Inhibition of miR-205 promotes proliferation, migration
and fibrosis of tenocytes through targeting MECP2:
Implications for rotator cuff injury
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Abstract

Background. The production of inflammatory mediators is critical for tenocytes proliferation and migration,
which play an important role in rotator cuff injury repair and requlation of collagen. MicroRNA (miRNA)-205
(miR-205) promotes the secretion of inflammatory factors. The mechanism of the tenocytes requlation
by miR-205 remains unknown. In this paper, we showed that miR-205 can requlate the proliferation, migra-
tion and fibrosis of tenocytes.

Objectives. To investigate the function and mechanism of miR-205/MeCP2 pathway on the proliferation,
migration and fibrosis of rotator cuff tenocytes, in order to provide a new perspective on the repair of rotator
cuff tear injury.

Materials and methods. The tenocytes were collected under sterile conditions from the Achilles tendons
of Sprague Dawley (SD) rats (weighing 150200 g). The cells of passages 2—4 were used for the following
experiments. All miRNA and vectors were transfected with Lipofectamine 2000. Reverse-transcription
quantitative real-time polymerase chain reaction (RT-qP(R), Cell Counting Kit-8 (CCK-8) assay, luciferase
reporter assay, and migration assay were performed. Then, immunoblotting analysis and statistical analysis
were conducted.

Results. The CCK-8 and migration assay revealed that miR-205 inhibition resulted in increased tenocytes
proliferation, migration and fibrosis. The miR-205 reduced the mRNA and protein expression levels of MECP2,
which is involved in cell proliferation and migration of tenocytes. The miR-205 inhibited luciferase intensity
under the control of the 3'UTRs of MECP2.

Conclusions. The inhibition of MECP2 reversed the effect of miR-205 inhibitor on tenocytes, including
the proliferation and migration of tenocytes, indicating that miR-205 may be valuable in miRNA-based
therapies for rotator cuff injury.
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Background

Rotator cuff injury often leads to pain, limited mo-
tion of shoulder and, in general, lowers the quality of life.
As a common weighing of shoulder, rotator cuff injury
includes several types like injury to tendinopathy, par-
tial tears and complete tears.’> Therefore, novel repair
techniques are required. Biologic repair techniques have
been considered to be the potential methods of restoring
the histological structure. For example, the employment
of cytokines and/or certain cells could possibly help in pro-
moting the regeneration of rotator cuff tendons.>*

A tendon is a fibrous cord of connective tissue at the end
of a muscle, by which the muscle attaches to a bone
or other structure.® Tenocytes are the basic functional
units of tendons. They synthesize and secrete collagen and
other extracellular matrix, and maintain the metabolism
of tendon tissue. Tenocytes are essential for the production
of the extracellular matrix during the tendon regeneration.
Many factors contribute to this progression. For example,
bone morphogenetic protein 2 (BMP2) can facilitate ten-
don repair by helping in the migration and proliferation
of tenocytes.®

MicroRNAs (miRNAs) have been reported to regulate
the expressions of various genes by targeting the 3’'UTR
of mRNA. This resulted in mRNA degradation or trans-
lational repression.”8 Increasing evidences demonstrated
that miRNAs contribute to various biological processes.>!
Among them, miR-205 has been widely used in tumor
immune regulation and inflammatory pathway regu-
lation. It has been reported that miR-205 can promote
the secretion of inflammatory factors.!! At the same time,
the downregulation of the miR-205 expression can pro-
mote the recovery of skin wound,'? but its research on ten-
don cell function remains unexplored.

