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The human genome encodes 1,048 microRNAs (miRNAs). These miRNAs regu-
late virtually all biological processes. Leaving ignominy on the significance
miRNAs behind we are approaching a new era in tissue repair where an ever
expanding orchestra of events that enable tissue repair and regeneration seems to be
conducted by miRNAs as the maestro. microRNAs are emerging as molecular
rheostats that fine-tune and switch regulatory circuits governing tissue repair. Key
elements of tissue repair such as stem cell biology, inflammation, hypoxia-
response, and angiogenesis are all under the sophisticated control of a network of
specific mRNAs. Embryonic stem cells lacking miRNAs lose their “stemness.”
Manipulation of specific cellular miRNAs helps enhance reprogramming of so-
matic cells to an embryonic stem cell-like phenotype helping generate inducible
pluripotent stem cells. Expression of miRNAs is subject to control by epigenetic
factors. Such control influences the balance between proliferation and differentia-
tion of stem cells. Angiomirs regulate various aspects of angiogenesis, such as
proliferation, migration, and morphogenesis of endothelial cells. MiRNAs play a
key role in resolution of inflammation. Hypoxia-inducible mRNAs or hypoxamirs
suppress mitochondrial respiration, cause cell cycle arrest, and interfere with
growth factor signaling. miRNA-210 is a good example in this category that
impairs wound closure. As fine tools enabling specific and temporally controlled
manipulation of cell-specific miRNAs emerge, miRNA-based therapies hold prom-
ise in facilitating tissue repair. Treatment of skin wounds has lower barriers because
it lends itself to local delivery of miRNA mimics and antagonizing agents
minimizing risks associated with systemic off-target toxicity.
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Complexities underlying the biology of tissue repair are
assuming an even more multidimensional configuration as new
players are identified. Robust bedside solutions can only come
from a team science approach that is able to successfully
integrate high-resolution mechanistic science into a seamless
mosaic that unlocks the yet unveiled secrets of tissue repair.
Tissue repair is largely dependent on injury-inducible protein-
coding genes as they serve as drivers of an inherent tissue
repair program that seek to restore the injured tissue both
structurally as well as functionally. There are two key steps
that separate a protein coding gene from its corresponding
protein. First, the DNA hosting the gene must transcribe to
mRNA. Finally, the mRNA must be translated to protein.

Work emerging during the recent years demonstrates that both
of these critical steps are subject to robust and redundant
regulation by microRNAs (miRNAs, 19- to 22-nucleotide
long), which are noncoding RNAs found in all eukaryotic cells.
Work during the past decade recognizes small RNAs as a new
class of regulators of eukaryotic biology. Alongside other
small interfering RNAs, miRNAs execute posttranscriptional
gene silencing through mRNA destabilization as well as trans-
lational repression. miRNAs form base pairs with specific
sequences in protein-coding mRNAs. Near-perfect pairing in-
duces cleavage of the target mRNA, whereas partial pairing
results in translational repression and mRNA decay through
deadenylation pathways (26). According to the miRbase
database the human genome encodes 1,048 miRNAs. This
count is rapidly growing. Based on prediction algorithms,
these miRNAs may regulate more than one-third of all pro-
tein-coding genes and virtually all biological processes (22).
Mammalian cells express cell type-specific miRNAs that si-

Address for reprint requests and other correspondence: C. K. Sen, 512 Davis
Heart and Lung Research Inst., The Ohio State Univ. Medical Center, 473 W.
12th Ave., Columbus, OH, 43210 (e-mail: chandan.sen@osumc.edu).

