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Abstract: MicroRNA-34a (miR-34a), a tumor suppressor, has been reported to be dysregulated
in various human cancers. MiR-34a is involves in certain epithelial-mesenchymal transition
(EMT)-associated signal pathways to repress tumorigenesis, cancer progression, and metastasis.
Due to the particularity of miR-34 family in tumor-associated EMT, the significance of miR-34a is
being increasingly recognized. Competing endogenous RNA (ceRNA) is a novel concept involving
mRNA, circular RNA, pseudogene transcript, and long noncoding RNA regulating each other’s
expressions using microRNA response elements to compete for the binding of microRNAs. Studies
showed that miR-34a is efficient for cancer therapy. Here, we provide an overview of the function of
miR-34a in tumor-associated EMT. ceRNA hypothesis plays an important role in miR-34a regulation
in EMT, cancer progression, and metastasis. Its potential roles and challenges as a microRNA
therapeutic candidate are discussed. As the negative effect on cancer progression, miR-34a should
play crucial roles in clinical diagnosis and cancer therapy.

Keywords: microRNA-34a; epithelial-mesenchymal transition; competing endogenous RNA; circular
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1. Introduction

MicroRNAs (miRNAs or miRs) are a class of high-conserved, single-stranded noncoding RNAs
that are small, only 20–24 nucleotides in length. They can bind to 3′-untranslated regions (UTRs)
of messenger RNAs (mRNAs) to either inhibit mRNA translation or induce mRNA degradation
or deadenylation, thus silencing gene expression at the posttranscriptional level [1,2]. Since Lee
et al. [3] discovered the first miRNA lin-4 in 1993, many miRNAs have been revealed, and the
functions of miRNAs have gradually been clarified. MiRNAs have been reported to control about
30% of fundamental gene expressions in humans, most of which are essential for normal survival and
development [4–6]. Therefore, by regulating the target gene expression, miRNAs can be involved
in various kinds of signaling pathways to modulate many important biological processes, including
cellular proliferation, metastasis, apoptosis, senescence, differentiation, autophagy, and immune
responses [7]. miRNAs have been found to be dysregulated under pathological conditions, such
as neurodegenerative diseases, cardiovascular diseases, autoimmune diseases, and cancers [8–10].
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The functions of miRNAs may serve as tumor suppressors to inhibit tumor cell proliferation or as
oncogenes (oncomiRs) to induce tumorigenic processes [8,11,12].

MicroRNA 34a (miR-34a), as a member miR-34 family (miR-34a/b/c, miR-34s) [13,14], has been
reported to be dysregulated in various cancers, and is the first miRNA that was demonstrated to be
directly regulated by p53 [15]. Although the expression of miR-34a includes endogenous expression or
mimics transfection, the mature miR-34 has been shown to be inactive in several cancer cells given the
lack of a 5′-phosphate. When DNA-damaging stimulus is applied to these cells, inactive miR-34a can
be rapidly activated through 5′-end phosphorylation [16]. The dysregulation of miR-34a in cancers
has been the focus of researchers. This dysregulation of miR-34a has been reported in many different
cancers, including colorectal cancer, prostate cancer, breast cancer, lung cancer, liver cancer, and
osteosarcoma, as well as other diseases. Numerous studies showed that miR-34a could be a potential
biomarker for diagnosis and prognosis in different types of cancers [17–22]. A recent systematic review
and meta-analysis verified the diagnostic value of miR-34a in detecting breast cancer [23]. Primary
tumor cells can acquire migratory and invasive abilities through epithelial to mesenchymal transition
(EMT) and form metastases [24–27]. A large quantity of experimental data showed that miR-34a can
influence EMT in metastatic cancers. Competing endogenous RNA (ceRNA) is a new hypothesis
that states that mRNA, circular RNA (circRNA), pseudogene transcript, and long noncoding RNA
(lncRNA) regulate each other’s expressions using microRNA response elements (MREs) to compete
for the binding of miRNAs [28,29].

In this review, we focus on the functions of miR-34a in cancer and its underlying EMT mechanisms.
ceRNA is introduced to discuss the novel miR-34a regulation in EMT and cancer progression. MiR-34a’s
promising therapeutic potential and the challenges faced are also discussed.

2. Underlying EMT Mechanism of MiR-34a in Cancer Metastasis

Most tumor cells achieve metastatic and invasive ability through EMT, resulting in a poor prognosis
and even death [30]. As a cellular biological process, epithelial cells lose their morphologies and adhesive
abilities and gain a mesenchymal phenotype, such as increased motilities (Figure 1) [31,32]. Thus,
EMT is characterized by a loss of cell polarity and a decrease in expression of some epithelial
markers, such as E-cadherin, cytokeratins, and α-catenin, as well as an increase in expression of
some mesenchymal markers, such as N-cadherin, vimentin, fibronectin, and matrix metalloproteinases
(MMPs) [24,30,31,33]. An increasing number of findings has documented the negative effect of miR-34a
in tumor cell proliferation, metastasis, and invasiveness, indicating the important relationship between
miR-34a and tumor-associated EMT [34,35].

3. MiR-34a Regulates EMT in Cancer Cells

EMT can be categorized using physiological tissue contexts. The most well-defined type is EMT
in tumor growth and cancer progression (type 3 EMT) [36], when cancer cells at the invasive front of
the tumors convert into a mesenchymal phenotype [33]. EMT generates cells with invasive properties
that enable them to move into the blood stream and spread systemically to other organs. EMT is
an important process in tumor evolution, providing the possibility for tumor cells to adapt to the
tumor’s microenvironment. Appropriately cellular environments, cytokines, and extracellular signals
may induce EMT [37–39]. One study showed that inducing the expression of pri-miR-34a using
doxycycline could result in the down-regulation of vimentin and the upregulation of E-cadherin in
human colon cancer cell SW480 [40], suggesting that miR-34a can negatively regulate EMT to inhibit
proliferation and invasion. In addition to the expression change in EMT markers, the deregulating
expression of EMT-associated transcription factors (EMT-TFs), such as SLUG, SNAIL, and ZEB1, were
also observed [41,42]. EMT-TFs are also essential to the activation of tumor-associated EMT [43]
(Figure 1). A systematic review and meta-analysis suggested that the overexpression of TWIST1,
SNAIL1, and especially SLUG plays a key role in the aggregation of metastatic breast cancer (MBC)
treatment as well as in the improvement of follow-up plans in MBC patients [44]. A wealth of data
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indicated that microRNAs can bind with EMT-TFs, thus forming double-negative feedback loops to
interfere with tumor-associated EMT [42,45]. Besides EMT-TFs, miR-34a can also control EMT via
other approaches. In short, miR-34a plays its tumor-suppressive role as a vital negative regulator for
EMT in tumors. Figure 2 summarizes miR-34a-controlled signaling in tumor-associated EMT in cancer
cell progression.

3.1. MiR-34a Binds to 3′-UTR of EMT-TFs to Regulate EMT

Three positive EMT-TFs are most promising: (1) zinc-finger transcription factors SNAIL family,
including SNAIL1, SNAIL2, and SNAIL3 (also known as SNAIL, SLUG, and SMUC, respectively);
(2) ZEB transcription factors, including ZEB1 and ZEB2; and (3) basic helix-loop-helix (bHLH)
transcription factors family, including TWIST1, TWIST2, and E12/E47 [41,46,47]. EMT-TFs are
necessary for the activation of EMT (Figure 1). MiR-34a binds to 3′-UTR of EMT-TFs directly to
regulate tumor-associated EMT.
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Figure 1. Mechanisms of epithelial to mesenchymal transition (EMT) regulation. EMT is characterized
by loss of cell polarity and a decreased expression of some epithelial markers, such as E-cadherin,
cytokeratin, and α-catenin, as well as an increased expression of some mesenchymal markers, such
as N-cadherin, vimentin, fibronectin, and matrix metalloproteinases (MMPs). As a cellular biological
process, epithelial cells lose their morphologies and adhesion abilities and gain a mesenchymal
phenotype and increased motilities. Signaling pathways for EMT-TFs, Notch, Wnt, and TGF-β, were
regulated by miR-34a for tumor-associated EMT. Note: EMT-TFs, Epithelial to mesenchymal transition
inducing transcription factors; TGF, transforming growth factor.

SNAIL 3′-UTR was reported to contain a conserved sequence that matches miR-34 [36,40,48,49].
The SNAIL family is the only EMT-TF that has a matched sequence with all three miR-34 family
members (miR-34a/b/c). The dual-reporter assay further demonstrated that SNAIL is the direct target
of the miR-34 family [48,49]. In addition to the SNAIL family, UTRs of other EMT-TFs, such as ZEB1,
ZEB2, and TWIST1, also exist in conserved sequence(s) that match miR-34a, as well as the stemness
factors BMI1, CD44, CD133, and c-MYC [13,36,42,50], which are down-regulated by direct miR-34a
binding. Thus, miR-34a can also down-regulate the stemness factors BMI1, CD44, CD133, OLFM4,
and c-MYC [40,51]. These above studies clearly showed the inhibition of miR-34a on EMT-TFs, which
results in the attenuation of EMT.

Among these EMT-TFs, SNAIL and TWIST1 are especially unique because they can combine
with the E-box sequences of E-cadherin promoter to suppress the expression of E-cadherin, leading to
the strengthening of EMT [32,52,53]. SNAIL can enhance the expression of mesenchymal genes, like
vimentin in ovarian cancer [54] and matrix degradation enzyme MMP9 in hepatocellular carcinoma
(HCC) [55]. Apart from regulating the expression of related epithelial and mesenchymal genes, SNAIL
also has a positive effect on other EMT-TFs, TWIST1, and ZEB1 [55].

