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Simple Summary: MicroRNAs (miRNAs) are small RNA molecules that regulate gene expression
by blocking translation or inducing degradation of specific gene transcripts. The miR-200 family
controls the expression of many genes that play important roles in cancer cells. One of the main
pathways controlled by these miRNAs, termed epithelial-mesenchymal transition (EMT), is an
essential component of the invasive growth program of solid tumors. The miR-200 family has thus
been the focus of many studies aimed at discovering strategies to block cancer cell growth and disease
progression. In addition, the miR-200 family miRNAs have been investigated as possible circulating
cancer biomarkers. Here we provide an overview of factors that influence miR-200 family expression
and target genes relevant to tumor development, followed by a summary of their potential utility as
noninvasive biomarkers for selected cancers.

Abstract: The miR-200 family of microRNAs (miRNAs) includes miR-200a, miR-200b, miR-200c,
miR-141 and miR-429, five evolutionarily conserved miRNAs that are encoded in two clusters
of hairpin precursors located on human chromosome 1 (miR-200b, miR-200a and miR-429) and
chromosome 12 (miR-200c and miR-141). The mature -3p products of the precursors are abundantly
expressed in epithelial cells, where they contribute to maintaining the epithelial phenotype by
repressing expression of factors that favor the process of epithelial-to-mesenchymal transition (EMT),
a key hallmark of oncogenic transformation. Extensive studies of the expression and interactions of
these miRNAs with cell signaling pathways indicate that they can exert both tumor suppressor- and
pro-metastatic functions, and may serve as biomarkers of epithelial cancers. This review provides a
summary of the role of miR-200 family members in EMT, factors that regulate their expression, and
important targets for miR-200-mediated repression that are involved in EMT. The second part of the
review discusses the potential utility of circulating miR-200 family members as diagnostic/prognostic
biomarkers for breast, colorectal, lung, ovarian, prostate and bladder cancers.

Keywords: microRNAs; epithelial-mesenchymal transition; epithelial cancers; liquid biopsy

1. Genomic Organization of the miR-200 Family

microRNAs (miRNAs) are single-stranded noncoding RNAs (ncRNA) of about 22 nt
that are essential regulators of gene expression in metazoan organisms (reviewed by [1]).
The principal role of miRNAs is to post-transcriptionally regulate gene expression through
binding to partially complementary sequences in specific mRNAs, most frequently in
the 3′ untranslated region (3′ UTR) of the transcript. In most cases, the miRNA-mRNA
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interaction results in repression of the target mRNA’s translation or in its degradation [1].
However, some interactions lead to an increase in translation of the target transcript, as
exemplified by the ability of miR-122 to stabilize and enhance translation of the hepatitis C
virus RNA genome through binding to a 5′ UTR element (reviewed in [2]). miRNAs can
also perform other functions by binding to DNA and directly regulating gene transcription,
by acting as ‘sponges’ in miRNA-ncRNA-mRNA regulatory circuits, and by binding to
and influencing the activity of proteins distinct from those involved in the canonical post-
transcriptional silencing pathway (reviewed in [3]). Disruption of the complex mechanisms
that govern miRNA expression/activity contributes to many diseases, including cancer [3].

The miR-200 family includes five evolutionarily conserved miRNAs named miR-200a,
miR-200b, miR-200c, miR-141 and miR-429 that are encoded in two clusters of hairpin
precursors, each of which can yield a mature -5p and -3p miRNA. In humans, the miR-
200b/200a/429 cluster is located on chromosome 1p36.33, and the miR-200c/141 cluster
is positioned on chromosome 12p13.31. Clustal Omega [4] alignments of the human se-
quences indicate 68.2–90.9% identity among the mature -3p miRNAs, while the -5p mature
miRNAs show lower percent identity (63.6–81.8%). Expression data collated in the FAN-
TOM5 database of transcriptomes from human primary cells (https://fantom.gsc.riken.jp/
5/, accessed on 28 July 2021) indicate a very strong bias for production of the -3p mature
miRNA compared to the -5p mature miRNA, with highest expression levels detected in
epithelial cells.

