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Abstract
MicroRNAs have emerged as a novel class of non-coding RNAs that regulate gene expression at
the post-translational level in almost every biological event. A large body of evidence indicates
that microRNAs regulate the expression of different genes that play an important role in cancer
cell invasion, migration, and metastasis. In this review, we briefly describe the role of various
miRNAs in invasion, migration, and metastasis which are essential steps during cancer
progression.

Keywords
miRNA; invasion; epithelial-mesenchymal transition; metastasis suppressor

Introduction
Cell invasion and migration play an important role in embryonic development, homeostasis,
and pathobiology and in the process of cancer progression1, 2. Cell migration is coordinated
by a plethora of cytoplasmic proteins which are involved in transient signaling events with
changes in the cellular architecture3. MicroRNAs are small noncoding regulatory RNAs
ranging in size from 17 to 25 nucleotides. Recently, miRNAs have emerged as major non-
coding RNAs that regulate processes of the immune system, differentiation, tumorigenesis,
cell death and neurodegeneration4–7. There are more than 9500 miRNA entries in the
miRbase database including 706 miRNA sequences for Homo sapiens (miR-base version
13.0, March.2009, Cambridge, UK; Wellcome Sanger Trust Inst). Based on the function and
location of miRNAs on the chromosomes, miRNAs have been assigned to different families
in various biological processes. For instance, the miR-34 family regulates cancer and
apoptosis. The miR-200 family has been shown to inhibit the first step of metastasis,
epithelial mesenchymal transition (EMT), and the let-7 family of microRNAs regulates cell
death in human cancer cells.

In the nucleus, RNase III enzyme, drosha with the help of microprocessor complex, cuts the
double stranded RNA segments (pri-miRNAs) into short, hairpin-shaped double-stranded
RNA precursor structures (pre-miRNA, 60–70mer). Further processing takes place in the
cytoplasm where Dicer cleaves pre-miRNA into mature miRNAs (19–21nt). Mature
miRNAs bind the complementary sequence of 3′ untranslated region (3′UTR) of mRNAs
and are capable of targeting genes for either degradation of mRNA (which happens when
they are complementary or almost complementary) or inhibition of translation (which
happens when they are not complementary)8. Recently, drosha and dicer expression levels
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have emerged as important markers for patients with ovarian cancer9. Bioinformatics
analysis reveals that miRNAs can control the expression of one third of the human
proteome10. miRNAs participate in keeping the balance of gene regulating networks that
determine the cells’ fate. Deregulation of miRNAs, which is a frequent outcome in human
cancer, weakens this balance, thereby contributing to cancer progression. Several studies
have reported that miRNAs affect the expression of genes and pathways involved in cancer
pathogenesis from initiation to metastasis disease. In cancer progression, tumor cells
originate from their primary site and metastasize to the distant organs. Invasion and
metastasis play an important role in the spreading of cancer. The process of invasion
involves the directed migration and penetration of cancer cells into surrounding tissue. The
process of metastasis is the ability of cancer cells to penetrate into the blood vessel and
invade normal tissues to develop cancer at the secondary site. Various cytoplasmic proteins
and transcription factors have been identified to mediate this process11. In this review, we
briefly describe our understanding the role of various miRNAs and their targets in the
regulation of tumor cell invasion, migration, and metastasis in different types of cancers.