Physiol Genomics 43: 517–520, 2011.
First published April 5, 2011; doi:10.1152/physiolgenomics.00037.2011. Editorial

1094-8341/11 Copyright © 2011 the American Physiological Society 517

Downloaded from journals.physiology.org/journal/physiolgenomics at Ohio State Univ HSL (140.254.087.149) on December 11, 2020.



lence unique subsets of target genes within the cell. While
miRNAs are mostly known for being functional in the cyto-
plasm, nuclear miRNAs may also participate in gene regula-
tion. Initially considered an oddity, miRNA-dependent control
of gene expression is now accepted as being integral to the
normal function of cells and organisms. This issue of Physio-
logical Genomics is dedicated to understanding how miRNAs
influence the ability of tissues to repair themselves after injury.
Leaving ignominy on the significance miRNAs behind we are
approaching a new era in tissue repair where an ever expanding
orchestra of events that enable tissue repair and regeneration
seem to be conducted by miRNAs as maestro.

STEM CELLS

Endogenous miRNA binding sites have been identified in
murine embryonic stem cells (ESCs)(16). miRNAs govern
ESCs function by serving as control hubs managing regulatory
networks (10, 14). A central importance of such governance is
highlighted by the observation that ESCs lacking microRNAs
lose their “stemness.” ESCs with deficient miRNA biogenesis
systems switch to a mode of ongoing cell division. They do not
differentiate on demand because of failure to turn off the
pluripotency regulatory program (34). miRNAs conduct the
orchestra of critical gene regulatory networks controlled by
pluripotency factors Sox2, Oct4, and Nanog (13, 22). Individ-
ual miRNA-dependent pathways that promote the reprogram-
ming of somatic cells into induced pluripotent stem (iPS) cells
have been now identified. Manipulation of specific cellular
miRNAs helps enhance reprogramming of somatic cells to an
ESC-like phenotype helping generate iPS cells (17). Expres-
sion of miRNAs is subject to control by epigenetic factors (19).
Such control influences the balance between proliferation and
differentiation of stem cells. In executing such control the
miRNA element of epigenetics cross talks with changes in
chromatin structure as well as with changes in DNA methyl-
ation (3). Collectively, this provides for a mechanism by which
the tissue injury microenvironment can influence miRNA-
dependent reparative and regenerative processes.

INFLAMMATION

Mounting of a successful inflammatory response is one of
the earliest responses to injury. Blood-borne cells are tran-
siently recruited to the wound site with the overall goal to make
the injury site receptive for a repair process. In an ideal
scenario, inflammation is transient and resolves facilitated by
an equally sophisticated series of events. In ensuring functional
tissue repair, mounting as well as resolution of inflammation
are equally important. Disruption of miRNA biogenesis has a
major impact on the overall immune system. Emerging studies
indicate that miRNAs, especially miR-21, miR-146a/b and
miR-155, play a key role in regulating several hubs that
orchestrate the inflammatory process (30, 37). Pro- (miR-125b)
and anti-inflammatory (miR-26a, -34a, -145, and let-7b)
miRNA may also be manipulated to positively influence stroke
outcomes (29). miRNAs have been directly implicated in the
pathogenesis of inflammatory diseases such as osteoarthritis and
rheumatoid arthritis (23). Resolvin-regulated specific miRNAs
target genes involved in resolution of inflammation and estab-
lish a novel resolution circuit involving RvD1 receptor-depen-
dent regulation of specific miRNAs (28). Furthermore, the

brain-specific miRNA-124 can tame inflammation by turning
off activated microglial cells and macrophages (27). Of rele-
vance to tissue repair is also the regulatory loop where cyto-
kines, including those elicited following injury, are regulated
by miRNAs as well as regulate miRNA expression (1, 11).