The comparatively limited sequence identity and low expression levels of the miR-200
-5p miRNAs suggest that they may not be principal actors in normal epithelial cells.
However, some of the -5p miRNAs, e.g., miR-200b-5p, may be functionally relevant in
cancerous epithelial cells [5], and serve as cancer biomarkers [6].

The present review centers on the human -3p miR-200 family miRNAs. The miR-200
family is referred to collectively as miR-200, and the -3p suffix is omitted when citing the
individual miRNAs.

The seed sequences (nt 2–8) of the human miR-200 miRNAs are identical except for an
alternative U or C at the third position. This sequence variation divides the family members
into 2 groups: miR-200b, miR-200c and miR-429, with U in the seed sequence, and miR-200a
and miR-141, with C in the seed sequence (Figure 1A). This single nucleotide difference
introduces some exclusivity for mRNA targets, an example being phospholipase C gamma
1, which is a target of miR-200b-200c-429 but not miR-200a-141 in breast cancer cells [7].

Results of expressed sequence tag (EST) mapping indicated that the miR-200b/200a/429
cluster is produced from a primary precursor (pri-miRNA) of about 6.5 or 7.5 kb [8,9], and
the miR-200c/141 pri-miRNA was predicted to be about 1.1 kb in length [9]. Efforts to
identify the 5′ end of the miR-200c/141 pri-miRNA identified two transcription start sites
(TSS) located upstream the miR-200c hairpin, the more distal of which appears to produce
a transcript that does not include the miR-141 hairpin [10]. The presence of a splice donor
located between the two hairpin regions suggests that alternative splicing may also affect
expression of the two miRNAs [10].

A study performed in ovarian cancer cells indicated that miR-200c and miR-141 are
co-expressed with the PTPN6 gene (coding for SHP1), which is located 5′ to the miR-
200c/141 locus [11]. This co-expression can occur through two mechanisms: (i) transcrip-
tional read-through at PTPN6’s polyadenylation signal/site, resulting in production of a
long transcript coding for both PTPN6 and the miR-200c/141 hairpins; (ii) formation of a
DNA loop that juxtaposes the PTPN6 and miR-200c/141 promoters, resulting in similar
epigenetic control [11].

https://fantom.gsc.riken.jp/5/
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Figure 1. Genetic organization of the miR-200 family in humans. (A) Indicated are the chromosome loci encoding the two 
clusters of the miR-200 family, the positions of the pre-miRNA hairpins, and the sequences of the mature miRNAs with 
seed sequences highlighted in boxes. The seed sequences differ by one nucleotide (indicated in red). As described in the 
text, there is a strong bias for production of the -3p products from the pre-miRNAs. Information is from the Sanger miR-
base (https://www.mirbase.org, accessed on 28 July 2021) [12] and https://genome.ucs.edu/index.htlm (accessed on 11 Oc-
tober 2021) University of California Santa Cruz Genome browser. (B) Schematic representation of the main targets and 
pathways controlled by the miR-200 family members grouped according to their genomic clusters. Red and blue boxes 
indicate the miRNAs with the two different seed sequences. A selection of target genes and corresponding biological 
effects are indicated using matching colors. 

2. The miR-200 Family and Epithelial-Mesenchymal Transition 
Numerous studies have provided evidence for a critical role for miR-200 in regulat-

ing the epithelial-mesenchymal transition (EMT), an essential component of the invasive 
growth program of solid tumors [13,14] that is a prerequisite for the formation of metas-
tases, the primary cause of cancer mortality. This hallmark of the cancer phenotype re-
quires multiple steps, in which tumor cells break loose from the primary mass, invade the 
extracellular matrix, enter into blood or lymphatic vessels (intravasation), disseminate, 
leave the vascular system extravasion and establish a secondary growth at a distant site. 
This complex cascade of events requires the coordinated activation of an invasive growth 
program, which, in the context of epithelial cells, is epitomized by EMT [15]. EMT orches-

