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Abstract

MicroRNAs (miRNAS) are a family of small RNAs which are 20 nucleotides in length and are
non-translated. To date more than 700 miRNAs have been identified and their involvement in
many essential cellular processes is now apparent. By binding with target mMRNAs, miRNAs are
able to regulate both mRNA stability and mRNA translational efficiency. Integrins are a family of
transmembrane proteins that both regulate cell-matrix interactions and serve as receptors that
mediate intracellular signaling and a variety of cellular processes, including inflammatory
responses, immunoresponses, and tumorogenesis. Integrin expression may also be regulated by
miRNAs which can also modulate integrin signaling and function.

Integrins are heterodimer adhesion proteins comprised of an a and a  subunit. Cumulatively,
there are 18 a subunits and 8 B subunits that can combine to form 24 distinct aff receptor
complexes. Additionally, each integrin can be classfied into one of four groups based on its
extracellular binding ligand: collagen, laminin, RGD (Arg-Gly-Asp) or leukocyte-specific
receptors. Collagen ligand integrins include integrins al and a2 subunits, known to be regulated
by specific miRNAs. Amongst the laminin ligand integrins, there are no integrin a subunits known
to be regulated by miRNA. As for the RGD ligand integrins, integrin a5 is the only o subunit
found to be regulated by miRNAs (miR-31, miR-17-92 cluster, and miR-148b). Finally, amongst
the a subunits that comprise the leukocyte-specific receptor ligand integrins, integrins aD, aL,
aM, aX have been reported regulation by different miRNAs. As for the integrin  subunits,
regulation by miRNAs has been reported for all but 6 and 37 to date. However, computational
predictions suggest that numerous miRNA potentially regulate a variety of target integrins. These
predictions will undoubtedly guide future investigations of mechanisms underlying integrin
expression mechanism and may ultimately yield new therapeutic tools.
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Introduction

MicroRNA (miRNA) are non-coding RNAs which are typically 20 nucleotides in length.
miRNA is transcribed by RNA polymerase Il from individual miRNA genes, from coding
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gene introns, or from polycistronic transcripts that encode multiple related miRNAs. So far
more than 700 human miRNAs have been identified. Most miRNAs are associated with the
RNA-induced silencing complex (RISC), and destabilize or inhibit target mMRNA translation
via binding to the 3’ untranslated terminus (3’UTR). miRNAs provide precise post-
transcriptional control of target gene mRNA. In some cases of abnormally functioning
miRNA, the target mRNA is transcribed to abnormally high levels, which can results in a
disease state. The large number and variable function of miRNAs identified to date indicates
that miRNA are involved in a vast array of cellular processes, including development,
growth, and tumorogenesis (1,2).

Integrins are a family of heterodimeric adhesion proteins involved in a variety of dynamic
cellular processes, including cellular adhesion, migration, phagocytosis, growth and
development, and tumor metastasis (3). The known 18 a subunits and 8 8 subunits can
combine to form 24 distinct aff integrin complexes, accounting for a highly diverse family of
adhesion molecules, both structurally and functionally. The o subunit is comprised of a
seven-bladed p-propeller as well as calf-1 and calf-2 domains which together serve as a
support for the integrin head. Notably, some integrin a subunits also contain an | domain
which interacts with collagens. In addition, the a subunit contains a transmembrane domain
and a short cytoplasmic domain, about which is little known. The integrin B subunits contain
a plexin-sempahorin-integrin domain (PSI); a hybrid domain; a I domain; and four
cysteine-rich epidermal growth factor repeats (I-EGF). Similar to the a subunit, the
subunit also contains a transmembrane domain and typically a short cytoplasmic domain.
However, integrin 34 has a uniquely long cytoplasmic tail of over 1,000 amino acids which
is believed to play an important role in outside-in signaling (4). In all cases, the surface of
the B-propeller of subunit a associates with the hybrid domain of subunit f and forms a
stable complex (5).

As different integrin aff complexes have different extracellular ligands, they can be divided
into four main groups based on their ligands: collagen, laminin, RGD (Arg-Gly-Asp) or
leukocyte-specific receptors. The collagen ligand group includes integrin alfl, a2f1, al0p1
and al1p1. The laminin ligand integrins includes integrin a3p1, a6f1, a7p1 and a6f4. The
RGD ligand integrins include integrin a5p1, a8f1, aVp3, aVps, aVpe, aVp8 and allbps.
Finally, the leukocyte-specific receptor group includes integrin complexes specifically
expressed on the surface of neutrophils, such as integrin a4f1, integrin a9f1, integrin a4f7,
integrin aER7. Also in this group and expressed on neutrophils, integrin B2 associates with
various integrin a subunits to form integrins aDB2, aLf2, aMp2, aXp2 (Figures 1 and 2).
While numerous integrins are now known to be regulated by miRNAs this review will focus
primarily on three particular subunits, integrins 1, f2, and aV, which have been best
characterized in this regard and are representative of the growing literature as a whole.