miRNA regulation of tumor cell invasion and migration
Cell invasion is the first step of cancer progression which involves the movement of tumor
cells from their origin and their migration to neighboring tissues. Cell invasion requires the
migration of tumor cells and dissolution of the extracellular matrix proteins. miR-21 has
emerged as a major microRNA that is overexpressed in a number of cancers such as glioma,
breast cancer, colorectal cancer, stomach/gastric cancer, hepatocellular carcinoma, pancreas
cancer, lung cancer, leukemia, and prostate cancer12. Studies using miR-21 suggest that it
post-transcriptionally downregulates tumor suppressor programmed cell death 4 (PDCD4)
and tropomyosin 1 (TPM1) genes and stimulates invasion and metastasis in colorectal and
breast cancers. Recent studies using prostate cancer cells suggest that miR-21 also targets
myristoylated alanine rich protein kinase c substrate (MARCKS), which is involved in
cellular processes such as cell adhesion and cell motility through regulation of the actin
cytoskeleton, without affecting proliferation13. Moreover, a negative correlation between the
expression of Bone morphogenetic protein-6 (BMP-6) and miR-21 has been identified in
breast cancer tissue samples. The expression of miR-21 is high in MDA-MB231 breast
cancer cells that express a very low level of BMP-6 transcripts. Moreover, BMP-6 regulates
miR-21 expression in MDA-MB231 cells at the transcriptional level, an effect that is
mediated via repression of δEF1 and c-Fos/c-Jun. BMP-6 thus inhibited δEF1 and c-Fos/c-
Jun after binding to the miR-21 promoter14. Furthermore, miR-21 expression is also
correlated with HER2/neu upregulation and is functionally involved in HER2/neu-induced
cell invasion that is mediated via the MAPK (ERK1/2) pathway upon stimulation of HER2/
neu signaling in breast cancer cells15. In addition, it is confirmed that overexpression of
other ERK1/2 activators such as RAS V12 or ID-1 are sufficient to induce miR-21
upregulation in HER2/neu negative breast cancer cells15. In hepatocellular cancer models,
inhibition of miR-21 increases the expression of the phosphatase and tensin homolog
(PTEN) tumor suppressor, and decreases tumor cell proliferation, migration, and invasion,
while miR-21 precursor overexpression increases. PTEN has been shown to be a direct
target of miR-21 and contributes to miR-21 effects on cell invasion. Meng and colleagues
(2007) also showed that modulation of miR-21 altered the focal adhesion kinase (FAK)
phosphorylation and expression of matrix metalloproteases 2 and 9; both of them are
downstream mediators of PTEN and play an important role in tumor cell migration and
invasion16. A recent study suggests a critical role of miR-21 in regulating the expression of
RECK and TIMP3 genes which are suppressors of malignancy and inhibitors of matrix
metalloproteinase’s (MMPs) in glioma cells. Moreover, repression of miR-21 in glioma cells
leads to a decrease in their migratory and invasion abilities, suggesting that miR-21
contributes to glioma malignancy by downregulation of MMP inhibitors such as RECK and
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TIMP317. Interestingly, miR-21 has multiple targets in different cancers, highlighting the
fact that some miRNAs are key regulators of multiple genes that regulate different processes
in cancer biology.

In addition to miR-21, recent studies using breast tumor tissues and breast cancer cells by
Wu et. al. (2009) indicated the role of miR-205 in cell invasion. miR-205 is highly
expressed in normal breast tissues and non-malignant breast epithelial cell line, MCF-10A
and ectopic expression of miR-205 in MCF7 significantly reduces cellular proliferation,
clonogenic survival and anchorage-independent growth. Also miR-205 is able to suppress
invasion and metastasis of MDA-MB231 cells in vivo. Furthermore, miR-205 specifically
suppresses the expression of ErbB3 and VEGF-A by directly interacting with the putative
miR-205 binding site at the 3′-UTR18. Prostate cancer studies suggest that miR-205 is highly
expressed in normal prostate tissue and RWPE-1 cells, whereas it is almost undetectable in
both androgen-dependent (VCaP, LNCaP) and androgen-independent (DU145, PC-3)
prostate cancer cells. Overexpression of miR-205 in prostate cancer cells promotes
upregulation of E-cadherin and reduction of cell locomotion and invasion, suggesting the
mesenchymal epithelial transition (MET). Target prediction analysis indicates that miR-205
targets are N-chimaerin, ErbB3, E2F1, E2F5, ZEB2, and protein kinase-C epsilon, however
these targets need to be validated further19. Since miR-205 is affecting ErbB3, which is
highly expressed in breast cancer, miR-205 may have a great therapeutic value. Similarly,
modulating the expression of VEGF will have larger clinical implications since angiogenesis
is primarily regulated by VEGF. Additionally, E-cadherin is downregulated in advanced
breast cancers, and thus upregulation of E-cadherin will be an attractive strategy in cancer
therapeutics.