Figure 1. Genetic organization of the miR-200 family in humans. (A) Indicated are the chromosome loci encoding the
two clusters of the miR-200 family, the positions of the pre-miRNA hairpins, and the sequences of the mature miRNAs
with seed sequences highlighted in boxes. The seed sequences differ by one nucleotide (indicated in red). As described in
the text, there is a strong bias for production of the -3p products from the pre-miRNAs. Information is from the Sanger
miRbase (https://www.mirbase.org, accessed on 28 July 2021) [12] and https://genome.ucs.edu/index.htlm (accessed on
11 October 2021) University of California Santa Cruz Genome browser. (B) Schematic representation of the main targets and
pathways controlled by the miR-200 family members grouped according to their genomic clusters. Red and blue boxes
indicate the miRNAs with the two different seed sequences. A selection of target genes and corresponding biological effects
are indicated using matching colors.

2. The miR-200 Family and Epithelial-Mesenchymal Transition

Numerous studies have provided evidence for a critical role for miR-200 in regulat-
ing the epithelial-mesenchymal transition (EMT), an essential component of the invasive
growth program of solid tumors [13,14] that is a prerequisite for the formation of metas-
tases, the primary cause of cancer mortality. This hallmark of the cancer phenotype requires
multiple steps, in which tumor cells break loose from the primary mass, invade the extra-
cellular matrix, enter into blood or lymphatic vessels (intravasation), disseminate, leave
the vascular system extravasion and establish a secondary growth at a distant site. This
complex cascade of events requires the coordinated activation of an invasive growth pro-
gram, which, in the context of epithelial cells, is epitomized by EMT [15]. EMT orchestrates
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changes in cell adhesion, motility and crosstalk of tumor cells with the stromal components
resulting in invasion across physical tissue barriers. The high plasticity of these changes
requires cancer cells to switch between gene expression programs driven by multiple
ligand-receptor interactions (such as TGF-β-TGFR-SMAD [16], Wnt-Frizzled-β-catenin [17]
and Jag-Notch [18]) that transmit intracellular signals leading to stimulation of EMT tran-
scription factors’ (EMT-TFs) of the SNAI1 (Snail), TWIST (Twist) and ZEB families and
other TFs such as NF-κB and SMAD [15,19].

Normal epithelial cells express a roster of proteins that maintain cell polarity and
tight homotypic adhesion among cells and with the basement membrane. Induction of
EMT-TFs leads to the repression of the expression of epithelial genes, which leads to loss of
epithelial cell–cell junctions and of apical–basal cell polarity and to the activation of the
mesenchymal phenotype, which includes front-to-back polarity, cytoskeletal remodeling
and acquisition of cell motility [20]. In most cases, activation of the invasive program in
cancer cells involves a ‘partial EMT’ with the acquisition of a limited set of mesenchymal
features and retention of certain epithelial features. EMT is a highly plastic program
and can be reversed to mesenchymal–epithelial transition (MET), which permits tumor
cells that have arrived in a new location to establish new colonies—the final step in the
invasion-metastasis process.

The miR-200 family forms part of a small army of miRNAs and other noncoding RNAs
that regulate the EMT [19,21]. Key studies performed in various cell contexts established
that miR-200 counteracts EMT by targeting the mRNAs coding for ZEB1 and ZEB2, favoring
the expression of the epithelial marker E-cadherin, a target for transcriptional repression
by ZEB [22–26]. miR-200 members exert direct effects on the cell phenotype by targeting
mRNAs coding for cell adhesion and signaling molecules, proteases, angiogenic factors,
cytoskeletal proteins and ECM components [27].