Methyl-CpG-binding protein 2 (MECP2) is a member
of the methylated binding protein family and an epigen-
etic regulator associated with methylated DNA,!* which
was originally considered to repress transcription via its
interactions with HDAC-Sin3 complex. Nowadays, with
emerging studies, MECP2 has been widely reported to re-
duce inflammation, pain and injury. Moreover, it may play
a role in tendon cell function. The evidence showed that
MECP2 can promote myofibroblast differentiation and
fibrosis, which are pivotal for wound healing.'*

Objectives

In this study, we investigated the function and mecha-
nism of miR-205/MECP2 pathway on the proliferation,
migration and fibrosis of rotator cuff tenocytes, in order
to provide a new perspective on the repair of rotator cuff
tear injury.
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Materials and methods
Tenocytes culture and transfection

All animal experiments were approved by the ethics
committee of Hwa-Mei Hospital (University of Chinese
Academy of Sciences, Ningbo, China). The tenocytes were
collected under sterile conditions from the Achilles ten-
dons of Sprague Dawley (SD) rats (weighing 150-200 g).
The cells of passages 2—4 were used for the following ex-
periments. All miRNA and vectors were transfected with
Lipofectamine 2000 (Invitrogen, Waltham, USA).

Reverse transcription quantitative
real-time polymerase chain reaction

Total RNA was extracted with TRIzol reagent (Qia-
gen, Hilden, Germany) and phenol/chloroform methods.
An miR-205 RT primer was used for the cDNA synthesis
of miR-205, and U6 small nuclear RNA was used as an in-
ternal control.

CCK-8 assay

Cell proliferation was measured using the Cell Count-
ing Kit-8 (CCK-8) assay. Briefly, all transfected cells were
incubated with CCK-8 for 2 h at 37°C, and the absorbance
was assessed at 450 nm.

Migration assay

Tenocytes were incubated, collected and resuspended
in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 1% fetal bovine serum (FBS). Subsequently, 10* teno-
cytes were seeded onto the upper chamber. The migrated
tenocytes were fixed and stained using crystal violet.

Immunoblotting analysis

Then, 50 pg of protein were loaded in 10% sodium do-
decyl sulphate—polyacrylamide gel electrophoresis (SDS-
PAGE). Rabbit polyclonal antibodies were used as primary
antibodies. The bound antibodies were detected with con-
ventional protocols.

Luciferase reporter assay

The DNA fragment corresponding to 3'UTR of MECP2
was cloned into the pmirGLO Vector (Promega, Beijing,
China). The HEK-293T cells were seeded in 24-well plates
and co-transfected with miR-205 and the wild-type or mu-
tant 3’'UTR, and were harvested for protein extraction. Lu-
ciferase intensity was examined with the Dual-Luciferase
Reporter Gene Assay kit (Promega).
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Statistical analyses

All data were presented as median (range, minimum-—
maximum). The GraphPad Prism v. 7.0 (GraphPad Soft-
ware, San Diego, USA) and SPSS v. 18.0 software (SPSS
Inc., Chicago, USA) were used for calculation. One-way
analysis of variance (ANOVA) followed by Tukey’s post
hoc test were used for comparison among 3 groups. All
experiments were repeated in triplicate for both duplicate
detection and biological duplication. A value of p < 0.05
was considered statistically significant.
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Results

Inhibition of mir-205 promotes
proliferation, migration and fibrosis
of tenocytes

To investigate the role of miR-205 in the tendon re-
pair, the inhibition of miR-205 was achieved in tenocytes
by transient transfection with miR-205 inhibitor. Cell
proliferation was evaluated using CCK-8 assay (Fig. 1A).
The results showed that the inhibition of miR-205 in-
creased tenocytes proliferation, compared with control
cells. Also, cell migration was enhanced by inhibition
of miR-205 by transwell assay (Fig. 1B). In addition,
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Fig. 1. Inhibition of miR-205 promotes proliferation, migration and fibrosis of tenocytes. Cells were transiently transfected with miR-205 inhibitor or control.
A. Cell proliferation was measured with Cell Counting Kit-8 (CCK-8) assay at various timepoints following the transfection; B. Transfected cells were
subjected to migration assay. The image displays the cells stained with crystal violet; C. Quantitative reverse-transcription polymerase chain reaction
(gRT-PCR) for the mRNA expression levels of the fibrosis markers; D. Protein levels of the fibrosis markers. Data are from experiments repeated in triplicate for
both duplicate detection and biological duplication; values are presented as the median (range, minimum-maximum). Boxplots show the minimum value,
15t quartile, median, 3 quartile, and maximum value. *p < 0.05; **p < 0.01 compared to negative control (NC)
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Fig. 2. The MECP2 promotes proliferation, migration and fibrosis of tenocytes. Cells were transiently transfected with MECP2 or control. A. Cell proliferation
was measured with Cell Counting Kit-8 (CCK-8) assay at various timepoints following the transfection; B. Transfected cells were subjected to migration
assay. The image displays the cells stained with crystal violet; C. Quantitative reverse-transcription polymerase chain reaction (QRT-PCR) for the mRNA
expression levels of the fibrosis markers; D. Protein levels of the fibrosis markers. Data from experiments repeated in triplicate for both duplicate detection
and biological duplication; values are presented as the median (range, minimum-maximum). Boxplots show the minimum value, 15t quartile, median,