Integrin B1 and associated a subunits

Integrin 1 is expressed in a variety of cell types and plays an important role in many
cellular processes, including epithelial, neural and skeletal differentiation and development.
Moreover, integrin f1 associates with different ligands in various tissues, suggesting that it
has variable cell-specific functions. For example, integrins a1p1, a2p1, a10p1 and al1pl
associate with collagen and integrins a3f1, a6p1, and a7p1 interact with laminin.
Separately, integrins a5p1 and a8p1 associate with RGD extracellular matrix proteins, such
as fibronectin, vitronectin and fibrinogen, while integrins a4f31 and a9p1 are expressed as
leukocyte-specific receptors.

Like most integrins, integrin B1 is also regulated by multiple specific and non-specific
miRNAs. For example, overexpression of miR-31 downregulates integrin a2, a5, aV, and
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B3, and indirectly effects decreased integrin p1 expression in breast cancer cells.
Consequently, miR-31-mediated inhibition of integrin B1 expression results in decreased
cancer cell invasion and metastasis (6). In addition, miR-29b has been reported to inhibit
collagen I and collagen Il expression, and also reduce expression of integrin 31 in hepatic
stellate cells (7). Moreover, miR-29 inhibited transformation of hepatic stellate cells into
myofibroblast-like cells, implicating targeting of miR-29 as a potential therapeutic strategy
for liver fibrosis (8,9). In addition to downregulating collagens and integrin 1, miR-29 also
showed protective effects on salt-induced hypertension and renal injury in a rat model (10).
In an unrelated study, miR-124 levels were found to be significantly lower in glioblastoma
patients compared to healthy controls while integrin 1 was expressed at significantly higher
levels in patients relative to controls (11). Overexpression of miR-124 in a glioblastoma cell
line inhibited tumor migration and invasion, accompanied by decreased expression of
integrin f1 (11). Similarly, endogenous miR-124 levels were found to be lower in oral
squamous cell carcinomas, whereas overexpression of miR-124 attenuated integrin 1
expression and reduced the adherence and motility of squamous carcinoma cells (12).
Finally, miR-124 has been found to regulate neuronal differentiation through the
downregulation of laminin-1 and integrin 1 (13).

In separate reports, miR-183 has been shown to be involved in H,O»-induced neural
senescence by regulating the expression of integrin f1 and kinesin 2 (14) while transfection
of either miR-338b or miR-451 resulted in reduced expression of integrin 81, accompanied
by epithelial polarization and integrin 1 translocation to the basolateral membrane in an
epithelial differentiation model (15). Cumulatively, evidence suggests that miRNA
regulation of integrin B1 is involved in cellular differentiation as well as carcinogenesis,
metastasis and tumor cell invasion, and that different miRNAs play both time-specific and
signal pathway-specific roles in these functions.

Among the collagen receptor integrins, integrin al is a heterodimer subunit associated with
integrin f1. Regulation of integrin al by miRNA is evidenced by inhibited differentiation of
neurites in mice by miR-375 accompanied by reduced integrin al expression (16). This
finding highlights the importance of integrin al in murine neuronal development and
supports the regulation of integrin alpl by miR-375.

Integrin a2 has been reported to be downregulated by miR-31. Indirectly, miR-31 also
inhibits integrin B1 expression In human cancer cells (3). Consequently, miR-31
significantly inhibited tumor cell spreading in a ligand-dependent manner. In addition to
integrin a2, miR-31 also directly downregulates integrins a5, aV, and 3 in human cancer
cells (6). Significantly, miR-31 did not affect the expression of integrin 6, a heterodimer
partner of aV, in breast cancer MDA-MB-231 cells (6). These studies indicate that miR-31
specifically targets several integrin subunits to regulate key aspects of cancer cell invasion
and metatases. To date, however, there are no reports of miRNA regulation of integrins
01081 or al1p1.