Loss-of-function or mutation in p53 promotes cancer cell EMT by de-repressing SNAIL1 protein
expression and activity [48]. Activation of p53 has been shown to down-regulate SNAIL via induction



Int. J. Mol. Sci. 2019, 20, 861 4 of 14

of the miR-34a/b/c. Suppression of miR-34a/b/c causes up-regulation of SNAIL; cells displayed
EMT marker changes and related features, therefore enhancing migration and invasion. Ectopic
miR-34a expression induces mesenchymal-epithelial-transition (MET) and down-regulates SNAIL
expression [40]. SNAIL and ZEB1 bind to E-boxes in the miR-34a/b/c promoters, thereby repressing
miR-34a/b/c expression. Thus, by shifting the equilibrium of these reciprocal regulations toward a
metastatic state, p53, SNAIL1, and miR-34 form a feedback loop to control the initiation of cancer cell
EMT program [40,48]. Imani et al. reported that the co-delivery of miR-34a and thymoquinone (TQ),
a small molecular component from Nigella sativa, inactivates the downstream of the EMT signaling by
targeting EMT-TFs, TWIST1, and ZEB1 [13,42].

3.2. MiR-34a Induces p53 Activation via Targeting TP53 and MDM4

In addition to p53 regulating the expression of miR-34a, miR-34a has been shown to induce
p53 activation by directly targeting TP53 and MDM4, a strong p53 transactivation inhibitor [14,56].
MiR-34a contributes to p53 function by targeting multiple p53 inhibitors, including the histone
deacetylases SIRT1 and HDAC1, and MTA2 that deacetylates p53, thereby epigenetically increasing
the transcriptional activity of p53 [57–60]. The complexity in both the positive and negative effects of
miR-34a on the p53 network suggests that rather than simply promoting the p53 response, miR-34a
might stabilize the robustness of the p53 response to genotoxic stress [56].

Compared with p53 wild type cells, miR-34s were down-regulated in p53-mutated ovarian cancer
cells [61]. When cells were treated with Nutlin-3a, a chemical activator of p53, the expression of
miR-34a significantly increased [62]. This research indicated that miR-34a expression follows the
change in p53, and demonstrated that miR-34a is a downstream target of p53. More importantly, p53
has been reported to diminish the EMT progress by moderating SNAIL expression and activity by
strengthening the expression of miR-34s [48]. Collectively, miR-34a, p53, and EMT shape an intricate
network to influence each other’s functioning (Figure 2) [35].

3.3. MiR-34a Regulates EMT via Wnt, TGF-β1/Smad3/4, Notch Signaling and Others

MiR-34a regulation of tumor-associated EMT can modulate not only by EMT-TFs and tumor
suppressor p53, but also some fundamental signal pathways, such as Wnt [63,64], TGF-β1/Smad3
(transforming growth factor-beta 1/Smad3), and Notch1 [65,66] (Figure 2).
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Figure 2. MiR-34a-controlled signaling for EMT. MiR-34a inhibits EMT-TFs, Notch signaling, Wnt
signaling, and TGF-β signaling, whereas TP53, miR-34a, and NOTCH1 form feedback loops with
each other for EMT. The competing endogenous RNAs (ceRNAs) is a novel concept about mRNAs,
circRNAs, pseudogene transcripts and lncRNAs that regulate each other’s expression to compete for
the binding of miRNA. Note: arrow indicates promotion, whereas t-bar indicates inhibition.
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3.4. Wnt Signaling Pathway

A study indicated that miR-34a could negatively control Wnt transcriptional activity by regulating
multiple pathway-associated genes in both mammary glands and breast cancer [67]. Expression of
miR-34a significantly decreased in patients with hepatitis B virus (HBV)-activated liver fibrosis and
hepatocellular carcinoma (HCC), as well as in CC14 induced liver fibrosis model mice.

Lymphoid enhancer-binding factor-1 (LEF1) is an important TF in the Wnt signaling pathway,
involved in regulation of cell proliferation and invasion. MiR-34a modulates the levels of LEF1 to
regulate EMT in prostate cancer cells. Functionally, miR-34a is negatively correlated with the migration
and invasion of prostate cancer cells through LEF1. Likewise, miR-34a could be involved in the Wnt
pathway by specifically repressing LEF1 to regulate the EMT process in prostate cancer [68]. miR-34a
contributes to the chemosensitivity of BIU87/ADR, an epirubicin (EPI) chemoresistant cell line, by
inhibiting the TCF1/LEF1 axis in bladder cancer [69].

The HOX transcript antisense RNA (HOTAIR), a lncRNA, is highly abundant and conserved,
and it has been implicated in many essential biological processes and diseases, including cisplatin
(DDP) resistance in gastric cancers. HOTAIR knockdown inhibited DDP resistance by upregulating
miR-34a, indicating that the effect of HOTAIR/miR-34a axis on gastric cancer (GC) cells is involved in
the PI3K/Akt and Wnt/β-catenin signaling pathways [70].

3.5. Notch Signaling Pathway

In addition to EMT-TFs, miR-34a can modulate EMT by binding to pivotal target genes, such
as NOTCH1 in Notch signaling [71]. For example, miR-34a can bind to the 3′-UTR of Notch1 and
Jagged1 in colon cancer cells and cervical cancer cells, thus inhibiting the cell migratory ability and the
expression of vimentin and fibronectin, and promoting the expression of E-cadherin [65,66,71]. Treatment
options for metastatic castrate-resistant prostate cancer (mCRPC) are limited and typically centered
on paclitaxel-based chemotherapy. Liu et al. [72] found that miR-34a attenuates chemoresistance to
paclitaxel by regulating target genes, JAG1 and Notch1, which are associated with drug resistance.
NFIX circular RNA (circNFIX), which regulates NOTCH1 to promote glioma progression by sponging
miR-34a-5p via the Notch signaling pathway, will be discussed in the latter portion of this review [73].

3.6. TGF-β1 Signaling Pathway

Transforming growth factor-beta1 (TGF-β1) is a type of secretive protein affecting the same cells
that secrete the protein (autocrine) or its neighboring cells (paracrine). TGF-β1, a key member in
the TGF-β superfamily, can be pro-tumorigenic or tumor suppressive. TGF-β induction of EMT
is considered a pro-tumorigenic state. Huang et al. [74] revealed that miR-34a is able to reverse
TGF-β-induced EMT, invasion, and migration by suppressing Smad4 in nasopharyngeal carcinoma
cells (NPC).

3.7. Other Pathways

As a target of miR-34 family members, interleukin-6 receptor (IL-6R) can mediate the activation of
signal transducer and activator of transcription 3 (STAT3), whereas the oncogenic transcription factor
STAT3 can bind to miR-34a via a conserved binding site to repress the expression of miR-34a. The
inhibition of miR-34a is essential for IL-6-induced EMT and invasion [75]. Thus, IL-6R/STAT3/miR-34a
constitutes a feedback loop to regulate EMT for suppressing tumor progression that may be relevant
for future therapeutic approaches [76].

4. CeRNA in Cancer Progression: A New Pattern of Gene Expression Regulation Sponging
MiR-34a

The competing endogenous RNA (ceRNA) is a novel concept about mRNA, circRNA, pseudogene
transcripts, and lncRNAs regulating each other’s expression using microRNA response elements
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(MREs) to compete for the binding of miRNAs [28,29,77,78] (Figure 2). Although purely new, the
conception of ceRNA can be traced to the 2007 study by Ebert et al. [79]. Numerous lines of evidence
in bioinformatics, cell biology, and animal models have supported the ceRNA hypothesis for EMT in
cancer progression [78,80–82] (Figure 3).
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regulatory pathway.

LncRNAs, defined as RNAs of more than 200 nucleotides in length, have been implicated in a
variety of disease states. Mounting evidence shows that lncRNAs can function as ceRNAs for miRNAs
in distinct pathological states. Huang et al. [83] reported that Adam12 and lnc015192 promote breast
cancer metastasis partly by sponging miR-34a through the ceRNA mechanism. First, they found that
after knocking out miR-34a in breast tissues, Adam12 and lnc015192 were significantly upregulated.
Then, knockdown Adam12 and lnc015192 inhibited breast cancer cell migration, invasion, and EMT.
Further experiments revealed that lnc015192 regulates Adam12 expression by functioning as a ceRNA
for miR-34a. SNHG7 is another lncRNA that can promote tumor growth and EMT via regulating
miR-34a [84]. Li et al. [85] revealed that SNHG7 facilitates proliferation and metastasis as a ceRNA to
regulate GALNT7 expression through sponging miR-34a in colorectal cancer (CRC) progression by
playing an oncogenic role in regulating the PI3K/Akt/mTOR pathway by competing with endogenous
miR-34a and increasing GALNT7. Tao et al. [86] indicated that Lnc-OC1 promotes cell proliferation
and migration by sponging both miR-34a and another miR-34 family member, miR-34c, in ovarian
cancer. In addition to cancer progression, lncRNA also plays a role in other diseases. For example,
UFC1 was reported to promote proliferation of chondrocyte in osteoarthritis by acting as a sponge for
miR-34a [87].