3 quartile, and maximum value. *p < 0.05; **p < 0.01 compared to negative control (NC)

the mRNA and protein levels of fibrosis maker of teno-
cytes were detected to be enhanced by inhibition of miR-
205, including Col I, Col III, a-SMA, Scleraxis (Scx), and
tenascin C (TnC) (Fig. 1C,D). Altogether, these findings
demonstrated that the inhibition of miR-205 can promote
proliferation, migration and fibrosis of tenocytes.

MECP2 promotes proliferation,
migration and fibrosis of tenocytes

To gain more insight into the mechanisms underlying
the biological function of MECP2 in the tendon repair

progress, the ectopic expression of MECP2 was achieved
in tenocytes by transient transfection. The CCK-8 as-
say was applied to determine cell proliferation, which
showed that ectopic expression of MECP2 increased
tenocytes proliferation compared with the control cells
(Fig. 2A). Cell migration was enhanced by ectopic ex-
pression of MECP2 (Fig. 2B) and the levels of fibrosis
makers of tenocytes, including Col I, Col III, a-SMA, Scx,
and TnC, were also found to be enhanced (Fig. 2C,D).
These results demonstrated that the overexpression
of MECP2 can promote proliferation, migration and fi-
brosis of tenocytes.
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miR-205 targets and negatively
regulates MECP2

To confirm the direct regulation of miR-205 on MECP2,
we cloned the 3’'UTR-containing miR-205 binding sites
(Fig. 3A) and this fragment was inserted into the 3’ flank
of the reporter gene. Dual luciferase reporter assay (Pro-
mega) was performed, and the result demonstrated that
miR-205 significantly downregulated luciferase intensity
of MECP2 (Fig. 3). To further validate this result, site muta-
tions were introduced into the binding sites. As expected,
miR-205 could not change the fluorescence intensity and
mRNA level of MECP2 containing the mutant 3’'UTR
(Fig. 3B,C). Taken together, our studies proved that MECP2
can be a direct target gene of miR-205.

Inhibition of MECP2 reverses the effect
of miR-205 inhibitor on tenocytes

To further explore whether MECP2 participates in
the miR-205-mediated proliferation, migration and fibrosis
of tenocytes, cells were transfected with control, miR-205 in-
hibitor, inhibitor plus small interfering RNA against MECP2
(si-MECP2), and the inhibitor plus the negative control
siRNA (si-NC). The inhibition of MECP2 reverses the effect
of miR-205 inhibitor on tenocytes, including the prolifera-
tion and migration of tenocytes caused by miR-205 inhibitor
(Fig. 4A,B). Quantitative reverse-transcription polymerase
chain reaction (QRT-PCR) and western blot analysis showed
that miR-205 inhibitor transfection promoted the protein
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expression of Col I, Col III, a-SMA, Scx, and TnC, which
could be alleviated by downregulated MECP2 in tenocytes
(Fig. 4). Together, these results suggested that the inhibition
of miR-205 promotes proliferation, migration and fibrosis
of tenocytes through targeting MECP2.