Malignant gliomas and especially glioblastoma multiforme are the most malignant and
prevalent forms of brain tumors. miRNA profiling of normal and glioblastoma tissues
revealed an important function for miRNA-146b in human glioblastoma U373 cell
migration. Knock-down of miR-146b by anti-miR-146b has no effect on the growth of
human glioblastoma U373 cells; however, overexpression of miR-146b significantly reduces
invasion and migration of glioblastoma U373 cells, suggesting that cell invasion effects are
independent of cell growth effects. Matrix metalloproteinase 16 (MMP16) has emerged as a
critical target of miR-146b in regulating the migration of glioblastoma cells20. It is not clear
from this study whether miR-146 affects other MMPs. Nevertheless, it is very interesting to
note that MMP16 has proteolytic activity against collagen, and thus miR-146 has potential
clinical implications in gliobostoma multiforme.

A recent report has identified the critical role of miR-1 in lung cancer. miR-1 expression is
lost in human primary lung cancer tissues and cell lines while it is highly expressed in
cardiac and smooth muscle tissues. Expression of miR-1 in human epithelial cells, A549 and
H1299, reversed tumorigenic properties such as growth, replication potential, motility/
migration, clonogenic survival, and tumor formation in nude mice. Moreover, expression of
miR-1 reduced the expression of MET (a receptor tyrosine kinase), Pim-1 (a Ser/Thr
kinase), and FoxP1 (a transcription factor) which are oncogenic molecules frequently
upregulated in lung cancer. Furthermore, expression of miR-1 in A549 lung cancer cells
induced apoptosis in response to doxorubicin treatment with enhanced activation of caspase
3, caspase 7, and cleavage of PARP-121. These studies suggest miR-1 may function as an
inhibitor of migration either by blocking the function of some oncogenes or by activating
genes in apoptosis signaling cascades.

Melanoma is a highly aggressive form of cancer, and the mechanism by which melanoma
progression occurs is poorly understood. Expression profiling analysis of normal
melanocytes and melanoma cell lines identified miR-182 as a most critical miRNA, which is
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amplified in melanoma cell line. Moreover, miR-182 is flanked by the c-MET and BRAF
oncogenes in the 7q31–34 region that is frequently amplified in melanoma and often in
association with high copy number. Ectopic expression of miR-182 promotes migration
potential in vitro and metastasis potential in vivo using experimental metastasis models.
miR-182 downregulation in melanocytes impedes invasion and triggers apoptosis.
Overexpression of miR-182 promotes migration and survival by directly repressing
microphthalmia-associated transcription factor-M and FOXO3, whereas enhanced
expression of either microphthalmia-associated transcription factor-M or FOXO3 blocks
miR-182’s invasive effects. This suggests that these proteins are potential targets of
miR-18222. This outstanding study provides an idea that silencing miR-182 could be a
therapeutic strategy for melanoma.

Crk (v-crk sarcoma virus CT10 oncogene homolog) is a member of a family of adaptor
proteins that are involved in intracellular signal pathways and plays an important role in cell
adhesion, proliferation, and migration. Elevated levels of Crk expression has been
implicated in lung cancer and are associated with increased tumor invasiveness. In a screen
to identify the target for Crk, miR-126 has emerged as a putative target. Overexpression of
miR-126 in lung cancer cells increases the expression level of Crk and knock-down studies
revealed an important role of miR-126 in migration, invasion and adhesion of non-small cell
lung carcinoma cells23. Ezrin is a member of the ERM (Ezrin, Radixin, and Moesin) group
of proteins which have been identified as critical mediators for cell migration and
metastasis. Ezrin is recognized as a bona fide target of miR-183 in lung cancer.
Overexpression of miR-183 suppresses the expression of Ezrin. Furthermore, microarray
analysis revealed that genes associated with migration, invasion, and metastasis are
significantly changed in the presence of excess miR-183. This reveals a novel role of
miR-183 in metastasis of lung cancer 24.

