1 and 6 weeks after surgery, the tendons
were analyzed for gene expression and protein production.

Results In both in vitro and in vivo settings, delivery of miRNA to the tendon substantially
down-regulated expression of the TGF-� gene but did not affect expression of the collagen
I gene. In the healing tendon, TGF-� gene expression was significantly down-regulated by
50% to 60% at 1 and 6 weeks. At 6 weeks, the collagen III gene expression was significantly
down-regulated by 55% at 6 weeks and the connective tissue growth factor gene was significantly
down-regulated by 25%. At 6 weeks, TGF-� protein was substantially decreased.

Conclusions MicroRNA significantly down-regulates expression of the TGF-� in vitro and in
vivo. Application of miRNA did not down-regulate expression of the collagen I, but downregu-
lated the collagen III gene. Application of miRNA treatment to modulate TGF-� expression holds
great promise in preventing tendon adhesion formation. (J Hand Surg 2009;34A:1777–1784.
Copyright © 2009 by the American Society for Surgery of the Hand. All rights reserved.)
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1778 MICRORNA GENE THERAPY IN TENDON HEALING
HEALING OF THE digital flexor tendon within the
sheath is frequently accompanied by adhesion
formation around the repair sites, particularly

when the digits are not moved sufficiently or there is
severe damage to peritendinous structures.1–7 Trans-
forming growth factor (TGF)-� is considered to be
responsible for the formation of scars such as adhesions
around the healing digital flexor tendons. Three iso-
forms of TGF-� have different biological functions.
TGF-�1 and TGF-�2 were found to induce fibrotic
changes and scar formations in the tissues, but TGF-�3
may be inhibitory to scar formations.8,9 Previous stud-
ies showed that expression of TGF-� is up-regulated in
the early tendon healing period.8,10,11

Chang et al.8 studied changes in protein levels of
TGF-�1 from postoperative day 1 to day 56 in injured
rabbit flexor tendons and sheaths. They found up-reg-
ulation of TGF-�1 production in both tendon fibroblasts
and fibroblasts in the sheaths. Later, Chang et al.12

showed that use of antibodies to neutralize TGF-�1
increased the digital motion ranges. In an in vitro study,
Zhang et al.13 demonstrated that TGF-�1 neutralizing
antibody blocked collagen I production induced by
TGF-�1. Khan et al.14 showed that treating the synovial
sheath with the antimetabolite 5-fluorouracil reduced
proliferative and inflammatory responses and the activ-
ity of TGF-�1 in the tendons; in another study, use of
5-fluorouracil reduced adhesions around the tendon.15

Gene therapy approaches to deliver synthesized
siRNA or microRNA (miRNA) to regulate the level of
gene expression offers novel therapeutic potentials for a
variety of pathologic conditions.16–20 miRNA is a form
of single-stranded RNA typically 19 to 25 nucleotides
long, that binds to matching pieces of messenger RNA
and decreases the production of the corresponding pro-
tein. To our knowledge, use of synthesized miRNA to
down-regulate expression of the TGF-� gene in teno-
cytes has not been attempted. Here, we proposed to
deliver miRNAs to silence expression of the TGF-�1
gene and to investigate the effectiveness of miRNAs in
downregulation of the TGF-�1 gene in vivo and in
vitro. We hypothesize that expression of the TGF-�1
gene can be substantially down-regulated after delivery
of miRNAs into tenocytes.

MATERIALS AND METHODS

Design of miRNAs and construction of expression vectors

According to genetic sequences of chicken TGF-�1
precursor (GeneBank accession: M33160.1), we de-
signed 4 double-strand miRNAs for the in vitro test to
obtain genetic sequences of an miRNA that substan-