ANGIOGENESIS

Patent vascular supply and adequate perfusion is a key
determinant of success in tissue repair especially when the
injury is sizeable. In 2005–2008, the first series of observations
establishing key significance of miRNAs in the regulation of
mammalian vascular biology came from experimental studies
involved in arresting miRNA biogenesis to deplete the miRNA
pools of vascular tissues and cells (32). Dicer-dependent bio-
genesis of miRNA is required for blood vessel development
during embryogenesis. Mice with endothelial cell-specific dele-
tion of Dicer, a key enzyme supporting biogenesis of miRNAs,
display defective postnatal angiogenesis. NADPH oxidase-
derived reactive oxygen species (ROS) drive wound angiogen-
esis. Endothelial NADPH oxidase is subject to control by
miRNAs (33). Hypoxia is widely recognized as a cue that
drives angiogenesis as part of an adaptive response to vascu-
larize the oxygen-deficient host tissue. Hypoxia-sensitive miR-
200b is involved in such induction of angiogenesis via directly
targeting Ets-1 (7). Various aspects of angiogenesis, such as
proliferation, migration, and morphogenesis of endothelial
cells, can be regulated by specific miRNAs in an endothelial-
specific manner. miRNAs known to regulate angiogenesis in
vivo are referred to as angiomiRs (36). miRNA-126 is specific
to endothelial cells and regulates vascular integrity and devel-
opmental angiogenesis. Manipulating angiomiRs in the setting
of tissue repair represents a new therapeutic approach that
could be effective in promoting wound angiogenesis.

HYPOXIA RESPONSE

Tissue injury is often associated with disruption of vascular
supply to the injury site. Thus, the injured tissue often suffers
from insufficient oxygen supply or hypoxia. Under conditions
of additional underlying ischemia, hypoxia is severe and seriously
limits tissue repair (31). Hypoxia induces specific miRNAs col-
lectively referred to as hypoxamirs (5). miRNA-210 is a
classical hypoxamir. Expression of hypoxia-inducible factor 1
(HIF-1) is also controlled by specific miRNAs. In turn, HIF-1
controls the expression of hypoxamirs that are induced in the
injured tissue (21). Hypoxamirs are also induced by HIF-
independent pathways. Although hypoxamirs generally favor
angiogenesis (7, 12), their metabolic and cell cycle arrest
functions are in conflict with tissue repair especially in an
ischemic setting. Silencing specific hypoxamirs may therefore
represent a prudent approach to facilitate tissue repair.
miRNA-210 represses mitochondrial respiration (6) and exag-
gerates production of undesired mitochondrial ROS (9). These
outcomes are not compatible with the higher energy demands
associated with tissue repair. miR-210 also silences signaling
via fibroblast growth factor (35), a key contributor to wound
healing. The injured tissue is highly rich in ROS (31). In
addition, at the site of injury transition metal ions are released
from a protein-bound state. Conditions such as these cause
DNA damage that opposes tissue repair. DNA repair systems
are therefore of key significance in enabling tissue repair.
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miR-210 antagonizes DNA repair (8). This is another hypox-
amir function that is in conflict with tissue repair. Compatible
with the common observation that ischemic wounds are refrac-
tory to healing response, elevated miRNA-210 in ischemic
wounds attenuated keratinocyte proliferation and impaired
wound closure (2, 4).