Circular RNA (circRNA) is an another novel type of RNA recently discovered which, unlike
the better known linear RNA, forms a covalently closed continuous loop. In circular RNA, the
3′ and 5′ ends normally presenting in an RNA molecule are joined together [88–90]. In addition to
protein-coding potential, endogenous circular RNAs are resistant to exonuclease-mediated degradation
and are presumably more stable than most linear RNAs in cells given the lack of its 5′ or 3′ ends [91,92].
circRNA enrichment in the cytoplasm, coupled with extensive complementarity of circRNAs to their
linear mRNA counterparts, shows the possibility of these RNAs exerting their functional roles through
microRNA binding. Thus, circRNAs have potentially important roles in gene regulation [89,93], such
as ciRS-7, which could serve as miRNA sponges [94]. circRNAs have been shown to regulate EMT,
indicating that some circRNAs may affect EMT-related cellular functions including carcinogenesis and
metastasis [95]. Very recent studies showed that circRNAs act as miR-34a sponges in cancers. He et
al. [96] indicated that circGFRA1 and GFRA1 act as ceRNAs in triple negative breast cancer (TNBC)
by regulating miR-34a. MiR-34a has also been shown to directly suppress lactate dehydrogenase A
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(LDHA) in colorectal cancer and breast cancer [97] as well as PDL1, an important immune checkpoint
inhibitor, in lung cancer and acute myeloid leukemia [98]. Further study revealed that both PDL1 and
LDHA acted as ceRNAs that promote proliferation and metastasis of TNBC by regulating miR-34a [99].
Thus, simultaneous targeting PDL1 and LDHA, combined with immunotherapy and metabolically
targeted treatments, might represent a new breast cancer treatment, especially in TNBC. By sponging
miR-34a-5p via the Notch signaling pathway, another circRNA, circNFIX, was reported to regulate
NOTCH1 to promote glioma progression [73]. CircNFIX is overexpressed in glioma, and the Notch
signaling pathway is considerably upregulated in tumor tissues compared with paired normal brain
tissues by acting as a sponge in miR-34a that targets NOTCH1. Si-circNFIX and miR-34a mimic
promote cell apoptosis, whereas a miR-34a inhibitor can neutralize the suppressive effect of si-circNFIX
on glioma cells. In vivo experiments demonstrated that si-circNFIX suppresses glioma cell growth by
regulating miR-34a and Notch signaling.

Taken together, these studies clearly indicate that ceRNA plays a vital role in cancer progression
and/or EMT through gene expression regulation by sponging miR-34a.

5. MiR-34a as a Promising Agent for MicroRNA Therapeutics

Insights into the roles of miRNAs in development and disease, particularly in cancer, have
highlighted miRNAs as potential tools and targets for novel therapeutic approaches [11,100]. Due to
their dysregulation in cancers, miRNAs are classified into two types: tumor suppressors or oncogenes
(oncomiRs) [12]. According to these two distinct functions of miRNAs in cancer, an innovative
therapeutic approach that relies on miRNAs was introduced [5,101]. This novel therapeutic approach
uses miRNA mimics or antimiRs to modulate miRNA expression and activity in vivo [11,102,103].

Metformin, a drug approved by the U.S. Food and Drug Administration as a prescription
medication to treat diabetes, was revealed to have an anticancer function. Wang et al. [104] investigated
metformin’s regulatory role of the (SNAIL/miR-34):(ZEB/miR-200) system for CRC therapy in the EMT
process. They assessed its anti-EMT abilities and explored its inherent pharmacological mechanisms for
CRC therapy. Metformin inhibited proliferation, migration, and invasion in CRC cells by up-regulation
of E-cadherin and down-regulation of vimentin, thereby exhibiting anti-EMT characteristics. In this
system, miR-200a, miR-200c, and miR-429 levels increased and miR-34a, SNAIL1, and ZEB1 levels
decreased in the TGF-β-induced EMT after metformin treatment. Divergent with the main topic
of this review, metformin decreased miR-34a but exhibited anti-EMT effects; thus, metformin may
bidirectionally regulate the (SNAIL/miR-34):(ZEB/miR-200) system for CRC therapy. A combination
treatment of miR-34a mimic and TQ might enhance their therapeutic effects in targeting EMT-TFs
signaling [13,42].

To some extent, miRNA therapeutics is a form of precision medicine; it is specific to certain sites
to control gene expression. However, the problem with this form of medicine is the lack of efficiency in
the miRNAs delivery system. RNA is easily degraded by RNase, and RNase is abundant in serum and
endocytic compartment in tissues or cells. Therefore, when delivering miRNAs mimics or antimiRs to
target cells, ensuring their therapeutic efficiency is challenging. Until now, there were two solutions to
overcome this problem: chemically modifying nucleotides to increase stability or applying nanocarrier
delivery vehicles to avoid degradation [105,106].

Lin et al. [107] selected the VP16-GAL4-WPRE integrated systemic amplifier (VISA) to construct
a non-viral delivery vector. The VISA nanoparticle vector contains a human telomerase reverse
transcriptase promoter and was used to encapsulate miR-34a (TV-miR-34a). Breast cancer stem cells
(BCSC) that were transfected with TV-miR-34a showed extremely high expression of miR-34a. The
oncogenic properties and tumor proliferation characteristics of BCSC were inhibited by TV-miR-34a. In
a model of HCC, delivery of miR-34a in a polymer-based nanosystem vector resulted in decreased cell
proliferation and tumor growth [108]. These two experiments demonstrated the efficiency of miR-34a
in oncotherapy. miR-34a therapeutics also produced incredible success in a classical Non-Small Cell
Lung Cancer (NSCLC) mouse model that is resistant to conventional anticancer therapy. Using
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this mouse model, one study, which combined miR-34a with let-7b in a neutral lipid emulsion or
a NOV340 nanoparticle, successfully induced miR-34a expression and increased survival [109]. A
combination treatment with miR-34a and let-7b could strengthen the anti-proliferative effects of
erlotinib in NSCLC cells [110]. Amphiphilic nanocarrier-induced modulation of PLK1 and miR-34a can
improve therapeutic responses in pancreatic cancer [111]. In this study, a combination of microRNA
and siRNA was delivered by an efficient nanocarrier to pancreatic ductal adenocarcinoma (PDAC)
tumors. Using proteomic-microRNA profiles and survival data of PDAC patients from TCGA, a
novel signature for prolonged survival had been discovered. Accordingly, a microRNA-mimic to
increase miR-34a, together with siRNA to silence PLK1, was combined in in vivo dual-targeting
experiments, resulting in the development of a biodegradable amphiphilic polyglutamate amine
polymeric nanocarrier (APA). Polyplexes of APA-miRNA-siRNA were systematically administered
to orthotopically inoculate PDAC-bearing mice, and they showed no toxicity to normal cells but
accumulated inside the tumors, thus showing enhanced antitumor effects. 7C1, a nanoparticle agent,
has been used to efficiently deliver miR-34a systematically in mouse models, indicating that the
tumor progression was attenuated. The anticancer effect became more prominent with a combination
treatment of miR-34a and siRNA-Kras [112]. Depending on nanovector-encapsulated miR-34a mimics,
anticancer therapeutics have also been applied in prostate cancer [51,113], neuroblastoma [114], and
pancreatic cancer [115].

Numerous preclinical studies have shown the broad application of miR-34a in cancer therapeutics,
but more articles have been than those already mentioned here. In April 2013, MRX34, a special lipid
nanoparticle filled with miR-34 mimics, was tested in clinical trial as the first microRNA-associated
therapeutic drug (NCT01829971) in the USA (https://clinicaltrials.gov/ct2/show/NCT01829971) [116].
This trial recruited 155 participants with 7 cancer types including primary liver cancer, SCLC,
lymphoma, melanoma, multiple myeloma, renal cell carcinoma, and NSCLC. In August 2016,
MRX34 was tested in a clinical trial (NCT02862145) again with advanced melanoma patients
(https://clinicaltrials.gov/ct2/show/NCT02862145). Although the trial was quickly stopped because
of serious adverse effects, miR-34a therapeutics is worthy of consideration. With increasingly clear
understanding concerning miRNAs and miR-34a function, a miR-34a mimic is the most promising
microRNA therapeutics.

6. Future Outlooks and Challenges

The poor prognosis of cancer is largely ascribed to the metastasis in cancer cells. MiR-34a
acts as a negative regulatory factor of tumor-associated EMT and plays a considerable role in
repressing tumorigenesis and slowing tumor progression. As a promising tumor suppressor, miR-34a
is being considered for cancer therapy. Many studies about miR-34a’s therapeutic potential have
been completed and they verified its tumor suppressive role in cancer. However, some challenges
emerged with the application of miR-34a therapeutics. One is miRNA degradation, preventing
miR-34a from penetrating the capillary endothelium into target cells. The immunoreaction of miR-34a
therapeutics also deserves our attention. MRX34 was tested in a clinical trial (NCT02862145), but
it was withdrawn because five immune-related adverse events occurred. If miR-34 therapeutics
is dependent on nano-vectors, the toxicity of nanoparticles is also worth to discuss. Mechanisms
inhibiting therapeutic re-expression of miR-34a in the context of EMT, inflammation, or oncogene
signaling could be responsible for insufficient therapeutic effects, whereas aberrant expression of
miR-34a in normal cells, or massive necrotic cell death observed in miR-34a-treated tumors, may
underlay systemic negative effects of therapy. Even so, other unexpected side effects may occur.
Successful management of side effects on non-tumor cells is indispensable for successful therapeutic
application. ceRNA’s mechanism is now a novel concept involving the mRNA, circRNA, pseudogene
transcripts, and lncRNAs regulation of each other’s expression using MREs to compete for the
microRNA binding in EMT and cancer progress. Networks between miR-34a and EMT may be vital
diagnostic markers and these networks may be provided therapeutic methods for malignant tumors.

https://clinicaltrials.gov/ct2/show/NCT01829971
https://clinicaltrials.gov/ct2/show/NCT02862145


Int. J. Mol. Sci. 2019, 20, 861 9 of 14

Funding: This work was supported by the National Natural Science Foundation of China (81672887, 31701087, and
31571277), the Joint Research Foundation of Luzhou City and Southwest Medical University (2018LZXNYD-YL01).