A recent study has described the mechanistic insight into the role of miRNAs in
nasopharyngeal carcinoma (NPC), a highly invasive tumor. miRNA microarray analysis of
31 laser capture micro-dissected NPCs and 10 normal healthy nasopharyngeal epithelial
tissues identified that miR-29c is down regulated in nasopharyngeal carcinoma samples.
Most of the miR-29c-targeted genes encode extracellular matrix proteins, including multiple
collagens and laminin γ1, which are associated with tumor cell invasiveness and metastatic
potential25. Here, identification of the factors that modify the expression of miR-29c will be
important to develop novel clinical strategies to suppress NPC.

Our recent data show that Suppression of Tumorigenicity 14 (ST14) is a novel target for
miR-27b, and analysis of human breast tumors revealed that miR-27b expression increased
during cancer progression, paralleling a decrease in ST14 expression. Furthermore, we show
that miR-27b promotes breast cancer cell growth, migration and invasion, while ST14
suppresses all these processes. Blocking the miR-27b/ST14 interaction, rescuing ST14
function or silencing miR-27b may be effective therapeutic approaches in advanced breast
cancers26.

miRNA regulation of cancer metastasis
Epithelial mesenchymal transition (EMT) is a prerequisite for cancer metastasis, and one of
the functional consequences of EMT is the loss of E-cadherin. E-cadherin is a cell adhesion
protein and a major constituent of adherens junctions; it seems to function as a suppressor of
invasion/metastasis during carcinoma progression27. Several transcription factors of the zinc
finger family such as Snail1, Slug, ZEB1 and ZEB2 have been shown to mediate the process
of epithelial-mesenchymal transition. In the context of miRNA regulation by EMT, the
miR-200 family has emerged as a key mediator in regulating the expression of E-cadherin28.
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ZEB family transcription factors are highly expressed in invasive mesenchymal cells. In
addition, expression of ZEBs is directly repressed by the miR-200 family in non-invasive
epithelial cells. ZEBs repress the transcription of miR-200 genes; thus, forming a double-
negative feedback loop to ensure the repression of epithelial genes in ZEBs expressing
mesenchymal cells suggesting miR-200 is a major regulator of EMT29–31 (Figure 2a). As
described above, modulation of E-cadherin expression is an attractive idea for cancer
therapies, and thus both ZEBs and miR-200 are good targets.

In addition to miR-200, miR-101 plays a major role in EMT through Enhancer of Zeste
homolog (EZH2). EZH2 is a histone methyl transferasewhich contributes to the epigenetic
silencing of E-cadherin and other target genes, and it regulates the survival and metastasis of
cancer cells32. miRNA-101 has emerged as a repressor for EZH2, which is found to be
elevated in a subset of aggressive, clinically localized prostate cancers and almost all
metastatic prostate cancers. Moreover, the miR-101 locus is lost in metastatic prostate
cancer which leads to upregulation of EZH2 and concomitant deregulationof epigenetic
pathways and results in cancer progression33. This seminal work reveals that miRNA-101
can directly regulate epigenetic pathways.