The miR-200 family also targets other drivers of the EMT transcriptional program
such as TGFBR1 and SMAD2 [16], ETS1 (a transcription factor that activates ZEB1 ex-
pression [28]), the Notch ligand Jag1 and Notch transcriptional complex proteins Maml2
and Maml3 [18], PBX3 (a transcription factor upregulated by WNT signaling [29]), c-Myb
(a transcription factor with oncogenic properties that promotes EMT [30]) and several
co-factors in the ZEB2 and SNAI1 repressive complexes [31]. Additional miR-200 targets
that can have profound effects on gene expression include QKI-5 (Quaking-1 isoform 5), an
RNA-binding protein that influences mRNA splicing, trafficking, stability, and translation,
SIRT1, a NAD+-dependent deacetylase with a variety of substrates that influence cell
turnover, the transcription factor MYC and the long non-coding RNA (lncRNA) HOTAIR.
Through its targeting of QKI-5, miR-200 members indirectly regulate alternative splicing of
hundreds of transcripts during EMT [32]. The miR-200-QKI-5 functional interaction is com-
plex, as anti-EMT and anti-tumor properties have also been described for QKI-5, suggesting
that a balance between miR-200 and QKI-5 may favor the EMT vs. MET program [33].
SIRT1 deacetylates and thus modifies the activity of many proteins, including histones,
with consequent repressive effects on promoters that are marked by the deacetylated hi-
stones. Studies in mammary epithelial cells showed that the SIRT1 mRNA is targeted
by miR-200a [34]. In this cell system, induction of EMT resulted in an increase in SIRT1
levels paralleled by a decline in miR-200a expression, the latter effect caused in part by
SIRT1-mediated repression of the miR-200b/200a/429 promoter; expression of miR-200
and SIRT1 is thus under reciprocal negative control [34]. MYC either drives or represses
the transcription of a multitude of genes that regulate pathways key to cell proliferation,
differentiation, senescence and death (reviewed in [35]). The MYC mRNA contains one
binding site for miR-429 in its 3′ UTR and was confirmed to be a target for repression by
this miRNA [36]. lncRNA HOTAIR is highly expressed in multiple cancer types, where it
promotes tumor cell proliferation, invasiveness, metastasis and EMT through effects on
gene transcription, epigenetic silencing, and miRNA function (reviewed in [37]). In renal
carcinoma cells, miR-141 binds to HOTAIR and targets it for degradation [38].
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miR-200b targets the 3′ UTR of IKBKB (inhibitor of nuclear factor kappa B kinase,
subunit beta, also named IKK-beta), a protein kinase that activates NF-κB through phos-
phorylation of IKB. miR-200b-mediated suppression of IKBKB expression was shown to
interfere with NF-κB activation in response to exposure to TNF-α [39]. Expression of JUN,
a component of the AP1 transcription complex, is subjected to dual regulation by miR-200a
and miR-200b [40]. These miRNAs bind to distinct sites in the JUN mRNA 3′ UTR with
opposite consequences: miR-200b represses JUN expression through canonical miRNA-
mediated inhibition, while miR-200a stabilizes the JUN mRNA by facilitating binding
of the RNA binding protein HuR [40]. Studies of breast cancer cells demonstrated that
miR-200a represses the expression of TFAM (mitochondrial transcription factor A), the
principal transcription factor of mitochondria [41], an effect that hampers the proliferative
capacity of cells.

The EMT phenotype is intertwined with the stem cell-like properties of cancer cells.
Studies of breast cancer stem cells revealed downregulation of both miR-200 clusters
in cancer cells with stem-like properties as well as in normal mammary stem cells [42].
Suppression of breast cancer cell stemness by miR-200 involves their direct targeting of
mRNAs coding for BMI1 [42] and SUZ12 [43], which are components of polycomb group
complexes 1 and 2 (PRC1 and PRC2), respectively. Forced expression of miR-200 members
in mammary tumor cells with mesenchymal properties induces a less invasive, more slowly
proliferating, partially epithelial phenotype and modifies the profile of expressed miRNAs
and protein-coding genes, including many genes regulated by SUZ12 [44].