Acknowledgments: We sincerely apologize that we cannot cite all contributions due to space limits. We gratefully
thank Shelly Fu for editing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wu, L.; Fan, J.; Belasco, J.G. MicroRNAs direct rapid deadenylation of mRNA. Proc. Natl. Acad. Sci. USA
2006, 103, 4034–4039. [CrossRef]

2. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]
[PubMed]

3. Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell 1993, 75, 843–854. [CrossRef]

4. Almeida, M.I.; Reis, R.M.; Calin, G.A. MicroRNA history: Discovery, recent applications, and next frontiers.
Mutat. Res. 2011, 717, 1–8. [CrossRef]

5. Ghandadi, M.; Sahebkar, A. MicroRNA-34a and its target genes: Key factors in cancer multidrug resistance.
Curr. Pharm. Design 2016, 22, 933–939. [CrossRef]

6. Lewis, B.P.; Burge, C.B.; Bartel, D.P. Conserved seed pairing, often flanked by adenosines, indicates that
thousands of human genes are microRNA targets. Cell 2005, 120, 15–20. [CrossRef] [PubMed]

7. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
8. Croce, C.M. Causes and consequences of microRNA dysregulation in cancer. Nat. Rev. Genet. 2009, 10,

704–714. [CrossRef] [PubMed]
9. Oliveto, S.; Mancino, M.; Manfrini, N.; Biffo, S. Role of microRNAs in translation regulation and cancer.

World J. Biol. Chem. 2017, 8, 45–56. [CrossRef]
10. Ha, T.Y. MicroRNAs in Human Diseases: From Cancer to Cardiovascular Disease. Immune Network 2011, 11,

135–154. [CrossRef]
11. Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and

other diseases. Nat. Rev. Drug Discov. 2017, 16, 203–222. [CrossRef] [PubMed]
12. Zhang, B.; Pan, X.; Cobb, G.P.; Anderson, T.A. microRNAs as oncogenes and tumor suppressors. Dev. Biol.

2007, 302, 1–12. [CrossRef] [PubMed]
13. Imani, S.; Wu, R.C.; Fu, J. MicroRNA-34 family in breast cancer: From research to therapeutic potential.

J. Cancer 2018, 9, 3765–3775. [CrossRef] [PubMed]
14. He, L.; He, X.; Lim, L.P.; de Stanchina, E.; Xuan, Z.; Liang, Y.; Xue, W.; Zender, L.; Magnus, J.; Ridzon, D.; et al.

A microRNA component of the p53 tumour suppressor network. Nature 2007, 447, 1130–1134. [CrossRef]
[PubMed]

15. Hermeking, H. MicroRNAs in the p53 network: Micromanagement of tumour suppression. Nat. Rev. Cancer
2012, 12, 613–626. [CrossRef] [PubMed]

16. Salzman, D.W.; Nakamura, K.; Nallur, S.; Dookwah, M.T.; Metheetrairut, C.; Slack, F.J.; Weidhaas, J.B. miR-34
activity is modulated through 5’-end phosphorylation in response to DNA damage. Nat. Commun. 2016, 7,
10954. [CrossRef] [PubMed]

17. Kahraman, M.; Roske, A.; Laufer, T.; Fehlmann, T.; Backes, C.; Kern, F.; Kohlhaas, J.; Schrors, H.; Saiz, A.;
Zabler, C.; et al. MicroRNA in diagnosis and therapy monitoring of early-stage triple-negative breast cancer.
Sci. Rep. 2018, 8, 11584. [CrossRef] [PubMed]

18. Orangi, E.; Motovali-Bashi, M. Evaluation of miRNA-9 and miRNA-34a as potential biomarkers for diagnosis
of breast cancer in Iranian women. Gene 2018, 687, 272–279. [CrossRef] [PubMed]

19. Huang, Y.; Zou, Y.; Lin, L.; Ma, X.; Chen, H. Identification of serum miR-34a as a potential biomarker in
acute myeloid leukemia. Cancer Biomark. 2018, 22, 799–805. [CrossRef] [PubMed]

20. Wang, P.; Zhai, G.; Bai, Y. Values of miR-34a and miR-218 expression in the diagnosis of cervical cancer and
the prediction of prognosis. Oncol. Lett. 2018, 15, 3580–3585. [CrossRef] [PubMed]

21. Ren, F.; Zhang, X.; Liang, H.; Luo, D.; Rong, M.; Dang, Y.; Chen, G. Prognostic significance of miR-34a in solid
tumors: A systemic review and meta-analysis with 4030 patients. Int. J. Clin. Exp. Med. 2015, 8, 17377–17391.
[PubMed]

http://dx.doi.org/10.1073/pnas.0510928103
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://dx.doi.org/10.1016/0092-8674(93)90529-Y
http://dx.doi.org/10.1016/j.mrfmmm.2011.03.009
http://dx.doi.org/10.2174/1381612822666151209153729
http://dx.doi.org/10.1016/j.cell.2004.12.035
http://www.ncbi.nlm.nih.gov/pubmed/15652477
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.1038/nrg2634
http://www.ncbi.nlm.nih.gov/pubmed/19763153
http://dx.doi.org/10.4331/wjbc.v8.i1.45
http://dx.doi.org/10.4110/in.2011.11.3.135
http://dx.doi.org/10.1038/nrd.2016.246
http://www.ncbi.nlm.nih.gov/pubmed/28209991
http://dx.doi.org/10.1016/j.ydbio.2006.08.028
http://www.ncbi.nlm.nih.gov/pubmed/16989803
http://dx.doi.org/10.7150/jca.25576
http://www.ncbi.nlm.nih.gov/pubmed/30405848
http://dx.doi.org/10.1038/nature05939
http://www.ncbi.nlm.nih.gov/pubmed/17554337
http://dx.doi.org/10.1038/nrc3318
http://www.ncbi.nlm.nih.gov/pubmed/22898542
http://dx.doi.org/10.1038/ncomms10954
http://www.ncbi.nlm.nih.gov/pubmed/26996824
http://dx.doi.org/10.1038/s41598-018-29917-2
http://www.ncbi.nlm.nih.gov/pubmed/30072748
http://dx.doi.org/10.1016/j.gene.2018.11.036
http://www.ncbi.nlm.nih.gov/pubmed/30468908
http://dx.doi.org/10.3233/CBM-181381
http://www.ncbi.nlm.nih.gov/pubmed/29945348
http://dx.doi.org/10.3892/ol.2018.7791
http://www.ncbi.nlm.nih.gov/pubmed/29456728
http://www.ncbi.nlm.nih.gov/pubmed/26770329


Int. J. Mol. Sci. 2019, 20, 861 10 of 14

22. Hui, W.T.; Ma, X.B.; Zan, Y.; Wang, X.J.; Dong, L. Prognostic Significance of miR-34a Expression in Patients
with Gastric Cancer after Radical Gastrectomy. Chin. Med. J. 2015, 128, 2632–2637. [CrossRef] [PubMed]

23. Imani, S.; Zhang, X.; Hosseinifard, H.; Fu, S.; Fu, J. The diagnostic role of microRNA-34a in breast cancer: A
systematic review and meta-analysis. Oncotarget 2017, 8, 23177–23187. [CrossRef] [PubMed]

24. Thiery, J.P.; Acloque, H.; Huang, R.Y.; Nieto, M.A. Epithelial-mesenchymal transitions in development and
disease. Cell 2009, 139, 871–890. [CrossRef]

25. Nieto, M.A. Epithelial-Mesenchymal Transitions in development and disease: Old views and new
perspectives. Int. J. Dev. Biol. 2009, 53, 1541–1547. [CrossRef] [PubMed]

26. Acloque, H.; Adams, M.S.; Fishwick, K.; Bronner-Fraser, M.; Nieto, M.A. Epithelial-mesenchymal transitions:
The importance of changing cell state in development and disease. J. Clin. Investig. 2009, 119, 1438–1449.
[CrossRef] [PubMed]

27. Birchmeier, C.; Birchmeier, W.; Brand-Saberi, B. Epithelial-mesenchymal transitions in cancer progression.
Acta Anatomica 1996, 156, 217–226. [CrossRef] [PubMed]

28. Salmena, L.; Poliseno, L.; Tay, Y.; Kats, L.; Pandolfi, P.P. A ceRNA hypothesis: The Rosetta Stone of a hidden
RNA language? Cell 2011, 146, 353–358. [CrossRef] [PubMed]

29. Qu, J.; Li, M.; Zhong, W.; Hu, C. Competing endogenous RNA in cancer: A new pattern of gene expression
regulation. Int. J. Clin. Exp. Med. 2015, 8, 17110–17116. [PubMed]

30. Thiery, J.P. Epithelial-mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 2, 442–454.
[CrossRef]

31. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol.
Cell Biol. 2014, 15, 178–196. [CrossRef] [PubMed]