Among the a subunits in the RGD receptor group, integrin B1 forms heterodimer complexes
with integrin a5 and integrin a8. As noted above, integrin a5 has been reported to be
downregulated by miR-31 but also by miR-17 92 cluster, a combination of pre-miRNAs
and mature RNAs (17,18). Downregulation of integrin a5 by miR-31 inhibits tumor cell
spreading, invasion and metastasis in a variety of tumor cell models (6,19,20). In contrast to
integrin a5, however, miRNA regulation of integrin a8 has not yet been described.

In the laminin ligand group, the a subunits associating with integrin B1 are a3, a6, and a7.
To date, no miRNA has been reported to regulate integrin a3, a6, or a7 expression. In this
group, integrin a6 also associates with integrin 4, characterized by it atypically long
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cytosolic tail, and which has been shown to be involved in many critical cellular processes,
including tumorogenesis and metastasis (21). Recent studies have shown that miR-29a
downregulates integrin 4 expression and facilitates tumor cell invasion (22). In addition,
miR-184 also downregulates integrin f4 and specific miR-184 mutations effecting integrin
B4 targeting have been linked to family keratoconus (23). Further, polymorphisms in the 3’-
UTR of integrin 4 associated with imperfect binding of miRNA correlate with poor
outcomes in breast cancer patients (24).

Integrin 1 also forms complexes with a4 and a9 and expresses specifically on neutrophils
as leukocyte-specific receptor ligands. However, specific miRNAS that regulate either
integrin a4 or integrin a9 have yet to be identified. Notably, the other leuckocyte-specific
receptor integrins include the integrin 7 subunit, expressed specifically on leukocytes,
which forms a heterodimer with a4 and aE. Similar to the B1 integrins from the same
subclass, no miRNA has been reported to regulate either integrin 37, a4 or aE expression.

Integrin B2 and associated a subunits

Integrin 2 associates with several a integrins (D, L, M, X) which are expressed as
leukocyte-specific receptors. Integrin B2 plays an important role in neutrophil functions,
such as rolling and migration to sites of inflammation. In one mouse study, silencing of
integrin 32 with siRNA resulted in neutrophilia, splenomegaly and significant defects in
neutrophil trafficking, but had little effect on T cell function (25). Integrin 2 (CD18) has
also been shown to be overexpressed on the surface of neutrophils in patients with
myeloproliferative disorders in whom miR-133a and miR-1 were also found to be
downregulated (26). This study suggests a potential regulatory relationship between integrin
2 and both miR-133a and miR-1 in myeloproliferative disorders.

Integrin aL (CD11a) is regulated by miR-126 and has been linked to the progression of
systemic lupus erythematosus (SLE) (27). Overexpression of miR-126 in CD4+ T cells from
healthy donors caused the demethylation and upregulation of integrin aL and CD70, thereby
causing T cell and B cell hyperactivity. In contrast, inhibition of miR-126 in CD4+ T cell
from patients with SLE decreased T cell and B cell activity (27).

Integrin aM (also known as CD11b or MAC-1), is regulated by miR-124, miR-223, and
miR-424. miR-124 indirectly regulates integrin aM and has been shown to influence
macrophage migration into the central neuronal system as well as microglial cell
differentiation and activity in neural systems. These effects of miR-124 occur via the
inhibition of transcription factor C/EBP-a resulting in the downregulation of PU.1 which
induces the expression of integrin aM (28). Separately, by targeting myocyte enhancer
factor 2, miR-223 markedly inhibited bone marrow cell differentiation into CD11b+ Grll+
myeloid-derived suppressor cells (MDSC) (19). Moreover, by interfering with integrin aM
expression on the surface of MDSC, miR-223 further impaired tumor growth in an in vivo
model. As for miR-424, evidence suggests that it is able to regulate integrin aM expression
associated with monoblast maturation (29).

Integrin aX (CD11c) is known to be regulated by both miR-142 and mIR-142-3P. Cloning
miR-142 into the dengue virus-2 strain 3-UTR and in vivo use of this virus restricted
infection of CD11b+, CD11c+ and CD45+ cells, resulting in a loss of viral replication (27).
This work highlighted the importance of hematopoietic cells for Dengue virus replication
and indicated that CD11c is a critical target of miR-142. By regulating interleukin-6
expression, miR-142-3P plays a critical role in the immune response of integrin aX (CD11c)
positive dendritic cells (30). miR-142-3P likely controls the immune responses and
differentiation of hematopoietic-derived cells, such as dendritic cells and T lymphocytes, in
which miR-142-3P is highly expressed. In contrast, there are relatively low levels of
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miR-142-3P in non-hematopoietic cell line, such as endothelial cells and fibroblasts (30). To
date, no miRNA has been reported to regulate integrin aD (also known as CD11D).