The loss of miR-200 expression in the EMT context is associated with development
of resistance to wide range of chemotherapeutic agents such as microtubule-targeting
taxanes [45,46], DNA-damaging agents (e.g., doxorubicin [47] and oxaliplatin [48]), the
estrogen blocker tamoxifen [49] and EGFR-blocking antibodies [50]. In some experimental
systems, resistance has been linked to overexpression of specific genes normally targeted
by the miRNAs: for example, TUBB3, which codes for a tubulin protein known to promote
resistance to taxanes, is a target of miR-200c [45]. Reintroduction of miR-200 can reverse
drug resistance associated with EMT, suggesting the potential utility of miR-200 as a
component of chemotherapy regimens [45–47,50]. Investigations of mouse models of
breast cancer with inducible miR-200 expression highlighted the miRNAs’ ability to block
disease initiation [51] and metastasis [52], findings that support their possible application as
drugs for breast cancer prevention and treatment. Figure 1B illustrates important miR-200
family-target gene interactions and their biological consequences.

The potential for miRNAs to circulate in biological fluids after release from cells in
association with extracellular vesicles, Argonaute proteins or high-density lipoproteins
(HDL) expands their range of effects to neighboring cells or even to distant tissues (reviewed
in [53]). This is exemplified by a study of colon tumor cell spheroids [54] which showed that
miR-200-containing exosomes released by the spheroids inhibited an EMT like-program in
an underlying layer of lymph endothelial cells (LEC), which would otherwise facilitate the
process of tumor intravasation in lymphatic vessels. Interestingly, the extent of LEC, EMT
was directly related to the degree of resistance to 5-fluorouracil of the tumor spheroids;
highly chemoresistant tumor subclones lost expression of miR-200 and no longer provided
anti-EMT signals to the LEC [54].

The connection between miR-200 and EMT suppression is consistent with the defini-
tion of these miRNAs as tumor suppressors. The biological effects of individual miR-200
members can differ widely—for example, investigations of pancreatic cancer cells ectopi-
cally expressing miR-200 family members identified miR-429 as most effective in limiting
in vivo tumor cell growth and metastatic dissemination [55]. It is also noteworthy that
miR-200 members can target mRNAs coding for tumor suppressors, a property that would
define them as ‘oncomiRNAs’: an important example is found in endometrial carcinoma
cells, in which miR-200a, miR-200b and miR-429 were shown to directly target the mRNA
coding for PTEN, a well-known tumor suppressor [56,57].



Cancers 2021, 13, 5874 6 of 35

3. Factors That Control miR-200 Family Expression and Function

Given their importance in controlling EMT and cancer progression, a thorough under-
standing of the upstream cues that govern miR-200 expression is of critical importance for
designing anticancer strategies based on rewiring these regulatory circuits. An investiga-
tion of the factors that suppress miR-200 expression during EMT revealed the presence of
ZEB-type E-box elements upstream of the TSS of the miR-200b/200a/429 primary precur-
sor RNA (pri-miRNA), and demonstrated that the expression of the cluster is repressed by
ZEB1 and ZEB2 [8]. The miR-200c/141 locus was likewise found to contain ZEB-family
responsive elements that mediate repression of miR-200c-141 production by ZEB1 [58].
Thus, ZEB1/2 and miR-200, which exert opposite functions on the EMT, reciprocally regu-
late each other in a double negative feedback loop [8,13,58]. FOXM1B, a member of the
Forkhead Box family of transcription factors, represses transcription from the promoters
of both miR-200 clusters [59]. Both promoters are also repressed by the transcription
factor NANOG, an important driver of self-renewal in pluripotent cells and of EMT in
colorectal cancer cells [60]. The stemness and growth properties of colorectal cancer cells
are influenced by a reciprocal feedback loop involving miR-200c and the homeodomain
transcription factor SOX2, with miR-200c targeting the SOX2 mRNA, and SOX2 repressing
the miR-200c promoter [61].