Additional microRNA profiling studies of human mammary epithelial cells (HMEC) and
metastatic breast cancer cells (MDA-MB231) revealed that miR-10b plays a critical role in
breast cancer metastasis. This report shows that miR-10b is the only microRNA which is
highly expressed in MDA-MB231 cells. Knockdown approaches indicated that miR-10b
function is required for in vitro invasiveness but not for viability of MDA-MB231 cells.
Ectopic expression of miR-10b did not affect cell proliferation but did increase invasion and
migration of immortalized HMECs and SUM149 breast cells. Xenograft studies indicated
that miR-10b has no effect on the primary tumor growth, while the invasion fronts of
miR-10b-overexpressing tumors exhibited very high levels of both cell proliferation and
angiogenesis as measured by immunohistochemistry with Ki-67, a proliferation marker and
MECA-32, an endothelial cell marker protein. A direct role of Twist1 (a EMT promoter) in
regulating the expression of miR-10b has also been shown by chromatin
immunoprecipitation (CHIP) assays. Furthermore, overexpression of Twist1 in HMEC
increases the expression of miR-10b, while snail1 (another EMT regulator) overexpression
does not have any effect on miR-10b. Two functional targets for miR-10b have been
identified; these include homeoboxD10 (HOXD10) and RB1CC1 (also called FIP200) and
both were implicated in the suppression of cell migration and/or invasion. HOXD10
downregulates the expression of genes that are involved in cell migration and extracellular
matrix remodeling, including RHOC, α3 integrin, matrix metalloproteinase-14, and
urokinase-type plasminogen activator receptor. This study indicates that miR-10b plays a
role specifically in the metastatic process but not in primary tumor formation, and thus it is
possible to develop miRNA based drugs specific to metastasis34.

TGFβ signaling plays an important role in advanced forms of malignancy. MicroRNA
microarray profiling of normal murine mammary gland (NMuMG) epithelial cells and TGFβ
treated NMuMG cells have identified a critical role of miR-155. TGF-β induces miR-155
expression and promoter activity through Smad4. Knockdown of miR-155 suppressed TGF-
β-induced EMT and tight junction dissolution, as well as cell migration and invasion.
Furthermore, the ectopic expressionof miR-155 reduced RhoA protein and disrupted tight
junction formation. The elevated levels of miR-155 have been shown in invasive breast
cancer tissues. This study indicates that miR-155 is regulated by the TGF-β/Smad pathway
and plays a rolein mammary epithelial cell plasticity through RhoA signaling cascade39. It
has been known for quite some time that Rho GTPases play a pivotal role in different
cancers, and thus the miRNAs that affect these proteins will have therapeutic advantages to
many cancers.
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In an elegant study of microRNA array profiling of metastatic breast cancer cells, MDA-
MB231 and its derivative cells specific for lung metastasis (LM2 cell line) and for bone
metastasis (BoM1 cell line) identified an important role for miR-335, miR-206 and
miR-126, whose expressions are lost in both metastatic cell lines. Overexpression of
miR-335, miR-206 or miR-126 inhibits metastatic activity as demonstrated by
bioluminescent imaging. It was also shown that expression of miR-335 and miR-126 is lost
in most of the primary breast tumor patients, and loss of miRNAs is associated with poor
metastasis free survival. The targets for miR-335 are identified to be tenascin C (TNC) and
the SRY-box containing transcription factor SOX4. In conclusion, these studies suggest the
metastatic suppressor function for miR-335, miR-126 and miR-206 in breast cancer35. Since
the loss of the micoRNAs has strong association with metastatic relapse, these molecules
may be used as prognostic markers for advanced breast cancer.

Using a reverse screen approach, Huang et. al, (2008) identified the role of miR-373 and
miR-520c in promoting tumor invasion and metastasis by performing bioluminescent
imaging using MCF7 cells expressing these miRNAs. Furthermore, it was demonstrated that
these miRNAs induce migration and invasion partly through the direct suppression of
CD4436.