miRNA-BASED THERAPEUTICS

Rapidity and reversibility of miRNA function makes them
an attractive target for therapeutic manipulation. In a setting
where one miRNA can regulate hundreds of genes and one
gene can be regulated by a number of miRNAs, a major issue
is to develop an understanding of the regulatory loops that
govern miRNA-miRNA as well as miRNA-mRNA interactions
(32). In addition, factors contributing to the volume control of
inducible or repressible miRNA expression need to be under-
stood. At present, major advances are being made to under-
stand these processes. In particular, miRNA coordinated ex-
pression with other regulatory molecules, such as transcription
factors, is an area under active development. miRNAs are
emerging as molecular rheostats that fine-tune and switch
regulatory circuits governing tissue repair. miRNA-based ther-
apeutics now represent the most significant commercial hotspot
in today’s health care market space. Although there are many
challenges for miRNAs as therapeutic targets such as delivery,
potential off-target effects, and safety, the strategy of miRNA
manipulation in vivo to regulate disease-related processes is
already becoming a feasible future therapeutic approach (20).
miRNA-based therapies have proven to be helpful in chroni-
cally infected chimpanzees by suppressing hepatitis C viremia
and improvement of hepatitis C virus-induced liver pathology
(15) and are being evaluated in the first human clinical trials of
miRNA inhibition (Santaris Pharma, http://clinicaltrials.gov/).
Miravirsen is the first miRNA-targeted drug to receive Inves-
tigational New Drug acceptance from the Food and Drug
Administration, paving the way to conduct Phase 2 trials for
treatment of hepatitis C in the United States. Tiny locked
nucleic acid-based compounds can inhibit entire disease-asso-
ciated miRNA families. This provides a potential new ap-
proach for treating a variety of diseases including cancer, viral
infections, and cardiovascular and muscle diseases (25). Mirna
Therapeutics, Inc. has recently published data demonstrating
that miR-34 mimic developed at Mirna might be particularly
effective in combating the most aggressive cancer cells in
patients (18). Upon activation, miR-155 is expressed in several
types of human immune cells including B cells, T cells,
macrophages, and dendritic cells. Regulus Therapeutics is
targeting miR-155 with anti-miRs to treat inflammatory dis-
eases (24). As fine tools enabling precise and temporally
controlled manipulation of cell-specific miRNAs emerge,
miRNA-based therapies will provide lucrative returns. Treat-
ment of skin wounds has lower barriers because it lends itself
to local delivery of miRNA mimics and antagonizing agents.

GRANTS

Work in the author’s laboratory is supported by National Institutes of
Health Grants GM-069589, GM-077185, NS-42617, and HL-073087.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

REFERENCES

1. Asirvatham AJ, Magner WJ, Tomasi TB. miRNA regulation of cyto-
kine genes. Cytokine 45: 58–69, 2009.

2. Banerjee J, Chan YC, Sen CK. MicroRNAs in skin and wound
healing. Physiol Genomics October 19, 2010, doi:10.1152/
physiolgenomics.00157.2010.

3. Bibikova M, Laurent LC, Ren B, Loring JF, Fan JB. Unraveling epigenetic
regulation in embryonic stem cells. Cell Stem Cell 2: 123–134, 2008.

4. Biswas S, Roy S, Banerjee J, Hussain SR, Khanna S, Meenaksh-
isundaram G, Kuppusamy P, Friedman A, Sen CK. Hypoxia inducible
microRNA 210 attenuates keratinocyte proliferation and impairs closure in
a murine model of ischemic wounds. Proc Natl Acad Sci USA 107:
6976–6981, 2010.

5. Chan SY, Loscalzo J. MicroRNA-210: a unique and pleiotropic hypox-
amir. Cell Cycle 9: 2010.

6. Chan SY, Zhang YY, Hemann C, Mahoney CE, Zweier JL, Loscalzo
J. MicroRNA-210 controls mitochondrial metabolism during hypoxia by
repressing the iron-sulfur cluster assembly proteins ISCU1/2. Cell Metab
10: 273–284, 2009.

7. Chan YC, Khanna S, Roy S, Sen CK. miR-200b targets Ets-1 and is
down-regulated by hypoxia to induce angiogenic response of endothelial
cells. J Biol Chem 286: 2047–2056, 2011.

8. Crosby ME, Kulshreshtha R, Ivan M, Glazer PM. MicroRNA regula-
tion of DNA repair gene expression in hypoxic stress. Cancer Res 69:
1221–1229, 2009.

9. Favaro E, Ramachandran A, McCormick R, Gee H, Blancher C,
Crosby M, Devlin C, Blick C, Buffa F, Li JL, Vojnovic B, Pires das
Neves R, Glazer P, Iborra F, Ivan M, Ragoussis J, Harris AL.
MicroRNA-210 regulates mitochondrial free radical response to hypoxia
and krebs cycle in cancer cells by targeting iron sulfur cluster protein
ISCU. PLoS One 5: e10345, 2010.