tially inhibits expression of the targeted gene. It was
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necessary to design and engineer several miRNAs for
the in vitro selection and screening process. Both chains
of each of 4 miRNAs were commercially synthesized
(Invitrogen, Carlsbad, CA) and annealed to form dou-
ble-strand oligonucleotides. The engineered miRNAs
were pre-miRNAs 70 nucleotides long, which include
the sequences forming the stem-loop and those com-
plementary to the 21-nucleotide target sequences (ma-
ture miRNA sequences). The annealing reaction system
contained 5 �L of 100-�M top strand oligo, 5 �L of
100-�M bottom strand oligo, 2 � of 10 � oligo an-
nealing buffer, and 8 �L of ddH2O. The annealing
reactions were at 95°C for 5 minutes followed by 20
minutes of cooling at room temperature. BLOCK-iT
Pol II miR RNA interference kits (Invitrogen) contain-
ing pcDNA 6.2-GW/EGFP-miR vectors were used for
vector construction. This vector, with a total size of
5699 base pairs (bp), harbors both enhanced green
fluorescence protein (EGFP) gene and miRNA oligo
under a cytomegalovirus promoter (Fig. 1). This is a
vector designed to express engineered miRNAs. This
expression vector offers great advantages over the
short-hairpin RNA vector technology currently used for
RNA interference applications. It includes flanking and
loop sequences from an endogenous miRNA that di-
rects the excision of the mature miRNA from a longer
Pol II transcript (pre-miRNA) (Fig. 1). The loop se-
quence has a unique restriction site, so that it can be
linearized for more efficient sequencing. The double-
strand oligo was ligated to the restriction site of the
pcDNA6.2-GW/EGFP vector using T4 DNA ligase
(Invitrogen). The constructed plasmids were used to
transform Escherichia coli for screening, and positive
colonies were picked up and subsequently were se-
quenced to verify correct insertions of the miRNA
oligo. The double-strand miRNA oligo sequences in 4
constructed plasmid vectors are provided as an appen-
dix; this appendix may be viewed at the Journal’s Web
site, www.jhandsurg.org.

A negative control (mock miRNA) vector was con-
structed in the same way as the above 4 plasmids,
except the inserted miRNA oligo was synthesized ac-
cording to random genetic sequences.

Delivery of miRNA to tencoytes in culture

Culture of tendon explants and tenocytes: The feet of 3 white
Leghorn chickens were sterilized and the flexor digito-
rum profundus tendon equivalents were identified in the
digits. We followed institutional animal research regu-
lations during the study. Under a surgical microscope, a
1-cm–long tendon segment was harvested with a sur-

gical blade at the level of the proximal phalanx. The
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MICRORNA GENE THERAPY IN TENDON HEALING 1779
tendon segments were cut into 5-mm-long pieces and
placed in 5 culture dishes for explant culture in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco,
Grand Island, NY) supplemented with 10% fetal calf
serum (Gibco) and penicillin/streptomycin (100 U/mL).
The culture dishes were placed in a humidified, 37°C,
5% CO2 incubator. Culture for approximately 10 to 14
days allowed migration of sufficient tenocytes out of
the explants and proliferation to approximate mono-
layer confluence. The explants were removed and the
tenocytes on the dishes were passaged to 30 wells of 5
6-well plates. The cells of the first passage were used
for the following studies.

miRNA treatment of tenocytes: The wells were randomly di-
vided into 5 groups of 6 wells each. The tenocytes in
wells of each group were treated with 1 of 4 plasmid-
miRNAs and control vectors. Plasmids harboring
miRNAs were added to culture when the culture
reached 70% to 80% confluence. To each well, 4 �g
of plasmids and 10 �L of lipofectamine (TM2000;
Invitrogen) were added into 2.5 mL of serum-free
DMEM for gene transfection. After 6 hours, the
medium was changed to DMEM supplemented with
10% fetal calf serum and penicillin/streptomycin
(100 U/mL). The culture was terminated at 48 hours
thereafter and tenocytes were collected for extraction
of RNA and subsequent real-time polymerase chain
reactions (PCR) to quantify levels of gene expression.

Analysis of gene expression: Tenocytes were homogenized
on ice. Each well served as individual samples for RNA
extraction; there were 6 samples per group. Total RNA
was isolated with Trizol (Life Technologies Ltd., Pais-
ley, UK) and was transcripted to complementary DNA
(cDNA) using the ThermoScript RT-PCR system (In-