Tumor metastasis suppressors are the natural regulators of cancer metastasis. Metastasis
suppressor genes either prevent the progression of tumor cells to metastasize or are able to
reverse the metastatic phenotype. Valastyan et. al (2009) have identified a pleiotropic
function of miR-31 in breast cancer metastasis. miR-31 was discovered as an anti-metastatic
human miRNA whose expression is attenuated in metastatic breast cancer cells, acts at
multiple steps of the invasion-metastasis cascade and represses a cohort of pro-metastatic
targets. Over-expression of miR-31 in MCF7-Ras cells has no effect on primary tumor
growth and cell proliferation, however, lung metastasis is enhanced. MDA-MB231 cells
expressing miR-31 repressed 3′ UTRs of myosin phosphatase-Rho interacting protein (M-
RIP), matrix metallopeptidase 16 (MMP16), radixin (RDX), frizzled3 (Fzd3), integrin α5
(ITGA5), and RhoA; genes all are known to play an important role in metastasis.
Furthermore, overexpression of Fzd3, ITGA5, RDX, and RhoA reverses miR-31-dependent
metastasis in breast cancer cell lines. These data suggest that miR-31 is a novel miRNA that
inhibits metastasis through several mechanisms affecting different genes37. The miRNAs
that have pleiotropic effects are particularly interesting because modulation of one miRNA
affects several genes that would have cumulative effect from all genes, which is needed to
attack multifactorial diseases such as cancer.

Breast cancer metastasis suppressor 1 (BRMS1) is a nuclear protein which regulates
expression of multiple genes leading to suppression of metastasis without affecting
orthotopic tumor growth in murine and human cancer cells. miR-146 exerts an important
role in regulating the nuclear factor- B pathway and is more abundantly expressed in
BRMS1-expressing cells. It was found that BRMS1 upregulates expression of miR-146 in
metastatic breast cancer cells. Transduction of miR-146a or miR-146b into MDA-MB231
downregulated expression of epidermal growth factor receptor, inhibited invasionand
migration in vitro, and suppressed experimental lung metastasis. In summary, this result
supports the theory that modulating the expression level of miR-146 may have a therapeutic
function for breast cancer metastasis38. This is another good example by which one can
develop miRNA therapies that can selectively attack advanced metastasis. These types of
approaches are especially important because most of the patients die as a result of metastasis
and not because of primary tumor growth

Raf kinase inhibitory protein (RKIP; also called PEBP1) is a member of the evolutionarily
conserved phosphatidylethanolamine binding protein family and negatively regulates G
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protein-coupled receptor kinase-2, the MAP kinase (MAPK), and NF- B signaling cascades.
RKIP has been shown as a suppressor of metastatic progression without affecting the
primary tumor growth in an orthotopic murine model of androgen-independent prostate
tumor cells40. A recent report has identified the critical role of RKIP in induction of let-7/
miR-98. RKIP represses invasion, intravasation and bone metastasis of breast tumor cells
through a signaling cascade involving inhibition of MAPK, Myc, and LIN28 which leads to
induction of the microRNA let-7 and downregulation of its target genes40, 41. Thus
understanding the biogenesis of miRNAs such as let-7 will be useful in identifying novel
therapeutic targets.