10. Giraud-Triboult K, Rochon-Beaucourt C, Nissan X, Champon B,
Aubert S, Pietu G. Combined mRNA and microRNA profiling reveals
that miR-148a and miR-20b control human mesenchymal stem cell phe-
notype via EPAS1. Physiol Genomics 43: 77–86, 2011.

11. Hata A, Davis BN. Control of microRNA biogenesis by TGFbeta signal-
ing pathway-A novel role of Smads in the nucleus. Cytokine Growth
Factor Rev 20: 517–521, 2009.

12. Jafarifar F, Yao P, Eswarappa SM, Fox PL. Repression of VEGFA by
CA-rich element-binding microRNAs is modulated by hnRNP L. EMBO
J [Epub ahead of print].

13. Kashyap V, Rezende NC, Scotland KB, Shaffer SM, Persson JL, Gudas LJ,
Mongan NP. Regulation of stem cell pluripotency and differentiation involves
a mutual regulatory circuit of the NANOG, OCT4, and SOX2 pluripotency
transcription factors with polycomb repressive complexes and stem cell
microRNAs. Stem Cells Dev 18: 1093–1108, 2009.

14. Knelangen JM, van der. Hoek MB, Kong WC, Owens JA, Fischer B,
Navarrete Santos A. MicroRNA expression profile during adipogenic
differentiation in mouse embryonic stem cells. Physiol Genomics January
18, 2011, doi:10.1152/physiolgenomics.00116.2010.

15. Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow M,
Munk ME, Kauppinen S, Orum H. Therapeutic silencing of microRNA-
122 in primates with chronic hepatitis C virus infection. Science 327:
198–201, 2010.

16. Leung AK, Young AG, Bhutkar A, Zheng GX, Bosson AD, Nielsen
CB, Sharp PA. Genome-wide identification of Ago2 binding sites from
mouse embryonic stem cells with and without mature microRNAs. Nat
Struct Mol Biol 18: 237–244, 2011.

17. Li Z, Yang CS, Nakashima K, Rana TM. Small RNA-mediated regu-
lation of iPS cell generation. EMBO J 30: 823–834, 2011.

18. Liu C, Kelnar K, Liu B, Chen X, Calhoun-Davis T, Li H, Patrawala
L, Yan H, Jeter C, Honorio S, Wiggins JF, Bader AG, Fagin R, Brown
D, Tang DG. The microRNA miR-34a inhibits prostate cancer stem cells
and metastasis by directly repressing CD44. Nat Med 17: 211–215, 2011.

19. Liu C, Teng ZQ, Santistevan NJ, Szulwach KE, Guo W, Jin P, Zhao
X. Epigenetic regulation of miR-184 by MBD1 governs neural stem cell
proliferation and differentiation. Cell Stem Cell 6: 433–444, 2010.

20. Liu NK, Xu XM. MicroRNA in central nervous system trauma
and degenerative disorders. Physiol Genomics March 8, 2011, doi:
10.1152/physiolgenomics.00168.2010.

21. Loscalzo J. The cellular response to hypoxia: tuning the system with
microRNAs. J Clin Invest 120: 3815–3817, 2010.

Editorial

519microRNAs IN TISSUE INJURY & REPAIR

Physiol Genomics • VOL 43 • www.physiolgenomics.org
Downloaded from journals.physiology.org/journal/physiolgenomics at Ohio State Univ HSL (140.254.087.149) on December 11, 2020.

http://dx.doi.org/10.1152/physiolgenomics.00157.2010
http://dx.doi.org/10.1152/physiolgenomics.00157.2010
http://dx.doi.org/10.1152/physiolgenomics.00116.2010
http://dx.doi.org/10.1152/physiolgenomics.00168.2010


22. Mallanna SK, Rizzino A. Emerging roles of microRNAs in the control of
embryonic stem cells and the generation of induced pluripotent stem cells.
Dev Biol 344: 16–25, 2010.