FIGURE 1: Vector harboring gene for production of pre-miR
insertion sites. C Structures of engineered pre-miRNA oligo.
vitrogen). Expression of genes was analyzed by real-
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time quantitative polymerase chain reactions (qPCR)
using the Eppendorf Mastercycler ep realplex (2S; Ep-
pendorf, Hamburg, Germany). EvaGreen (Biotium Inc.,
Hayward, CA) served as a dye that binds to amplified
DNA to emit fluorescence during reactions. EvaGreen
has recently emerged as an optimal green fluorescent
DNA dye for qPCR, of equal or better sensitivity com-
pared with SYBR Green I. The reaction mixture of 25
�L contained 12.5 �L of EvaGreen qPCR Master Mix
(Biotium Inc.), 1 �L of primers (10 mM), 1 �L of
template cDNA, and 10.5 �L of ddH2O. The primers
were designed based on sequences from the Genebank
database and were synthesized to amplify the TGF-�1
gene and 3 other related genes. The lengths of amplified
segments and primers for growth factor and collagen
genes are as follows. Left primers are given first, fol-
lowed by right primers. A 206-bp segment of the
TGF-�1 gene was amplified with 5=-catggagaccacctgg-
gac-3= and 5=-cattgccgtaaccctggta-3=. A 84-bp segment
of the type I collagen gene was amplified by 5=-atgac-
ccgaccctaagacaa-3= and 5=-gtaaccgagaatccacaaagc-
3=. A 169-bp segment of the type III collagen gene
was amplified by 5=-cagaaccaaagtttacccttatt-3= and
5=-tgaaatgattccactgacttga-3=. A 97-bp segment of con-
nective tissue growth factor (CTGF) gene was ampli-
fied with 5=-gtgcttgctccaagacctgt-3= and 5=-accatgca-
cagtctgctctg-3=. The glyceraldehyde-3= phosphate
dehydrogenase (GAPDH) gene served as an internal
control. The following primers were synthesized to
amplify a 132-bp segment of GAPDH gene: 5=-cagaa-
catcatcccagcgt-3= and 5=-gcaggtcaggtcaacaacag-3=.

After an initial incubation for 15 minutes at 95°C, the
reactions were carried out for 40 cycles at 95°C for 15
seconds and 60°C for 45 seconds (fluorescence collec-

. A Structures of the vectors. B Details of pre-miRNA gene
NAs
tion). The threshold was set automatically with Master-
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1780 MICRORNA GENE THERAPY IN TENDON HEALING
cycler ep realplex analysis software (Eppendorf) at the
middle steady portion of reaction cycles versus fluores-
cence curve. The Cycle threshold value of each reaction
was displayed. To account for variability in total RNA
input, expression of the transcriptions was normalized
to the GAPDH gene to standardize comparison. Finally,
the PCR products were separated with 1.5% agarose gel
electrophoresis in the presence of ethidium bromide and
visualized on an ultraviolet illuminator.

Delivery of miRNA to injured tendons in vivo

Animal model and surgery: Chicken digital flexor tendons
have been used extensively in flexor tendon experimenta-
tions.11 We used 50 second toes of both feet of 25 white
Leghorn chickens as in vivo models. Nineteen chickens
were anesthetized with intramuscular injection of ket-
amine (50 mg/kg body weight). An elastic bandage was
applied over the thigh as a tourniquet during surgery.
Under aseptic surgical conditions, a zigzag incision was
made in the plantar skin between the proximal interpha-
langeal and distal interphalangeal joint levels of the toes.
This area corresponds to zone II of the human hand.
Through a 1-cm longitudinal incision in the sheath, the
flexor digitorum profundus tendon was transected with a
fine blade through its volar half and was surgically re-
paired with 5-0 sutures (Ethilon; Ethicon, Somerville, NJ)
by a modified Kessler method. The plasmid that silenced
the TGF-�1 gene most effectively was used to treat the cut
tendon on the left feet, the experimental side. We used 5
�g of the plasmid diluted into 8 �L of DMEM mixed with
12 �L lipofectamine to make a mixture of 20 �L for
injection to each tendon. Then, 5 �L of the mixture was
injected into the radial and ulnar portion of the tendon on
each side of the laceration for a total of 4 sites. The needle
was inserted through the cross-section of the tendon cut
and the depth of needle insertion was 5 mm. On the right
side, the negative control plasmid with mock miRNA of
the same quantity was injected into the cut tendon in the
same fashion as on the experimental side. Peripheral su-
tures were not added, and the sheath was not repaired. The
skin incision was closed with sutures. Postoperatively, the
operated toes were fixed with adhesive tape in semiflexion
up to the end of 3 weeks. Six chickens were killed at the
end of 1 week, and 13 chickens at the end of 6 weeks. The
miRNA-treated and negative control tendons were har-
vested. No repairs had ruptured at the time of harvesting.
Each tendon served as an individual sample. Six chickens
were not operated on and were used to determine baseline
gene expression in normal tendons.