Conclusion and future perspective
Discovery of regulating the expression of proteins by non-coding RNAs is a breakthrough of
the 21st century. miRNAs are emerging as a novel class of therapeutic molecules/targets to
treat various diseases including cancer. It is clear that the number of miRNAs is much
smaller than the number of protein coding genes in the genome; however, the miRNAs have
specific functions in different biological processes. Many discoveries opened the floodgates
of information to the understanding that miRNAs function as key players in cancer
progression. Depending on the targets, miRNAs can function as either tumor suppressors or
oncogenes. miRNAs play different roles in cancer and can be involved in migration,
invasion, metastasis, proliferation and the cell cycle. The studies discussed here show that
miRNAs have distinct functions in regulating invasion and metastasis. miRNA, unlike
mRNA remains highly intact in the routinely collected formalin fixed and embedded cancer
specimens, and hence miRNA based markers may emerge as prognostic markers in the
realms of cancer diagnosis. Recently, using bead-based flow cytometry miRNA expression
profiling of 217 mammalian miRNAs from 334 samples has provided compelling evidence
to classify human cancers. This highlights the potential of miRNA profiling in cancer
diagnosis42. The let-7 miRNA is one of the natural miRNA tumor suppressors in lung
tissues that may be useful in treating lung cancer or enhancing current treatments for lung
cancer43. A recent interesting report has identified a small molecule inhibitor for miRNA-21
for the first time for any microRNA which may be of therapeutic use44. Several in vitro and
in vivo studies have identified the critical role for miRNAs in regulation of tumor cell
invasion, migration and metastasis. Various miRNA functions are validated by either
overexpressing or knocking down in various tumor cell lines and by performing xenograft
and metastasis experiments in nude mice models. Since one miRNA can regulate several
target proteins, and current studies of miRNA targets are based on computer algorithms, the
daunting challenge of the next generation biologists would be to validate and confirm the
role of miRNAs in transgenic animal models. Studies with miRNAs may be useful for early
prognosis and may serve as markers for therapy indicators. Further, studies with miRNAs
may lead to development of miRNA based therapy either by miRNA silencing or by using
miRNA mimics. In the last decade, miRNA research has grown tremendously, and thus we
are not too far in developing miRNA targeted therapies and using miRNAs as diagnostic and
prognostic markers.
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Figure 1. Schematic illustration of role of miRNAs in regulation of tumor cell invasion and
migration
miR-21 is upregulated in cancer, and represses the expression of various tumor suppressor
proteins such as PDCD4, TIMP1, MARCK5, BMD6, RACK, TIMP3 and PTEN. Also,
miR-21 upregulates the expression of HER2, MMP2 and MMP9. MiR-205 is downregulated
in several cancers, and it represses kinases such as ErbB3, VEGF and PKC epsilon.
miR-146b modulates MMP16 in glioblastoma migration. miR-1 is downregulated in lung
cancer, and targets of miR-1 are MET, Pim-1 and FoxP1. Ezrin is a target for miR-183 and
Crk is a target for miR-126. miR-182 is upregulated in melanoma, and it promotes migration
through its effects on Factor-M and FOXO-3. miR-29c is downregulated in nasopharyngeal
carcinoma, and it regulates the expression of collagen and laminin. Arrows in the upper part
of the figure represents upregulation (↑) and downregulation (↓) of respective miRNAs in
cancer. Also shown in the lower part of the figure are the targets of those miRNAs which are
either repressed (shown by reverse T) or upregulated (↓).
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Figure 2. Role of miRNAs in metastasis
(A) EMT regulation by miRNAs: miRNAs such as miR-200 and miR-205, modulate the
ZEB family of transcription factors and regulate epithelial-mesenchymal transition. miR-101
modulates E-cadherin expression epigenetically via targeting Zeste Homolog 2 (EZH2) in
prostate cancer. miR-155 modulates TGFβ pathway, which plays an important role in cancer
metastasis. (B) Suppression of metastasis by miRNAs:. miR-10b is the first miRNA
identified to be upregulated in breast cancer that is mediated by Twist1, MMPs, urokinase
plasminogen activator(uPA), and various integrins. miR-373 and miR-520c are pro-
metastatic miRNAs that serve as metastasis promoters (partly mediated by modulation of
CD44). miR-335, miR-206 and miR-31 are identified as antimetastatic miRNAs that target
RhoA, Fzd3, RDX, and integrin α5. miR-146 and miR-98/let-7 are shown to be upregulated
in response to metastatic suppressor proteins BRMS-1 and RKIP respectively. miR-10b,
miR-373, miR-520c and miR-21 are pro-metastatic miRNAs, while miRNAs such as
miR-335, miR-206 and miR-31 are anti-metastatic. Prometastatic miRNAs are depicted
pink, dark green and red, while anti-metastatic ones are shown in violet, red and light green.
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