32. Fu, J.; Qin, L.; He, T.; Qin, J.; Hong, J.; Wong, J.; Liao, L.; Xu, J. The TWIST/Mi2/NuRD protein complex and
its essential role in cancer metastasis. Cell Res. 2011, 21, 275–289. [CrossRef] [PubMed]

33. Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119,
1420–1428. [CrossRef] [PubMed]

34. Farooqi, A.A.; Tabassum, S.; Ahmad, A. MicroRNA-34a: A Versatile Regulator of Myriads of Targets in
Different Cancers. Int. J. Mol. Sci. 2017, 18, 2089. [CrossRef] [PubMed]

35. Slabakova, E.; Culig, Z.; Remsik, J.; Soucek, K. Alternative mechanisms of miR-34a regulation in cancer. Cell
Death Dis. 2017, 8, e3100. [CrossRef] [PubMed]

36. Vu, T.; Datta, P.K. Regulation of EMT in Colorectal Cancer: A Culprit in Metastasis. Cancers 2017, 9, 171.
[CrossRef] [PubMed]

37. Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013,
19, 1423–1437. [CrossRef] [PubMed]

38. Ungefroren, H.; Sebens, S.; Seidl, D.; Lehnert, H.; Hass, R. Interaction of tumor cells with the
microenvironment. Cell Commun. Signal. 2011, 9, 18. [CrossRef] [PubMed]

39. Tulchinsky, E.; Demidov, O.; Kriajevska, M.; Barlev, N.A.; Imyanitov, E. EMT: A mechanism for escape from
EGFR-targeted therapy in lung cancer. Biochim. Biophys. Acta 2018, 1871, 29–39. [CrossRef]

40. Siemens, H.; Jackstadt, R.; Hunten, S.; Kaller, M.; Menssen, A.; Gotz, U.; Hermeking, H. MiR-34 and SNAIL
form a double-negative feedback loop to regulate epithelial-mesenchymal transitions. Cell Cycle 2011, 10,
4256–4271. [CrossRef]

41. Tania, M.; Khan, M.A.; Fu, J. Epithelial to mesenchymal transition inducing transcription factors and
metastatic cancer. Tumour Biol. J. Int. Soc. Oncodev. Biol. Med. 2014, 35, 7335–7342. [CrossRef] [PubMed]

42. Imani, S.; Wei, C.; Cheng, J.; Khan, M.A.; Fu, S.; Yang, L.; Tania, M.; Zhang, X.; Xiao, X.; Zhang, X.; et al.
MicroRNA-34a targets epithelial to mesenchymal transition-inducing transcription factors (EMT-TFs) and
inhibits breast cancer cell migration and invasion. Oncotarget 2017, 8, 21362–21379. [CrossRef] [PubMed]

43. Yang, J.; Mani, S.A.; Donaher, J.L.; Ramaswamy, S.; Itzykson, R.A.; Come, C.; Savagner, P.; Gitelman, I.;
Richardson, A.; Weinberg, R.A. Twist, a master regulator of morphogenesis, plays an essential role in tumor
metastasis. Cell 2004, 117, 927–939. [CrossRef] [PubMed]

44. Imani, S.; Hosseinifard, H.; Cheng, J.; Wei, C.; Fu, J. Prognostic Value of EMT-inducing Transcription Factors
(EMT-TFs) in Metastatic Breast Cancer: A Systematic Review and Meta-analysis. Sci. Rep. 2016, 6, 28587.
[CrossRef] [PubMed]

45. Kaller, M.; Hermeking, H. Interplay Between Transcription Factors and MicroRNAs Regulating
Epithelial-Mesenchymal Transitions in Colorectal Cancer. Adv. Exp. Med. Biol. 2016, 937, 71–92.

http://dx.doi.org/10.4103/0366-6999.166019
http://www.ncbi.nlm.nih.gov/pubmed/26415802
http://dx.doi.org/10.18632/oncotarget.15520
http://www.ncbi.nlm.nih.gov/pubmed/28423566
http://dx.doi.org/10.1016/j.cell.2009.11.007
http://dx.doi.org/10.1387/ijdb.072410mn
http://www.ncbi.nlm.nih.gov/pubmed/19247945
http://dx.doi.org/10.1172/JCI38019
http://www.ncbi.nlm.nih.gov/pubmed/19487820
http://dx.doi.org/10.1159/000147848
http://www.ncbi.nlm.nih.gov/pubmed/9124038
http://dx.doi.org/10.1016/j.cell.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21802130
http://www.ncbi.nlm.nih.gov/pubmed/26770304
http://dx.doi.org/10.1038/nrc822
http://dx.doi.org/10.1038/nrm3758
http://www.ncbi.nlm.nih.gov/pubmed/24556840
http://dx.doi.org/10.1038/cr.2010.118
http://www.ncbi.nlm.nih.gov/pubmed/20714342
http://dx.doi.org/10.1172/JCI39104
http://www.ncbi.nlm.nih.gov/pubmed/19487818
http://dx.doi.org/10.3390/ijms18102089
http://www.ncbi.nlm.nih.gov/pubmed/29036883
http://dx.doi.org/10.1038/cddis.2017.495
http://www.ncbi.nlm.nih.gov/pubmed/29022903
http://dx.doi.org/10.3390/cancers9120171
http://www.ncbi.nlm.nih.gov/pubmed/29258163
http://dx.doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395
http://dx.doi.org/10.1186/1478-811X-9-18
http://www.ncbi.nlm.nih.gov/pubmed/21914164
http://dx.doi.org/10.1016/j.bbcan.2018.10.003
http://dx.doi.org/10.4161/cc.10.24.18552
http://dx.doi.org/10.1007/s13277-014-2163-y
http://www.ncbi.nlm.nih.gov/pubmed/24880591
http://dx.doi.org/10.18632/oncotarget.15214
http://www.ncbi.nlm.nih.gov/pubmed/28423483
http://dx.doi.org/10.1016/j.cell.2004.06.006
http://www.ncbi.nlm.nih.gov/pubmed/15210113
http://dx.doi.org/10.1038/srep28587
http://www.ncbi.nlm.nih.gov/pubmed/27335258


Int. J. Mol. Sci. 2019, 20, 861 11 of 14

46. Sanchez-Tillo, E.; Liu, Y.; de Barrios, O.; Siles, L.; Fanlo, L.; Cuatrecasas, M.; Darling, D.S.; Dean, D.C.;
Castells, A.; Postigo, A. EMT-activating transcription factors in cancer: Beyond EMT and tumor invasiveness.
Cell. Mol. Life Sci. 2012, 69, 3429–3456. [CrossRef]

47. Teng, Y.; Li, X. The roles of HLH transcription factors in epithelial mesenchymal transition and multiple
molecular mechanisms. Clin. Exp. Met. 2014, 31, 367–377. [CrossRef]

48. Kim, N.H.; Kim, H.S.; Li, X.Y.; Lee, I.; Choi, H.S.; Kang, S.E.; Cha, S.Y.; Ryu, J.K.; Yoon, D.; Fearon, E.R.; et al.
A p53/miRNA-34 axis regulates Snail1-dependent cancer cell epithelial-mesenchymal transition. J. Cell Biol.
2011, 195, 417–433. [CrossRef]

49. Dong, P.; Xiong, Y.; Watari, H.; Hanley, S.J.; Konno, Y.; Ihira, K.; Yamada, T.; Kudo, M.; Yue, J.; Sakuragi, N.
MiR-137 and miR-34a directly target Snail and inhibit EMT, invasion and sphere-forming ability of ovarian
cancer cells. J. Exp. Clin. Cancer Res. 2016, 35, 132. [CrossRef]

50. Zhang, Q.A.; Yang, X.H.; Chen, D.; Yan, X.; Jing, F.C.; Liu, H.Q.; Zhang, R. miR-34 increases in vitro PANC-1
cell sensitivity to gemcitabine via targeting Slug/PUMA. Cancer Biomark. 2018, 21, 755–762. [CrossRef]

51. Liu, C.; Kelnar, K.; Liu, B.; Chen, X.; Calhoun-Davis, T.; Li, H.; Patrawala, L.; Yan, H.; Jeter, C.; Honorio, S.; et al.
The microRNA miR-34a inhibits prostate cancer stem cells and metastasis by directly repressing CD44.
Nat. Med. 2011, 17, 211–215. [CrossRef] [PubMed]

52. Villarejo, A.; Cortes-Cabrera, A.; Molina-Ortiz, P.; Portillo, F.; Cano, A. Differential role of Snail1 and Snail2
zinc fingers in E-cadherin repression and epithelial to mesenchymal transition. J. Biol. Chem. 2014, 289,
930–941. [CrossRef] [PubMed]

53. Vesuna, F.; van Diest, P.; Chen, J.H.; Raman, V. Twist is a transcriptional repressor of E-cadherin gene
expression in breast cancer. Biochem. Biophys. Res. Commun. 2008, 367, 235–241. [CrossRef]

54. Taki, M.; Abiko, K.; Baba, T.; Hamanishi, J.; Yamaguchi, K.; Murakami, R.; Yamanoi, K.; Horikawa, N.;
Hosoe, Y.; Nakamura, E.; et al. Snail promotes ovarian cancer progression by recruiting myeloid-derived
suppressor cells via CXCR2 ligand upregulation. Nat. Commun. 2018, 9, 1685. [CrossRef] [PubMed]

55. Wu, W.S.; You, R.I.; Cheng, C.C.; Lee, M.C.; Lin, T.Y.; Hu, C.T. Snail collaborates with EGR-1 and SP-1 to
directly activate transcription of MMP 9 and ZEB1. Sci. Rep. 2017, 7, 17753. [CrossRef] [PubMed]