Activation of the HIF-1 transcription complex e.g., by hypoxia, in colorectal can-
cer (CRC) cells triggers upregulation of the transcription factor ASCL2 [62]. Binding of
ASCL2 to the promoter region of the miR-200b/200a/429 locus represses its expression
and thus supports EMT [62,63]. In turn, miR-200b directly represses expression of the
HIF1A mRNA to form a HIF1A-ASCL2-miR-200 feedback loop that contributes to the
ability of CRC cells to switch between EMT and MET [62]. Recent experiments that em-
ployed a miR-200b/c-sensitive fluorescent protein sensor reinforced the role for miR-200
in impeding EMT while promoting cell proliferation and implicated metabolic signaling in
the control of miR-200b/c expression [64].

A major contribution to the plasticity of the EMT/MET phenotype is conferred by
reversible DNA methylation of CpG islands in the miR-200 loci that results in their tran-
scriptional repression [65]. The promoter regions of both miR-200 clusters contain CpG
islands that undergo DNA methylation during EMT in diverse cell types [10,34,66–69].
Experiments performed in gastric cancer cell lines and a glioblastoma cell line indicated
that epigenetic silencing of the miR-200b/200a/429 promoter is mediated by CpG methy-
lation catalyzed by DNMT1 (DNA methyltransferase 1) and EZH2-directed histone 3
trimethylation (H3K27me3), with recruitment of DNMT1 depending on EZH2 [70]. A
study of triple-negative breast cancer cells revealed a positive correlation between levels of
ZEB1 and silencing of the miR-200c/141 promoter by CpG methylation and histone H3K9
trimethylation (H3K9me3, another mark of epigenetic silencing) [71].

Repression of the miR-200b/200a/429 promoter by MYC was documented in endome-
trial cancer cells [72] and in triple-negative breast cancer cells [73]. In triple-negative breast
cancer cells, binding of MYC to the miR-200b/200a/429 promoter leads to recruitment of
DNMT3A to promoter CpGs, resulting in promoter methylation [73]; negative feedback
control is provided by direct targeting of the DNMT3A mRNA by miR-200b [73]. A similar
feedback relationship connects miR-200 to FERMT2 (also named Kindlin-2), an adaptor
protein of the 4.1-ezrin-radixin-moesin (FERM) domain-containing protein family that
interacts with integrins and promotes formation of invadopodia and remodeling of the
extracellular matrix, which are characteristic events of EMT. Studies of breast cancer cells
revealed a further role for FERMT2 in controlling EMT by interacting with DNMT3A
and promoting CpG methylation of both clusters’ promoters [74]. An investigation of
the role of FERMT2 breast cancer metastasis showed that it is a direct target of miR-200b;
forced expression of miR-200b in a breast cancer cell line expressing high levels of FERMT2
reduced the tumor-forming ability and metastatic properties of the cells when injected into
mice, and led to downregulation of several EMT markers [75]. The histone demethylase
KDM5B can repress expression of both miR-200 clusters through demethylation of histone
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H3K4me3 (a marker of transcriptionally active genes) in the clusters’ promoter regions [76].
In breast cancer cells, PELP1, a coregulator of nuclear receptors that is overexpressed in
several hormone-driven cancer types, represses expression of both miR-200 clusters by
recruiting histone deacetylase 2 to the loci’s promoter regions [77]. In prostate cancer cells,
the transcriptional repressor ZBTB33 (also named Kaiso) participates in downregulation
of miR-200 family expression induced by EGF signaling through direct interaction with
methylated regions of the miR-200 promoters [78].

An investigation of miRNAs affected by RAS signaling showed that both miR-200
clusters are downregulated in the presence of oncogenic KRAS (KRASG12D), with con-
sequent promotion of cell survival and EMT [79]. This repressive effect was attributed to
the combined action of ZEB1 and transcription factors JUN and SP1 (downstream compo-
nents of RAS signaling), which were shown to interact with specific sites in the miR-200
promoters [79].