Analysis of gene expression: All tendon samples obtained at
week 1 and 9 samples from each group at week 6 were

homogenized on ice. RNA extraction and transcription
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to cDNA followed the same protocols as those for the in
vitro study. The PCR conditions and primers used were
the same as those in vitro. The PCR products were
separated with 1.5% agarose gel electrophoresis in the
presence of ethidium bromide and visualized on an
ultraviolet illuminator.

Analysis of TGF-� protein by Western blotting: Four miRNA-
treated tendons and 4 negative control tendons were
harvested at week 6 and homogenized. Protein content
was normalized and the samples were subjected to
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred onto a polyvinylidene difluo-
ride membrane filter (Millipore Corp., Billerica, MA).
The filters were incubated in phosphate-buffered saline
containing 0.5% Tween 20 and 5% nonfat milk and
then with rabbit anti-TGF-� polyclonal antibody (1:
200, sc-82; Santa Cruz Biotechnology Inc., Santa Cruz,
CA) overnight at 4°C. After incubation with conjugated
affinity-purified donkey anti-rabbit secondary antibody
(1:5000; Rockland Immunochemicals, Boyertown, PA)
labeled with IRDye 800, blots were washed and immu-
noreactive proteins were scanned on an Odyssey im-
ager (LI-COR, Inc., Lincoln, NE). Optical density on
the membrane was measured with a computer imaging
system and the relative differences between an internal
control (�-actin) and treated samples were calculated.

Data analysis

Levels of expression of target genes were recorded as
relative quantization of their gene expression normal-
ized by the endogenous reference (GAPDH gene). Lev-
els of production of TGF-� protein were recorded as
relative quantization of TGF-� normalized by �-actin.
The gene and protein expression in the samples receiv-
ing the miRNA treatment were presented as the mean
percent expression and standard deviations compared
with the mean expression levels of the control samples.
Analysis of variance was used to test significance com-
pared with gene expression. We used a post hoc Stu-
dent’s t-test to determine the significance between each
of the miRNAs-treated groups and control group for a
given gene or protein, with the significance level set at
p � .05. Statistical analyses were conducted with SPSS
11.5 software (SPSS, Inc., Chicago, IL).

RESULTS

In vitro effects of delivery of miRNAs on down-regulation of
gene expression

Delivery of miRNA1 and 2 had substantial inhibitory
effects on expression of the TGF-�1 gene of the teno-
cytes. Expression of the TGF-�1 gene of the tenocytes

treated with plasmid-miRNA1 and plasmid-miRNA2
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MICRORNA GENE THERAPY IN TENDON HEALING 1781
was significantly down-regulated compared with teno-
cytes treated with negative control plasmid (p � .001,
both comparisons) (Fig. 2).

The other 2 vectors (plasmid-miRNA3 and miRNA4)
had no significant effects on expression of the TGF-
�1, type I and III collagens, or CTGF genes com-
pared with negative controls.

Compared with negative controls, the levels of
TGF-�1 gene expression were 32% � 17% in teno-
cytes treated with miRNA1, and 57% � 16% treated
with miRNA2. Although both were significantly effec-
tive in inhibiting TGF-�1 gene expression, statistical
analysis showed that miRNA1 had significantly greater
knockdown effects than miRNA2 (p � .025). There-
fore, we used miRNA1 to silence TGF-�1 gene expres-
sion in the in vivo study.

Plasmid-miRNA1 also significantly downregulated
expression of type III collagen and CTGF genes (p �
.001, all comparisons) but had no significant effect on
expression of type I collagen gene (Fig. 3) (Table 1).
The TGF-�1 and CTGF genes were silenced simulta-
neously after delivery of miRNA1 to tenocytes; the 2
genes had similar amplitudes of down-regulation.