56. Navarro, F.; Lieberman, J. miR-34 and p53: New Insights into a Complex Functional Relationship. PLoS ONE
2015, 10, e0132767. [CrossRef] [PubMed]

57. Juan, L.J.; Shia, W.J.; Chen, M.H.; Yang, W.M.; Seto, E.; Lin, Y.S.; Wu, C.W. Histone deacetylases specifically
down-regulate p53-dependent gene activation. J. Biol. Chem. 2000, 275, 20436–20443. [CrossRef]

58. Luo, J.; Nikolaev, A.Y.; Imai, S.; Chen, D.; Su, F.; Shiloh, A.; Guarente, L.; Gu, W. Negative control of p53 by
Sir2alpha promotes cell survival under stress. Cell 2001, 107, 137–148. [CrossRef]

59. Luo, J.; Su, F.; Chen, D.; Shiloh, A.; Gu, W. Deacetylation of p53 modulates its effect on cell growth and
apoptosis. Nature 2000, 408, 377–381. [CrossRef]

60. Vaziri, H.; Dessain, S.K.; Ng Eaton, E.; Imai, S.I.; Frye, R.A.; Pandita, T.K.; Guarente, L.; Weinberg, R.A.
hSIR2(SIRT1) functions as an NAD-dependent p53 deacetylase. Cell 2001, 107, 149–159. [CrossRef]

61. Schmid, G.; Notaro, S.; Reimer, D.; Abdel-Azim, S.; Duggan-Peer, M.; Holly, J.; Fiegl, H.; Rossler, J.;
Wiedemair, A.; Concin, N.; et al. Expression and promotor hypermethylation of miR-34a in the various
histological subtypes of ovarian cancer. BMC Cancer 2016, 16, 102. [CrossRef] [PubMed]

62. Beard, J.A.; Tenga, A.; Hills, J.; Hoyer, J.D.; Cherian, M.T.; Wang, Y.D.; Chen, T. The orphan nuclear receptor
NR4A2 is part of a p53-microRNA-34 network. Sci. Rep. 2016, 6, 25108. [CrossRef] [PubMed]

63. Cha, Y.H.; Kim, N.H.; Park, C.; Lee, I.; Kim, H.S.; Yook, J.I. MiRNA-34 intrinsically links p53 tumor suppressor
and Wnt signaling. Cell Cycle 2012, 11, 1273–1281. [CrossRef] [PubMed]

64. Kim, N.H.; Kim, H.S.; Kim, N.G.; Lee, I.; Choi, H.S.; Li, X.Y.; Kang, S.E.; Cha, S.Y.; Ryu, J.K.; Na, J.M.; et al.
p53 and microRNA-34 are suppressors of canonical Wnt signaling. Sci. Signal. 2011, 4, ra71. [CrossRef]
[PubMed]

65. Zhang, X.; Ai, F.; Li, X.; Tian, L.; Wang, X.; Shen, S.; Liu, F. MicroRNA-34a suppresses colorectal cancer
metastasis by regulating Notch signaling. Oncol. Lett. 2017, 14, 2325–2333. [CrossRef] [PubMed]

66. Pang, R.T.; Leung, C.O.; Ye, T.M.; Liu, W.; Chiu, P.C.; Lam, K.K.; Lee, K.F.; Yeung, W.S. MicroRNA-34a
suppresses invasion through downregulation of Notch1 and Jagged1 in cervical carcinoma and
choriocarcinoma cells. Carcinogenesis 2010, 31, 1037–1044. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00018-012-1122-2
http://dx.doi.org/10.1007/s10585-013-9621-6
http://dx.doi.org/10.1083/jcb.201103097
http://dx.doi.org/10.1186/s13046-016-0415-y
http://dx.doi.org/10.3233/CBM-170289
http://dx.doi.org/10.1038/nm.2284
http://www.ncbi.nlm.nih.gov/pubmed/21240262
http://dx.doi.org/10.1074/jbc.M113.528026
http://www.ncbi.nlm.nih.gov/pubmed/24297167
http://dx.doi.org/10.1016/j.bbrc.2007.11.151
http://dx.doi.org/10.1038/s41467-018-03966-7
http://www.ncbi.nlm.nih.gov/pubmed/29703902
http://dx.doi.org/10.1038/s41598-017-18101-7
http://www.ncbi.nlm.nih.gov/pubmed/29259250
http://dx.doi.org/10.1371/journal.pone.0132767
http://www.ncbi.nlm.nih.gov/pubmed/26177460
http://dx.doi.org/10.1074/jbc.M000202200
http://dx.doi.org/10.1016/S0092-8674(01)00524-4
http://dx.doi.org/10.1038/35042612
http://dx.doi.org/10.1016/S0092-8674(01)00527-X
http://dx.doi.org/10.1186/s12885-016-2135-2
http://www.ncbi.nlm.nih.gov/pubmed/26879132
http://dx.doi.org/10.1038/srep25108
http://www.ncbi.nlm.nih.gov/pubmed/27121375
http://dx.doi.org/10.4161/cc.19618
http://www.ncbi.nlm.nih.gov/pubmed/22421157
http://dx.doi.org/10.1126/scisignal.2001744
http://www.ncbi.nlm.nih.gov/pubmed/22045851
http://dx.doi.org/10.3892/ol.2017.6444
http://www.ncbi.nlm.nih.gov/pubmed/28781671
http://dx.doi.org/10.1093/carcin/bgq066
http://www.ncbi.nlm.nih.gov/pubmed/20351093


Int. J. Mol. Sci. 2019, 20, 861 12 of 14

67. Bonetti, P.; Climent, M.; Panebianco, F.; Tordonato, C.; Santoro, A.; Marzi, M.J.; Pelicci, P.G.; Ventura, A.;
Nicassio, F. Dual role for miR-34a in the control of early progenitor proliferation and commitment in the
mammary gland and in breast cancer. Oncogene 2018. [CrossRef] [PubMed]

68. Liang, J.; Li, Y.; Daniels, G.; Sfanos, K.; De Marzo, A.; Wei, J.; Li, X.; Chen, W.; Wang, J.; Zhong, X.; et al. LEF1
Targeting EMT in Prostate Cancer Invasion Is Regulated by miR-34a. Mol. Cancer Res. 2015, 13, 681–688.
[CrossRef] [PubMed]

69. Liu, X.; Liu, X.; Wu, Y.; Fang, Z.; Wu, Q.; Wu, C.; Hao, Y.; Yang, X.; Zhao, J.; Li, J.; et al. MicroRNA-34a
Attenuates Metastasis and Chemoresistance of Bladder Cancer Cells by Targeting the TCF1/LEF1 Axis. Cell.
Physiol. Biochem. 2018, 48, 87–98. [CrossRef]

70. Cheng, C.; Qin, Y.; Zhi, Q.; Wang, J.; Qin, C. Knockdown of long non-coding RNA HOTAIR inhibits cisplatin
resistance of gastric cancer cells through inhibiting the PI3K/Akt and Wnt/β-catenin signaling pathways by
up-regulating miR-34a. Int. J. Biol. Macromol. 2018, 107, 2620–2629. [CrossRef]

71. Du, R.; Sun, W.; Xia, L.; Zhao, A.; Yu, Y.; Zhao, L.; Wang, H.; Huang, C.; Sun, S. Hypoxia-induced
down-regulation of microRNA-34a promotes EMT by targeting the Notch signaling pathway in tubular
epithelial cells. PLoS ONE 2012, 7, e30771. [CrossRef] [PubMed]

72. Liu, X.; Luo, X.; Wu, Y.; Xia, D.; Chen, W.; Fang, Z.; Deng, J.; Hao, Y.; Yang, X.; Zhang, T.; et al. MicroRNA-34a
Attenuates Paclitaxel Resistance in Prostate Cancer Cells via Direct Suppression of JAG1/Notch1 Axis. Cell.
Physiol. Biochem. 2018, 50, 261–276. [CrossRef] [PubMed]

73. Xu, H.; Zhang, Y.; Qi, L.; Ding, L.; Jiang, H.; Yu, H. NFIX Circular RNA Promotes Glioma Progression
by Regulating miR-34a-5p via Notch Signaling Pathway. Front. Mol. Neurosci. 2018, 11, 225. [CrossRef]
[PubMed]

74. Huang, G.; Du, M.Y.; Zhu, H.; Zhang, N.; Lu, Z.W.; Qian, L.X.; Zhang, W.; Tian, X.; He, X.; Yin, L. MiRNA-34a
reversed TGF-beta-induced epithelial-mesenchymal transition via suppression of SMAD4 in NPC cells.
Biomed. Pharmacother. 2018, 106, 217–224. [CrossRef] [PubMed]

75. Rokavec, M.; Oner, M.G.; Li, H.; Jackstadt, R.; Jiang, L.; Lodygin, D.; Kaller, M.; Horst, D.; Ziegler, P.K.;
Schwitalla, S.; et al. IL-6R/STAT3/miR-34a feedback loop promotes EMT-mediated colorectal cancer invasion
and metastasis. J. Clin. Investig. 2014, 124, 1853–1867. [CrossRef] [PubMed]

76. Li, H.; Rokavec, M.; Hermeking, H. Soluble IL6R represents a miR-34a target: Potential implications for
the recently identified IL-6R/STAT3/miR-34a feed-back loop. Oncotarget 2015, 6, 14026–14032. [CrossRef]
[PubMed]

77. Khvorova, A.; Wolfson, A. New competition in RNA regulation. Nat. Biotechnol. 2012, 30, 58–59. [CrossRef]
78. Thomson, D.W.; Dinger, M.E. Endogenous microRNA sponges: Evidence and controversy. Nat. Rev. Genet.