Discussion

With the aging of the population and the improvement in
the general fitness of the population in China, the number
of patients with rotator cuff tears caused by degeneration
and sports injury has increased dramatically, and irrepa-
rable rotator cuff tear (IRCT) caused by various reasons
has become more and more common.!® Irreparable rotator
cuff tear is different from huge rotator cuff tear, since not all
huge rotator cuff tears are irreparable.’® As the name sug-
gests, the torn rotator cuff cannot be repaired in the original
footprint area after conventional loosening. In addition, ir-
reparable rotator cuff can affect the quality of tendon due
to atrophy and steatosis. Even if its structure is directly
repaired, it will fail to function due to its quality defects.
The irreparability of rotator cuff is caused by many factors,
and its incidence can be as high as 30%.

During the healing process of the tendon injury, double
healing mechanisms are observed, which include the divi-
sion and proliferation of tenocytes, the endogenous heal-
ing of repairing tendon rupture and defect, and the exog-
enous healing participated by the proliferation of tendon
adventitia cells. The external healing process will cause

relative MECP2 level

miR-205 NC miR-205
mimics inhibitor inhibitor

control NC
mimics

Fig. 3. The miR-205 targeting and negative regulation of MECP2. A. Alignments between miR-96 and the binding sites in the sequences at the 3'UTR

of MECP2 mRNA,; B. Cells were co-transfected with miR-96 and the WT or mutant 3'UTR of MECP2 mRNA, and subjected to luciferase reporter assay for

the analysis of the effect of miR-96 on the intensity controlled by the 3'UTR; C. The mRNA expression level of MECP2 using quantitative reverse-transcription
polymerase chain reaction (GRT-PCR). The B-actin was used as an internal control. Boxplots show the minimum value, 15t quartile, median, 3" quartile, and
maximum value. **p < 0.01 compared to mimics negative control (NC); #p < 0.01 compared to inhibitor NC
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Fig. 4. The inhibition of MECP2 reverses the effect of miR-205 inhibitor on tenocytes. Cells were transiently transfected with miR-205 inhibitor, inhibitor plus
small interfering RNA against MECP2 (si-MECP2), and the inhibitor plus the negative control siRNA (si-NC), or control. A. Cell proliferation was measured with
Cell Counting Kit-8 (CCK-8) assay at various timepoints following the transfection; B. Transfected cells were subjected to migration assay. The image displays
the cells stained with crystal violet; C. Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) for the mRNA expression levels of the fibrosis
markers; D. Protein levels of the fibrosis markers. Data from experiments repeated in triplicate for both duplicate detection and biological duplication;

values are presented as the median (range, minimum-maximum). Boxplots show the minimum value, 1%t quartile, median, 3" quartile, and maximum value.

**p < 0.01 compared to control, #p < 0.01 compared to miR-205 inhibitor+si-NC

the adhesion between tendon and surrounding tissue, and
restrict tendon sliding. It can regulate the proliferation
of tenocytes and the internal healing mechanism of ten-
don dominant, promoting tendon healing and preventing
postoperative adhesion of tendon.'” Related growth factors
play a key role in the repair of tendon and other soft tis-
sue injuries.’® Distinct molecular mechanism underlying
the tendon injury, repair and regeneration will have a great
influence on the treatment of tendon injury.

The miRNAs have been reported to function as key regu-
lators of various biological processes. There is evidence
that tendon injury repair is related to the differentially
expressed miRNAs.'2! It has also been reported that

exogenous miR-29a downregulated BMP2 and BMP12,
while miR-26a and miR-30d did not have a significant ef-
fect on tenocyte gene expression, suggesting that miR-
29a contributes to tendon homeostasis and can serve
as a potential therapeutic target in treating tendinopathy.??
In our study, we observed that the inhibition of miR-205
promoted tenocyte proliferation, migration and fibrosis,
which indicated that miR-205 might negatively regulate
the progress of tendon injury repair.

The MECP2 can inhibit the transcription of its down-
stream target genes and play a role in the transcriptional
regulation through the specific binding with methylated
DNA, thus, it is an important transcriptional inhibitor.?3
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The MECP2 cannot inhibit the corresponding down-
stream target gene efficiently when its expression is down-
regulated, which leads to the occurrence of various dis-
eases.?* It has been reported that MECP2 plays a pivotal
role in Rett syndrome pathology and a novel double mu-
tation that can affect the transcription repression do-
main of MECP2 and cause a severe phenotype of Rett
syndrome.?>~2” The results of our study reported here
show that MECP2, the target of miR-205 in tenocytes
was identified as an important transcriptional inhibitor,
which might be a novel critical factor in the proliferation,
migration and fibrosis of tenocytes.