In vivo effects of delivery of miRNA on down-regulation of
gene expression

In a tendon cut and repair model, delivery of miRNA
also substantially silenced the TGF-�1 gene. At week 1,
there was significant downregulation in TGF-�1 gene
expression in the tendon treated with plasmid-miRNA1
compared with negative controls (p � .03). However,
expression of type I and III collagen and CTGF genes
remained unchanged. The amplitude of decrease in
TGF-�1 gene expression was similar to that noted in
vitro (Table 1). Compared with tendons not operated
on, the expression of all above growth factors and

FIGURE 2: Levels of expression of the TGF-�1 gene after
delivery of 4 miRNAs to cultured tenocytes. Data are
expressed as a percentage of tenocytes treated with negative
controls.
collagens was up-regulated significantly.
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At week 6, tendons treated with plasmid-miRNA1
showed significant decreases in expression of TGF-�1,
type III collagen, and CTGF genes (p � .01, all com-
parisons) (Fig. 3). The levels of expression of the
TGF-�1 gene were 44% � 15% in the tendons treated
with plasmid-miRNA1 compared with negative con-
trols. Likewise, the CTGF gene was inhibited, but the
amplitude of its decrease was smaller than that of the
TGF-�1 gene.

Overall, the changes in gene expression were similar
in vitro and in vivo 6 weeks after tendon injury (Table
1). Expression of type I collagen gene was not signifi-
cantly affected either in vitro or in vivo.

Analysis of results of Western blotting showed that
productions of TGF-� at protein levels were signifi-
cantly down-regulated at weeks 6 after injection of
plasmid-miRNA1. The amount of TGF-� in the
miRNA1-treated tendons was 63% � 6% that of the
negative controls (p � .042) (Fig. 4).

DISCUSSION
Adhesions arising from injured digital flexor tendon en-
danger the motion of the repaired tendon and are among
the most difficult problems in hand surgery. Early mobi-
lization of the repaired tendon is effective in decreasing
adhesions, although the motion does not eliminate adhe-
sions and may rupture the repairs.2–4,21–23 Numerous
strategies were tested experimentally to combat adhesions;
most either produced limited effects or had poor
clinical applicability. A decade ago, Chang et al
explored a novel approach of using antibody to neu-
tralize TGF-�1 to prevent adhesion formation. More
recently, low-dose mannose-6-phosphate, an inhibi-
tor of TGF-�1, was shown to improve the range of
rabbit toe motion after tendon repairs.24 Using novel
biotechnological tools developed in recent years, we
seek to develop gene-silencing methods to prevent
adhesion formation.

The past decade has seen a great leap in biotechnol-
ogy, particularly in gene therapy and gene-silencing
methods, owing to the rapid accumulation of genomic
information. The combination of gene therapy and syn-
thetic RNA interference approaches allows the intro-
duction of small RNA molecules to cells to silence
expression of target genes. In this study, we incorpo-
rated into a vector system small RNA molecules in the
form of miRNAs. In living organisms, miRNAs are
single-stranded RNA molecules about 19 to 25 nucle-
otides in length that inhibit gene translation. miRNAs
are encoded by genes but are not translated into protein;
instead, each primary transcript is processed into a short

stem-loop structure (pre-miRNA) in nuclei and finally

cember 



NA

1782 MICRORNA GENE THERAPY IN TENDON HEALING
in cytoplasm into a functional miRNA (mature
miRNA).25 Mature miRNA molecules are partially
complementary to 1 or more messenger RNA; thus, a
single miRNA may target up to hundreds of messenger
RNA. RNA interference first received public notice in
1998, and the term miRNA was introduced in 2001.26

miRNAs were recognized just a few years ago, and
many remain to be discovered. Here we artificially
engineered miRNAs to mimic the functions of miRNAs
in living cells. The engineered miRNAs were intro-
duced into tenocytes by a vector system. Our present
study is an attempt to merge several cutting-edge bio-
technology methods in exploring a novel strategy to
prevent tendon adhesions.