2016, 17, 272–283. [CrossRef]
79. Ebert, M.S.; Neilson, J.R.; Sharp, P.A. MicroRNA sponges: Competitive inhibitors of small RNAs in

mammalian cells. Nat. Methods 2007, 4, 721–726. [CrossRef]
80. Poliseno, L.; Salmena, L.; Zhang, J.; Carver, B.; Haveman, W.J.; Pandolfi, P.P. A coding-independent function

of gene and pseudogene mRNAs regulates tumour biology. Nature 2010, 465, 1033–1038. [CrossRef]
81. Franco-Zorrilla, J.M.; Valli, A.; Todesco, M.; Mateos, I.; Puga, M.I.; Rubio-Somoza, I.; Leyva, A.; Weigel, D.;

Garcia, J.A.; Paz-Ares, J. Target mimicry provides a new mechanism for regulation of microRNA activity.
Nat. Genet. 2007, 39, 1033–1037. [CrossRef]

82. Cazalla, D.; Yario, T.; Steitz, J.A. Down-regulation of a host microRNA by a Herpesvirus saimiri noncoding
RNA. Science 2010, 328, 1563–1566. [CrossRef] [PubMed]

83. Huang, X.; Xie, X.; Liu, P.; Yang, L.; Chen, B.; Song, C.; Tang, H.; Xie, X. Adam12 and lnc015192 act as ceRNAs
in breast cancer by regulating miR-34a. Oncogene 2018. [CrossRef] [PubMed]

84. Deng, Y.; Zhao, F.; Zhang, Z.; Sun, F.; Wang, M. Long Noncoding RNA SNHG7 Promotes the Tumor Growth
and Epithelial-to-Mesenchymal Transition via Regulation of miR-34a Signals in Osteosarcoma. Cancer Biother.
Radiopharm. 2018, 33, 365–372. [CrossRef] [PubMed]

85. Li, Y.; Zeng, C.; Hu, J.; Pan, Y.; Shan, Y.; Liu, B.; Jia, L. Long non-coding RNA-SNHG7 acts as a target of
miR-34a to increase GALNT7 level and regulate PI3K/Akt/mTOR pathway in colorectal cancer progression.
J. Hematol. Oncol. 2018, 11, 89. [CrossRef] [PubMed]

86. Tao, F.; Tian, X.; Lu, M.; Zhang, Z. A novel lncRNA, Lnc-OC1, promotes ovarian cancer cell proliferation and
migration by sponging miR-34a and miR-34c. J. Genet. Genom. 2018, 45, 137–145. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41388-018-0445-3
http://www.ncbi.nlm.nih.gov/pubmed/30093634
http://dx.doi.org/10.1158/1541-7786.MCR-14-0503
http://www.ncbi.nlm.nih.gov/pubmed/25587085
http://dx.doi.org/10.1159/000491665
http://dx.doi.org/10.1016/j.ijbiomac.2017.10.154
http://dx.doi.org/10.1371/journal.pone.0030771
http://www.ncbi.nlm.nih.gov/pubmed/22363487
http://dx.doi.org/10.1159/000494004
http://www.ncbi.nlm.nih.gov/pubmed/30282072
http://dx.doi.org/10.3389/fnmol.2018.00225
http://www.ncbi.nlm.nih.gov/pubmed/30072869
http://dx.doi.org/10.1016/j.biopha.2018.06.115
http://www.ncbi.nlm.nih.gov/pubmed/29960168
http://dx.doi.org/10.1172/JCI73531
http://www.ncbi.nlm.nih.gov/pubmed/24642471
http://dx.doi.org/10.18632/oncotarget.4334
http://www.ncbi.nlm.nih.gov/pubmed/26091352
http://dx.doi.org/10.1038/nbt.2092
http://dx.doi.org/10.1038/nrg.2016.20
http://dx.doi.org/10.1038/nmeth1079
http://dx.doi.org/10.1038/nature09144
http://dx.doi.org/10.1038/ng2079
http://dx.doi.org/10.1126/science.1187197
http://www.ncbi.nlm.nih.gov/pubmed/20558719
http://dx.doi.org/10.1038/s41388-018-0410-1
http://www.ncbi.nlm.nih.gov/pubmed/30042416
http://dx.doi.org/10.1089/cbr.2018.2503
http://www.ncbi.nlm.nih.gov/pubmed/29989838
http://dx.doi.org/10.1186/s13045-018-0632-2
http://www.ncbi.nlm.nih.gov/pubmed/29970122
http://dx.doi.org/10.1016/j.jgg.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29576507


Int. J. Mol. Sci. 2019, 20, 861 13 of 14

87. Zhang, G.; Wu, Y.; Xu, D.; Yan, X. Long Noncoding RNA UFC1 Promotes Proliferation of Chondrocyte in
Osteoarthritis by Acting as a Sponge for miR-34a. DNA Cell Biol. 2016, 35, 691–695. [CrossRef] [PubMed]

88. Memczak, S.; Jens, M.; Elefsinioti, A.; Torti, F.; Krueger, J.; Rybak, A.; Maier, L.; Mackowiak, S.D.;
Gregersen, L.H.; Munschauer, M.; et al. Circular RNAs are a large class of animal RNAs with regulatory
potency. Nature 2013, 495, 333–338. [CrossRef] [PubMed]

89. Chen, L.L. The biogenesis and emerging roles of circular RNAs. Nat. Rev. Mol. Cell Biol. 2016, 17, 205–211.
[CrossRef] [PubMed]

90. Nigro, J.M.; Cho, K.R.; Fearon, E.R.; Kern, S.E.; Ruppert, J.M.; Oliner, J.D.; Kinzler, K.W.; Vogelstein, B.
Scrambled exons. Cell 1991, 64, 607–613. [CrossRef]

91. Jeck, W.R.; Sorrentino, J.A.; Wang, K.; Slevin, M.K.; Burd, C.E.; Liu, J.; Marzluff, W.F.; Sharpless, N.E. Circular
RNAs are abundant, conserved, and associated with ALU repeats. RNA 2013, 19, 141–157. [CrossRef]
[PubMed]

92. Enuka, Y.; Lauriola, M.; Feldman, M.E.; Sas-Chen, A.; Ulitsky, I.; Yarden, Y. Circular RNAs are long-lived and
display only minimal early alterations in response to a growth factor. Nucleic Acids Res. 2016, 44, 1370–1383.
[CrossRef] [PubMed]

93. Zhang, Y.; Xue, W.; Li, X.; Zhang, J.; Chen, S.; Zhang, J.L.; Yang, L.; Chen, L.L. The Biogenesis of Nascent
Circular RNAs. Cell Rep. 2016, 15, 611–624. [CrossRef] [PubMed]

94. Hansen, T.B.; Jensen, T.I.; Clausen, B.H.; Bramsen, J.B.; Finsen, B.; Damgaard, C.K.; Kjems, J. Natural RNA
circles function as efficient microRNA sponges. Nature 2013, 495, 384–388. [CrossRef] [PubMed]

95. Conn, S.J.; Pillman, K.A.; Toubia, J.; Conn, V.M.; Salmanidis, M.; Phillips, C.A.; Roslan, S.; Schreiber, A.W.;
Gregory, P.A.; Goodall, G.J. The RNA binding protein quaking regulates formation of circRNAs. Cell 2015,
160, 1125–1134. [CrossRef] [PubMed]

96. He, R.; Liu, P.; Xie, X.; Zhou, Y.; Liao, Q.; Xiong, W.; Li, X.; Li, G.; Zeng, Z.; Tang, H. CircGFRA1 and GFRA1
act as ceRNAs in triple negative breast cancer by regulating miR-34a. J. Exp. Clin. Cancer Res. 2017, 36, 145.
[CrossRef] [PubMed]

97. Xiao, X.; Huang, X.; Ye, F.; Chen, B.; Song, C.; Wen, J.; Zhang, Z.; Zheng, G.; Tang, H.; Xie, X. The
miR-34a-LDHA axis regulates glucose metabolism and tumor growth in breast cancer. Sci. Rep. 2016,
6, 21735. [CrossRef] [PubMed]

98. Wang, X.; Li, J.; Dong, K.; Lin, F.; Long, M.; Ouyang, Y.; Wei, J.; Chen, X.; Weng, Y.; He, T.; et al. Tumor
suppressor miR-34a targets PD-L1 and functions as a potential immunotherapeutic target in acute myeloid
leukemia. Cell. Signal. 2015, 27, 443–452. [CrossRef]

99. Huang, X.; Xie, X.; Wang, H.; Xiao, X.; Yang, L.; Tian, Z.; Guo, X.; Zhang, L.; Tang, H.; Xie, X. PDL1 And
LDHA act as ceRNAs in triple negative breast cancer by regulating miR-34a. J. Exp. Clin. Cancer Res. 2017,
36, 129. [CrossRef]

100. Catela Ivkovic, T.; Voss, G.; Cornella, H.; Ceder, Y. microRNAs as cancer therapeutics: A step closer to clinical
application. Cancer Lett. 2017, 407, 113–122. [CrossRef]

101. Bader, A.G. miR-34—A microRNA replacement therapy is headed to the clinic. Front. Genet. 2012, 3, 120.
[CrossRef] [PubMed]