Integrin aV and associated B subunits

Integrin aV is a one of the few integrin a subunits that associates with multiple B units, of
which each complex belongs to the RGD ligand group. Integrin aV is regulated by
miR-142-3P and miR-31 and there is evidence that it is regulated by miR-100 as well.
Serum miR-142-3p levels in patients with systemic sclerosis are significantly higher than in
patients with scleroderma spectrum disorder, SLE, dermatomyositis, or healthy controls
(23). Overexpression of integrin avf5 and integrin avp3 on the surface of the fibroblast cells
from systemic sclerosis patients correlates with circulating miR-124-3P levels. As noted
earlier, miR-31 is involved in cancer cell invasion and metastasis via the regulation of
expression of several integrins on cancer cells including integrin aV (6). Recently, increased
expression of integrin aV was reported in intestinal tissue characterized by inflammatory
neovascularization in a murine model of graft-versushost disease (31). Expression analysis
identified miR-100 as markedly downregulated in this model and inactivation of miR-100
resulted in increased neovascularization and inflammation consistent with worse disease.
These findings suggest miR-100 regulation of integrin aV although a direct link was not
confirmed.

Integrin B3 is known to be regulated by several different miRNAs. For example, in addition
to regulation by miR-31 (3), there is evidence of integrin 3 regulation by miR-30 as levels
of miR-30 are significantly reduced while integrin B3 expression is significantly increased in
breast tumor initiating cells (BT-IC) (34). Moreover, overexpression of miR-30 in BT-IC
induces silencing of integrin f3 and apoptosis. There is also evidence of integrin 3
regulation by let-7 family miRNA as let-7 miRNA levels are also reduced in BT-IC (34)
while miR-let-7a is absent and expression of integrin 33 is increased in malignant melanoma
cells (32). In addition, transfection of melanoma cells with let-7a pre-miRNA results in the
downregulation of integrin B3 as well as reduced invasive potential of transfected cells, an
observation which could ultimately lead to novel therapeutic strategies as the metastatic
potential of melanomas cells has previously been linked to integrin 33 (33). Finally,
miR-150 has been shown to regulate megakaryocyte-erythrocyte progenitor (MEP) cell
development and expression of integrin B3 on the surface of differentiated cells (34).

Of note, integrin 3 also associates with integrin allb (CD41), whose expression is also
regulated by miR-150 as well as miR-34a and. Specifically, by targeting transcription factor
MY B, miR-150 drives MEP cell differentiation toward megakaryocytes which is
accompanied by increased expression of integrin allb, (34). In addition, overexpression of
miR-34a promotes megakaryocyte differentiation and is also associated with increased
integrin allb expression (35).

Although no miRNA has been reported to regulate integrin 85, one study reported silencing
of integrin B5 increased miR-125b expression and suppressed mesenchymal stem cell
differentiation, suggesting integrin 85 regulation of miRNA-125b (36). As of this writing
there are no reports of mMiRNA regulation of integrin (6.

Integrin 8 is regulated by miR-145 and miR-93. miR-145 plays a central role in corneal
epithelium formation from progenitor cells and the maintenance of epithelial integrity (17).
Transfection with lentivirus containing the mature miR-145 sequence gave rise to defective
epithelium. gPCR and luciferase reporter assays showed that miR-145 suppressed integrin
(38 expression in both human corneal epithelial cells and primary corneal epithelial
progenitor cells (37). Nude mice injected with miR-93-transfected U87 astrocytoma cells
showed increased tumor growth compared to mice injected with mock transfected cells (9).
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Co-culture of miR-93-transfected U87 cells with endothelial cells facilitated endothelial cell
spreading, growth, migration and tube formation compared to controls. Computational
analysis suggested that miR-93 targets integrin p8. This link was further supported by
evidence that silencing of integrin 8 mimicks effects of miR-93 on tumor cell angiogenesis
and survival, suggesting that the effects of miR-93 on tumor cell growth may be due to
reduced intergrin 8 expression .

As noted, integrins 5, f6 and 8 have been shown to be indirectly downregulated by
miR-31 in a tumor cell model (6). Although miR-31 directly targets the 3’-UTR of integrins
a2, a5, aV, and B3, the downregulation of integrins 5, f6 and 8 may be mediated by the
reduction of integrin heterodimer stability, or through targeting of upstream regulators.