We found that delivery of miRNA1 into tenocytes,
both in vitro and in vivo, substantially down-regulated
expression of our targeted gene, TGF-�1. We con-
firmed down-regulation of TGF-� at the protein level.
The decrease of the total amount of TGF-� protein by
about one third is meaningful, because 3 isoforms of
TGF-� in chickens have the same molecular weights

FIGURE 3: Silencing effects of the miRNA1 on the TGF-�1
CTGF genes A in vitro and B 6 weeks after delivery of the miR

TABLE 1. Gene-Silencing Effects in Tendons
After Delivery of miRNA1 In Vitro and In Vivo

Genes

Gene Expression Levels (%)

In Vitro
Postsurgical

1 wk
Postsurgical

6 wk

TGF-�1 32 � 17* 33 � 45* 44 � 15*

Collagen I 101 � 78 132 � 56 98 � 54

Collagen III 30 � 14* 116 � 67 42 � 12*

CTGF 32 � 16* 106 � 71 75 � 24*

Expression levels were the percentage of those of the control.
*Data express significant differences compared with those of

controls.
and the antibody we used is cross-reactive to TGF-�1,
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2, and 3. The decrease in overall TGF-� actually indi-
cates a more substantial percent decrease of TGF-�1, as
TGF-�2 and 3 likely are unchanged. We compared the
sequences of our miRNA1 encoding mature miRNA
complementary to the target sequences of the TGF-�1
with the sequences of TGF-�2 or 3 and found the target
sequences in TGF-�1 have no homology to any
TGF-�2 and 3 sequences, so that the miRNA1 has high
specificity to the target at TGF-�1.

We also found downregulation of the type III colla-
gen and CTGF genes, but type I collagen gene expres-
sion was not affected. We hoped that this miRNA
treatment would down-regulate TGF-�1 without de-
creasing collagen I production. Our findings indicate
that the treatment meets these essential requirements of
the study design. Type I collagen, an essential compo-
nent that contributes to tendon strength,27,28 was not

expression and down-regulation of the type III collagen and
to injured digital flexor tendons.

FIGURE 4: Gel pictures showing decreases in immunoreactive
blots of TGF-� protein 6 weeks after delivery of miRNA1 to
injured tendons. Upper row: �-actin bands. Lower row: TGF-�
bands in the miRNA1-treated tendons and the controls. The
bands contain a mixture of 3 isoforms of TGF-�, because the
primary antibody is cross-reactive to 3 isoforms of TGF-� and
these isoforms have the same molecular weights.
gene
affected. At 6 weeks, we found down-regulation of type
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MICRORNA GENE THERAPY IN TENDON HEALING 1783
III collagen gene after miRNA treatment. Increases in
type III collagen were seen in the healing tendon and
overlapped the timing of initiation of adhesions. We
speculate that down-regulation of type III collagen is
beneficial to decreases in adhesions; however, thus far,
we are unaware of any study that has established a
causal relation between type III collagen and adhesion
formations. Investigators documented a greater amount
of type III collagen in ruptured human tendons.29 Teno-
cytes from ruptured and tendinopathic human Achilles
tendons produce greater quantities of collagen III than
tenocytes from normal tendons.30

Concomitant downregulation of CTGF and TGF-�1
gene expression is an unexpected finding. CTGF is a
matrix-associated protein that mirrors some of the ef-
fects of TGF-�1 on fibroblasts, such as stimulation of
extracellular matrix production, chemotaxis, prolifera-
tion, and integrin expression. CTGF has been impli-
cated in extracellular matrix remodeling in wound heal-
ing, scleroderma, and other fibrotic processes31–33; it is
capable of up-regulating both matrix metalloproteinases
and their inhibitors. Silencing the CTGF gene was
shown to decrease fibrosis.34 An in vivo study showed
that CTGF is highly expressed in the early tendon
healing period.11 Therefore, inhibition of CTGF gene
expression might also serve to decrease adhesions. We do
not know whether down-regulation of CTGF gene expres-
sion was a direct effect of introduction of the miRNA into
tenocytes or was produced by feedback through TGF-�
signal transduction pathways. CTGF and TGF-� share
some key factors in signal pathways, and CTGF is a
downstream mediator of TGF-�–induced fibrosis.35,36

The amplitude of down-regulation was smaller in the
CTGF gene than in the TGF-�1 gene in vivo, which
suggests that the treatment had dominantly inhibited
the TGF-� gene, with less effects on the CTGF gene.