23. Nakasa T, Nagata Y, Yamasaki K, Ochi M. A mini-
review: microRNA in arthritis. Physiol Genomics February 15, 2011,
doi:10.1152/physiolgenomics.00142.2010.

24. O’Neill LJ. A renaissance of interest innate immunity: will new treat-
ments for rheumatoid arthritis emerge? Rheumatol 3: 203–205, 2008.

25. Obad S, Dos Santos CO, Petri A, Heidenblad M, Broom O, Ruse C, Fu
C, Lindow M, Stenvang J, Straarup EM, Hansen HF, Koch T, Pappin
D, Hannon GJ, Kauppinen S. Silencing of microRNA families by
seed-targeting tiny LNAs. Nat Genet 43: 371–378, 2011.

26. Pasquinelli AE. Molecular biology. Paring miRNAs through pairing.
Science 328: 1494–1495, 2010.

27. Ponomarev ED, Veremeyko T, Barteneva N, Krichevsky AM, Weiner
HL. MicroRNA-124 promotes microglia quiescence and suppresses EAE
by deactivating macrophages via the C/EBP-alpha-PU.1 pathway. Nat
Med 17: 64–70, 2011.

28. Recchiuti A, Krishnamoorthy S, Fredman G, Chiang N, Serhan CN.
MicroRNAs in resolution of acute inflammation: identification of novel
resolvin D1-miRNA circuits. FASEB J 25: 544–560, 2011.

29. Rink C, Khanna S. MicroRNA in ischemic stroke etiology
and pathology. Physiol Genomics September 14, 2010, doi:10.1152/
physiolgenomics.00158.2010.

30. Roy S, Sen CK. miRNA in innate immune responses: novel
players in wound inflammation. Physiol Genomics December 7, 2010,
doi:10.1152/physiolgenomics.00160.2010.

31. Sen CK. Wound healing essentials: let there be oxygen. Wound Repair
Regen 17: 1–18, 2009.

32. Sen CK, Gordillo GM, Khanna S, Roy S. Micromanaging vas-
cular biology: tiny microRNAs play big band. J Vasc Res 46: 527–540,
2009.

33. Shilo S, Roy S, Khanna S, Sen CK. Evidence for the involvement of
miRNA in redox regulated angiogenic response of human microvascular
endothelial cells. Arterioscler Thromb Vasc Biol 28: 471–477, 2008.

34. Tiscornia G, Izpisua Belmonte JC. MicroRNAs in embryonic stem cell
function and fate. Genes Dev 24: 2732–2741, 2010.

35. Tsuchiya S, Fujiwara T, Sato F, Shimada Y, Tanaka E, Sakai Y,
Shimizu K, Tsujimoto G. MicroRNA-210 regulates cancer cell prolifer-
ation through targeting fibroblast growth factor receptor-like 1 (FGFRL1).
J Biol Chem 286: 420–428, 2011.

36. Wang S, Olson EN. AngiomiRs–key regulators of angiogenesis. Curr
Opin Genet Dev 19: 205–211, 2009.

37. Zhu N, Zhang D, Chen S, Liu X, Lin L, Huang X, Guo Z, Liu J, Wang
Y, Yuan W, Qin Y. Endothelial enriched microRNAs regulate angioten-
sin II-induced endothelial inflammation and migration. Atherosclerosis
[Epub ahead of print].

Editorial

520 microRNAs IN TISSUE INJURY & REPAIR

Physiol Genomics • VOL 43 • www.physiolgenomics.org
Downloaded from journals.physiology.org/journal/physiolgenomics at Ohio State Univ HSL (140.254.087.149) on December 11, 2020.

http://dx.doi.org/10.1152/physiolgenomics.00142.2010
http://dx.doi.org/10.1152/physiolgenomics.00158.2010
http://dx.doi.org/10.1152/physiolgenomics.00158.2010
http://dx.doi.org/10.1152/physiolgenomics.00160.2010