Computational Prediction of Integrin-Regulating miRNAs

Summary

In contrast to the limited number of miRNAs which have been proven to regulate specific
integrins, the majority of computationally-predicted integrin-regulatory miRNAs have not
yet been investigated. miRNAs which possess conserved targeting sequences specific for
different integrins, identified with publically available TargetScan software
(wwww.targetscan.org, Whitehead Institute for Biomedical Research, MIT, Cambridge,
MA), are listed in Tables 1 and 2. Among the predicted miRNAs, several have already been
confirmed as integrin-regulatory miRNAs. However, not all miRNAs that have been
experimentally identified as integrin-regulatory miRNAs are predicted by in silico miRNA
targeting software. For example, integrin f1 has been shown to be regulated by miR29,
miR-124/506, miR-183, all of which were predicted by miRNA sequence analysis. In
contrast, several other miRNAs, including miR-192, miR-338, and miR451, that have also
been shown to target integrin 1 were not predicted by gene targeting software (15). These
studies highlight the complication of integrin miRNA prediction. Moreover, it is now
apparent that miRNA regulation of target genes is highly complex and can be effected by,
among other things, variable miRNA expression threshold levels, below which miRNA will
have little or no effect, or the presence of miRNA competitors that can alter binding to
specific target genes (38). Thus, in general, in-silico miRNA predictions merely provide
guidance to help direct future investigations aimed at understanding integrin expression and
their functional regulation by miRNA.

Future basic and clinical research on the role of miRNA in regulating integrin expression are
likely to focus on several key areas, including: finding new integrin-regulating miRNAs
through in silico prediction and experimental confirmation; identifying integrin
polymorphisms, including intronic and 3’-UTR polymorphisms which regulate miRNA
binding(24); defining miRNA structural modifications which influence integrin expression;
and finally, development of new miRNA-modifying drugs. Advances in these areas offer
great promise and may lead to new pharmaceutical approaches for the treatment of cancers
and other diseases.

A large family of outside-in signaling proteins, integrins are involved in many critical
cellular processes, including angiogenesis, proliferation, and tumorogenesis. Elucidating the
mechanisms of integrin regulation is crucial to understanding integrin function. Moreover,
while the role of integrins in the biology of a variety of cancers is now widely described,
there is growing evidence that integrins may also be important determinants of a diverse and
vast range of diseases including fibrotic lung and renal diseases (39,40), acute lung injury
(41), graft-versus-host disease (31) and even multiple sclerosis as treatments specifically
targeting integrins in patients with multplie sclerosis have recently shown promise (42).
Accordingly, identification of pharmacologic therapies directed at integrins in a variety of
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nical contexts is a robust area of ongoing investigation. Among the various mechanisms

regulating integrin expression, miRNASs have emerged as particularly promising targets in
this regard. As the complete spectrum of miRNAs capable of regulating most integrins
remains undefined this will undoubtedly remain an important and active area of
investigation for the near future and beyond.
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receptor receptor receptor
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Figure 1. MicroRNAsregulateintegrin f1 and associated a subunits

Integrin B1 and its a subunits form multiple heterodimers. Based on the different
extracellular ligands, integrin B1 heterodimers can be classified into four groups: collagen
ligand, RGD ligand, laminin ligand and leukocyte-specific expressing receptors. In addition
to associating with integrin B1, a6 also associates with integrin 4. Similarly, a4 also
associates with B7 while integrin 7 also associates with aE. Integrin f1 and integrin 4 are
regulated by distinct microRNAs. The associated subunits al, a2 and a5 have also been
confirmed to be regulated by specific miRNAs as shown.
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miR-126

miR-1,miR-133a

miR-424,miR-
124,miR-223

miR-142-3P
miR-142

Leukocyte
specific receptor

Figure 2. MicroRNAsregulateintegrin f2 and associated a subunits

Integrin B2 associates with aD, aL,aM, and aX, and is exclusively expresse on the surface
of leukocytes. To date, integrins 2, aD, aM, and aX, but not aL, have been confirmed to
be regulated by miRNAs.
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miR-93,miR-145

miR- 31, miR142-3P
miR-100

miR-30,miR-31,miR-
150,let-7a

miR- 34a, miR150

RGD
receptor

Figure 3. MicroRNAsregulateintegrin aV and B subunitsthat associate with aV

Integrin aV associates with 3, B5, 6, B8, and exclusively interact with RGD extracellular
matrices, such as fibronectin, vitronectin, and fibrinogen. In this group, integrin aV and
associated subunits 33, 5, B8, but not B6, have been confirmed to be regulated by miRNAs.
One specific integrin o subunit, allb, forms a complex with integrin B3 and is regulated by
distinct miRNA as shown.
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