This study was confined to test a hypothesis about
the efficacy of miRNAs in silencing genes that have a
major role in adhesion formations through comparisons
of effects of the miRNAs and the negative control, such
as the mock miRNA, in vitro and in vivo. The miRNAs
were delivered by an essential approach that involves
liposome to assist the delivery. In the in vivo study, we
immobilized the operated toes and did not include toe
motion in postoperative care. In a pilot study, we com-
pared influences of this gene delivery approach on gene
expression of the healing tendons. At 1 week postsur-
gery, expression of TGF-�1 and CTGF genes of the
tendons injected with negative plasmid vectors with
liposome were up-regulated compared with the tendons
not receiving injection. At 6 weeks, expression of

TGF-�1 and CTGF genes was similar in tendons re-
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ceiving and not receiving the plasmid and liposome.
These findings are in line with reports that liposome-
plasmid vectors cause obvious reactions in the healing
tendons over the initial weeks,37 which may worsen
tendon adhesions.

The study presented in this report contains essential
processes of design, in vitro test and screening, and in
vivo verification of effects of the engineered miRNAs
on tenocytes. They constitute fundamental yet initial
investigative steps toward establishing miRNA treat-
ment strategies. We performed in vitro tests using cul-
tured primary tenocytes, because no chicken tenocyte
cell lines are available. Studies using cell lines for this
purpose are less demanding, but results are more reli-
able when using primary cell cultures. The tenocytes in
our study were derived from tendon explants containing
cells from both epitenon and endotenon areas. In the in
vivo study, we investigated the effects on the injured
tendon at gene and protein levels. In this study, we were
able to compare miRNA-treated tendons with those
treated with negative control vectors, and we offered
proof of concept of this therapeutic strategy. However,
this study did not involve assessment of biomechanical
outcomes of the treated tendons; therefore, we cannot
comment on this aspect based on the present findings.
Because inhibition of TGF-� may potentially decrease
tendon strength, thorough assessment of tendon me-
chanics is necessary. In addition, the biological reac-
tions leading to adhesions should be chiefly in superfi-
cial layers of the tendons. Therefore, delivery of
engineered miRNAs into superficial layers of the ten-
don, rather than into the center of the tendon, might be
another, even more useful approach. Plasmids can be
replaced by other vectors.37–39 We plan to examine the
effects of miRNA delivery through other options such
as a controlled release approach or nonpathogenic, less-
irritating, adeno-associated viral vectors in future inves-
tigations.
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APPENDIX. Oligo Sequences of Designed 4 miRNA

miRNAs Strands Ol

1 Top TGCTGAGCTCTTTGGCCCAATACTCAGT

Bottom CCTGAGCTCTTTGGCAATACTCAGTCAG

2 Top TGCTGTTGAACACGAAGAAGATGCTGGT

Bottom CCTGTTGAACACGAAAGATGCTGGTCAG

3 Top TGCTGTTCGATGGAGATGCGCATCTCGT

Bottom CCTGTTCGATGGAGACGCATCTCGTCAG

4 Top TGCTGAGCAGTTCTTCTCATCCGTCCGT

Bottom CCTGAGCAGTTCTTCATCCGTCCGTCAG

*The underlined sequences are those for production of mature miRNA
in the bold in each chain are for formation of stem-loop. 5-Nucleotide (
production. The forward sequences are given in the top row and the rev
labeled with the bold in the corresponding regions of the top and botto
are complementary.
s

igo Sequences (5=�3=)*

TTTGGCCACTGACTGACTGAGTATTGCCAAAGAGCTCAGG

TCAGTGGCCAAAACTGAGTATTGGGCCAAAGAGCTCAGCA

TTTGGCCACTGACTGACCAGCATCTTTCGTGTTCAACAGG

TCAGTGGCCAAAACCAGCATCTTCTTCGTGTTCAACAGCA

TTTGGCCACTGACTGACGAGATGCGTCTCCATCGAACAGG

TCAGTGGCCAAAACGAGATGCGCATCTCCATCGAACAGCA

TTTGGCCACTGACTGACGGACGGATGAAGAACTGCTCAGG

TCAGTGGCCAAAACGGACGGATGAGAAGAACTGCTCAGCA

complementary to target gene sequences, and those between the sequences
TGCTG) derived from endogenous miRNA-155 is for the purpose of vector
erse sequences in the bottom row. In each engineered miRNA, the sequences
m chains are identical. Sequences marked with the bold in the same chain
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