102. Wiggins, J.F.; Ruffino, L.; Kelnar, K.; Omotola, M.; Patrawala, L.; Brown, D.; Bader, A.G. Development of
a lung cancer therapeutic based on the tumor suppressor microRNA-34. Cancer Res. 2010, 70, 5923–5930.
[CrossRef] [PubMed]

103. Di Martino, M.T.; Leone, E.; Amodio, N.; Foresta, U.; Lionetti, M.; Pitari, M.R.; Cantafio, M.E.; Gulla, A.;
Conforti, F.; Morelli, E.; et al. Synthetic miR-34a mimics as a novel therapeutic agent for multiple myeloma:
In vitro and in vivo evidence. Clin. Cancer Res. 2012, 18, 6260–6270. [CrossRef] [PubMed]

104. Wang, Y.; Wu, Z.; Hu, L. The regulatory effects of metformin on the [SNAIL/miR-34]:[ZEB/miR-200] system
in the epithelial-mesenchymal transition(EMT) for colorectal cancer(CRC). Eur. J. Pharmacol. 2018, 834, 45–53.
[CrossRef] [PubMed]

105. Arun, G.; Diermeier, S.D.; Spector, D.L. Therapeutic Targeting of Long Non-Coding RNAs in Cancer. Trends
Mol. Med. 2018, 24, 257–277. [CrossRef] [PubMed]

106. Slaby, O.; Laga, R.; Sedlacek, O. Therapeutic targeting of non-coding RNAs in cancer. Biochem. J. 2017, 474,
4219–4251. [CrossRef] [PubMed]

http://dx.doi.org/10.1089/dna.2016.3397
http://www.ncbi.nlm.nih.gov/pubmed/27529373
http://dx.doi.org/10.1038/nature11928
http://www.ncbi.nlm.nih.gov/pubmed/23446348
http://dx.doi.org/10.1038/nrm.2015.32
http://www.ncbi.nlm.nih.gov/pubmed/26908011
http://dx.doi.org/10.1016/0092-8674(91)90244-S
http://dx.doi.org/10.1261/rna.035667.112
http://www.ncbi.nlm.nih.gov/pubmed/23249747
http://dx.doi.org/10.1093/nar/gkv1367
http://www.ncbi.nlm.nih.gov/pubmed/26657629
http://dx.doi.org/10.1016/j.celrep.2016.03.058
http://www.ncbi.nlm.nih.gov/pubmed/27068474
http://dx.doi.org/10.1038/nature11993
http://www.ncbi.nlm.nih.gov/pubmed/23446346
http://dx.doi.org/10.1016/j.cell.2015.02.014
http://www.ncbi.nlm.nih.gov/pubmed/25768908
http://dx.doi.org/10.1186/s13046-017-0614-1
http://www.ncbi.nlm.nih.gov/pubmed/29037220
http://dx.doi.org/10.1038/srep21735
http://www.ncbi.nlm.nih.gov/pubmed/26902416
http://dx.doi.org/10.1016/j.cellsig.2014.12.003
http://dx.doi.org/10.1186/s13046-017-0593-2
http://dx.doi.org/10.1016/j.canlet.2017.04.007
http://dx.doi.org/10.3389/fgene.2012.00120
http://www.ncbi.nlm.nih.gov/pubmed/22783274
http://dx.doi.org/10.1158/0008-5472.CAN-10-0655
http://www.ncbi.nlm.nih.gov/pubmed/20570894
http://dx.doi.org/10.1158/1078-0432.CCR-12-1708
http://www.ncbi.nlm.nih.gov/pubmed/23035210
http://dx.doi.org/10.1016/j.ejphar.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30017802
http://dx.doi.org/10.1016/j.molmed.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29449148
http://dx.doi.org/10.1042/BCJ20170079
http://www.ncbi.nlm.nih.gov/pubmed/29242381


Int. J. Mol. Sci. 2019, 20, 861 14 of 14

107. Lin, X.; Chen, W.; Wei, F.; Zhou, B.P.; Hung, M.C.; Xie, X. Nanoparticle Delivery of miR-34a Eradicates
Long-term-cultured Breast Cancer Stem Cells via Targeting C22ORF28 Directly. Theranostics 2017, 7,
4805–4824. [CrossRef] [PubMed]

108. Hu, Q.; Wang, K.; Sun, X.; Li, Y.; Fu, Q.; Liang, T.; Tang, G. A redox-sensitive, oligopeptide-guided,
self-assembling, and efficiency-enhanced (ROSE) system for functional delivery of microRNA therapeutics
for treatment of hepatocellular carcinoma. Biomaterials 2016, 104, 192–200. [CrossRef]

109. Kasinski, A.L.; Kelnar, K.; Stahlhut, C.; Orellana, E.; Zhao, J.; Shimer, E.; Dysart, S.; Chen, X.; Bader, A.G.;
Slack, F.J. A combinatorial microRNA therapeutics approach to suppressing non-small cell lung cancer.
Oncogene 2015, 34, 3547–3555. [CrossRef]

110. Stahlhut, C.; Slack, F.J. Combinatorial Action of MicroRNAs let-7 and miR-34 Effectively Synergizes with
Erlotinib to Suppress Non-small Cell Lung Cancer Cell Proliferation. Cell Cycle 2015, 14, 2171–2180.
[CrossRef]

111. Gibori, H.; Eliyahu, S.; Krivitsky, A.; Ben-Shushan, D.; Epshtein, Y.; Tiram, G.; Blau, R.; Ofek, P.; Lee, J.S.;
Ruppin, E.; et al. Amphiphilic nanocarrier-induced modulation of PLK1 and miR-34a leads to improved
therapeutic response in pancreatic cancer. Nat. Commun. 2018, 9, 16. [CrossRef] [PubMed]

112. Xue, W.; Dahlman, J.E.; Tammela, T.; Khan, O.F.; Sood, S.; Dave, A.; Cai, W.; Chirino, L.M.; Yang, G.R.;
Bronson, R.; et al. Small RNA combination therapy for lung cancer. Proc. Natl. Acad. Sci. USA 2014, 111,
E3553–E3561. [CrossRef] [PubMed]

113. Li, J.; Lam, M.; Reproducibility Project: Cancer Biology. Registered report: The microRNA miR-34a inhibits
prostate cancer stem cells and metastasis by directly repressing CD44. eLife 2015, 4, e06434. [CrossRef]
[PubMed]

114. Tivnan, A.; Orr, W.S.; Gubala, V.; Nooney, R.; Williams, D.E.; McDonagh, C.; Prenter, S.; Harvey, H.;
Domingo-Fernandez, R.; Bray, I.M.; et al. Inhibition of neuroblastoma tumor growth by targeted delivery
of microRNA-34a using anti-disialoganglioside GD2 coated nanoparticles. PLoS ONE 2012, 7, e38129.
[CrossRef] [PubMed]

115. Pramanik, D.; Campbell, N.R.; Karikari, C.; Chivukula, R.; Kent, O.A.; Mendell, J.T.; Maitra, A. Restitution of
tumor suppressor microRNAs using a systemic nanovector inhibits pancreatic cancer growth in mice. Mol.
Cancer Therap. 2011, 10, 1470–1480. [CrossRef] [PubMed]

116. Beg, M.S.; Brenner, A.J.; Sachdev, J.; Borad, M.; Kang, Y.K.; Stoudemire, J.; Smith, S.; Bader, A.G.; Kim, S.;
Hong, D.S. Phase I study of MRX34, a liposomal miR-34a mimic, administered twice weekly in patients with
advanced solid tumors. Investig. New Drugs 2017, 35, 180–188. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.7150/thno.20771
http://www.ncbi.nlm.nih.gov/pubmed/29187905
http://dx.doi.org/10.1016/j.biomaterials.2016.07.016
http://dx.doi.org/10.1038/onc.2014.282
http://dx.doi.org/10.1080/15384101.2014.1003008
http://dx.doi.org/10.1038/s41467-017-02283-9
http://www.ncbi.nlm.nih.gov/pubmed/29295989
http://dx.doi.org/10.1073/pnas.1412686111
http://www.ncbi.nlm.nih.gov/pubmed/25114235
http://dx.doi.org/10.7554/eLife.06434
http://www.ncbi.nlm.nih.gov/pubmed/26231042
http://dx.doi.org/10.1371/journal.pone.0038129
http://www.ncbi.nlm.nih.gov/pubmed/22662276
http://dx.doi.org/10.1158/1535-7163.MCT-11-0152
http://www.ncbi.nlm.nih.gov/pubmed/21622730
http://dx.doi.org/10.1007/s10637-016-0407-y
http://www.ncbi.nlm.nih.gov/pubmed/27917453
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Underlying EMT Mechanism of MiR-34a in Cancer Metastasis 
	MiR-34a Regulates EMT in Cancer Cells 
	MiR-34a Binds to 3'-UTR of EMT-TFs to Regulate EMT 
	MiR-34a Induces p53 Activation via Targeting TP53 and MDM4 
	MiR-34a Regulates EMT via Wnt, TGF-1/Smad3/4, Notch Signaling and Others 
	Wnt Signaling Pathway 
	Notch Signaling Pathway 
	TGF-1 Signaling Pathway 
	Other Pathways 

	CeRNA in Cancer Progression: A New Pattern of Gene Expression Regulation Sponging MiR-34a 
	MiR-34a as a Promising Agent for MicroRNA Therapeutics 
	Future Outlooks and Challenges 
	References