Limitations

Given that miR-205 is a 22-mer small RNA differentially
expressed in various tissues, targets other than MECP2
should be present in tenocytes. Therefore, whether and how
miR-205 regulates proliferation, migration or fibrosis of teno-
cytes through targeting other factors is still to be studied.

Conclusions

The inhibition of miR-205 could promote the prolif-
eration, migration and fibrosis of tenocytes. In addition,
MECP2 is the direct target of miR-205. The miR-205 acts
on tenocytes through targeting MECP2. These data impli-
cate a multifactorial effect of miRNA on tenocyte and gene
expression. Our findings may provide important informa-
tion on miRNAs in tenocytes. The results of this study
may be valuable for further experimental investigation
on the mechanism of the repair of rotator cuff tear injury.

ORCID iDs
Xiuhua Mao @ https://orcid.org/0000-0003-2726-6813
Zhenchun Yin @ https://orcid.org/0000-0002-5093-4560
References

1. LongoUG, CandelaV,Berton A, etal. Genetic basis of rotator cuffinjury:
A systematic review. BMC Med Genet.2019;20(1):149. doi:10.1186/512881-
019-0883-y

2. Sharma G, Bhandary S, Khandige G, Kabra U. MR imaging of rotator
cuff tears: Correlation with arthroscopy. J Clin Diagn Res. 2017;11(5):
TC24-TC27.doi:10.7860/JCDR/2017/27714.9911

3. Edwards SL, Lynch TS, Saltzman MD, Terry MA, Nuber GW. Biologic
and pharmacologic augmentation of rotator cuff repairs. JAm Acad
Orthop Surg.2011;19(10):583-589. d0i:10.5435/00124635-201110000-
00002

4, Kovacevic D, Rodeo SA. Biological augmentation of rotator cuff ten-
don repair. Clin Orthop Relat Res. 2008;466(3):622-633. doi:10.1007/
s11999-007-0112-4

5. Chen J, Xu J, Wang A, Zheng M. Scaffolds for tendon and ligament
repair: Review of the efficacy of commercial products. Expert Rev
Med Devices. 2009;6(1):61-73. doi:10.1586/17434440.6.1.61

6. LeeKW,LeelS,KimYS, ShimYB, Jang JW, Lee KI. Effective healing of
chronic rotator cuff injury using recombinant bone morphogenetic
protein-2 coated dermal patch in vivo. J Biomed Mater Res B Appl
Biomater. 2017;105(7):1840-1846. d0i:10.1002/jbm.b.33716

20.

21.

22.

23.

24.

25.

26.

27.

443

Bartel DP. MicroRNAs: Genomics, biogenesis, mechanism, and func-
tion. Cell. 2004;116:281-297. doi:10.1016/s0092-8674(04)00045-5
Brennecke J, Stark A, Russell RB, Cohen SM. Principles of microRNA-
target recognition. PLoS Biol. 2005;3(3):e85. doi:10.1371/journal.pbio.
0030085

Ambros V. The functions of animal microRNAs. Nature. 2004;431(7006):
350-355. doi:10.1038/nature02871

. Dubin JA, Greenberg DR, Iglinski-Benjamin KC, Abrams GD. Effect

of micro-RNA on tenocytes and tendon-related gene expression:
A systematic review. J Orthop Res. 2018;36(11):2823-2829. doi:10.1002/
jor.24064

. YehDW, ChenYS, Lai CY, et al. Downregulation of COMMD?1 by miR-205

promotes a positive feedback loop for amplifying inflammatory-
and stemness-associated properties of cancer cells. Cell Death Differ.
2016;23(5):841-852. doi:10.1038/cdd.2015.147

. WangT, Zhao N, Long S, et al. Downregulation of miR-205 in migrat-

ing epithelial tongue facilitates skin wound re-epithelialization by
derepressing ITGAS. Biochim Biophys Acta. 2016;1862(8):1443-1452.
doi:10.1016/j.bbadis.2016.05.004

. HeY, Tsou PS, Khanna D, Sawalha AH. Methyl-CpG-binding protein 2

mediates antifibrotic effects in scleroderma fibroblasts. Ann Rheum Dis.
2018;77(8):1208-1218.

. Mann J, Oakley F, Akiboye F, Elsharkawy A, Thorne AW, Mann DA.

Regulation of myofibroblast transdifferentiation by DNA methyla-
tion and MeCP2: Implications for wound healing and fibrogenesis.
Cell Death Differ. 2007;14(2):275-285. doi:10.1038/sj.cdd.4401979

. Oh JH, Park MS, Rhee SM. Treatment strategy for irreparable rota-

tor cuff tears. Clin Orthop Surg. 2018;10(2):119-134. doi:10.4055/cios.
2018.10.2.119

. Dines DM, Moynihan DP, Dines J, McCann P. Irreparable rotator cuff

tears: What to do and when to do it: The surgeon’s dilemma. J Bone
Joint Surg Am. 2006;88(10):2294-2302. doi:10.2106/00004623-20061
0000-00025

Smietana MJ, Moncada-Larrotiz P, Arruda EM, Bedi A, Larkin LM. Tissue
engineered tendon for enthesis regeneration in a rat rotator cuff model.
Biores Open Access. 2017;6(1):47-57. doi:10.1089/biores.2016.0042

. Randelli P,RandelliF, Ragone V, et al. Regenerative medicine in rotator

cuffinjuries. Biomed Res Int. 2014;2014:129515. d0i:10.1155/2014/129515

. Maurer B, Stanczyk J, Jingel A, et al. MicroRNA-29, a key regulator

of collagen expression in systemic sclerosis. Arthritis Rheum. 2010;
62(6):1733-1743. doi:10.1002/art.27443

Zhang M, Gong W, Zuo B, et al. The microRNA miR-33a suppresses IL-
6-induced tumor progression by binding Twist in gallbladder cancer.
Oncotarget.2016;7(48):78640-78652. doi:10.18632/oncotarget.12693
Dubin JA, Greenberg DR, Iglinski-Benjamin KC, Abrams GD. Effect
of micro-RNA on tenocytes and tendon-related gene expression:
A systematic review.J Orthop Res. 2018;36(11):2823-2829. doi:10.1002/
jor.24064

Xiao M, Iglinski-Benjamin KC, Sharpe O, Robinson WH, Abrams GD.
Exogenous micro-RNA and antagomir modulate osteogenic gene
expression in tenocytes. Exp Cell Res. 2019;378(2):119-123. d0i:10.1016/
jyexcr.2019.03.008

Nan X, Ng HH, Johnson CA, et al. Transcriptional repression by
the methyl-CpG-binding protein MeCP2 involves a histone deacet-
ylase complex. Nature. 1998;393(6683):386-389. d0i:10.1038/30764
Lombardi LM, Baker SA, Zoghbi HY. MECP2 disorders: From the clinic
to mice and back. J Clin Invest. 2015;125(8):2914-2923. doi:10.1172/
JCI78167

Sharifi O, Yasui DH. The molecular functions of MeCP2 in Rett syn-
drome pathology. Front Genet. 2021;12:624290. doi:10.3389/fgene.
2021.624290

Good KV, Vincent JB, Ausi6 J. MeCP2: The genetic driver of Rett syn-
drome epigenetics. Front Genet. 2021;12:620859. doi:10.3389/fgene.
2021.620859

Ghorbel R, Ghorbel R, Rouissi A, et al. First report of an unusual novel
double mutation affecting the transcription repression domain of
MeCP2 and causing a severe phenotype of Rett syndrome: Molecu-
lar analyses and computational investigation. Biochem Biophys Res
Commun. 2018;497(1):93-101. doi:10.1016/j.bbrc.2018.02.029