Other studies indicated that SP1 drives expression of the miR-200b/200a/429 clus-
ter [80]. The nearly ubiquitous expression of SP1 led to the proposal that SP1 maintains
miR-200b/200a/429 expression and the epithelial phenotype in the absence of ZEB [80].
Other transcription factors that contribute to activate expression of the miR-200b/200a/429
cluster include Smad3, in gastric cancer cells [81] and ERG, in prostate cancer cells [82].
ERG is an ETS-family transcription factor that is frequently upregulated in prostate cancer
as a result of a translocation involving the TMPRSS2 gene [82]. ERG-mediated activation
of miR-200b/200a/429 expression interferes with prostate cancer proliferation and inva-
siveness, an effect that implicates the ERG-miR-200 interaction in the indolent behavior of
prostate cancer in the majority of patients [82].

The promoters of both miR-200 clusters are activated by another ubiquitously ex-
pressed basic transcription factor named KLF5 [83], and by c-Myb [84]. c-Myb expression
was found to correlate with levels of miR-200a, miR-200b, miR-200c and miR-141 in breast
cancer samples, and transfection experiments showed that the repressive effects of ZEB1
on miR-200 expression dominate over the activating effects of c-Myb [84]. As mentioned
above, c-Myb is a target for repression by miR-200b, miR-429 and miR-200c, thus adding
c-Myb to the miR-200-ZEB feedback pathway that governs EMT.

The promoter regions of both miR-200 loci also contain binding sites for p53. Accord-
ingly, p53 can upregulate the expression of both miR-200 clusters [85,86]. The p53 family
members p63 and p73 were also shown to activate the miR-200b/200a/429 locus [87]. In
ovarian cancer cells, the transcription factor GRHL2 (grainyhead-like 2) was shown to
favor the epithelial phenotype by increasing miR-200b/200a/429 expression through direct
transcriptional activation and by reducing the levels of the repressive histone H3K27me3
mark in the cluster’s promoter and CpG island [88].

Studies of breast cancer cells [89] indicated a connection between EMT, miR-200 and
TP53BP1 (p53 binding protein 1), a tumor suppressor protein involved in repair of double-
strand DNA breaks (reviewed in [90]). Forced expression of TP53BP1 in breast cancer
cell lines led to upregulation of miR-200b and miR-429, downregulation of ZEB1, and
an epithelial-like phenotype, while silencing of TP53BP1 had the opposite effects [89].
An analysis of a small panel of breast cancer samples confirmed the positive correlation
between the expression levels of TP53BP1 and the two miRNAs and the negative corre-
lation between levels of TP53BP1 and ZEB1. The levels of TP53BP1 were significantly
higher in tumor samples from patients without lymph node metastasis compared to those
with lymph node metastasis [89]. The mechanism through which TP53BP1 influences
miR-200b/miR-429 expression, and how this protein fits into the miR-200b/ZEB feedback
loop, remain open questions.

miR-200 expression is activated by several nuclear receptor pathways in different cell
contexts. Analyses of prostate cancer cell lines identified miR-141 [91,92], miR-200a [92,93],
miR-200b [93] and miR-200c [93] among many miRNAs that are upregulated upon stim-
ulation of androgen receptor (AR) signaling by dihydrotestosterone and the synthetic
androgen R1881. In liver cancer cells, miR-200c is activated by nuclear receptors PPARα
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(peroxisome proliferator activated receptor alpha) and LRH-1 (liver receptor homolog-1),
and is inhibited by SHP (small heterodimer partner), a transcriptional repressor that inter-
acts with PPARα and LRH-1 [94].

Many lncRNAs have been identified as post-transcriptional regulators of miR-200
abundance/function, primarily by acting as competitive endogenous RNAs (ceRNAs). Ex-
amples are lncRNA-ATB, MALAT1 and H19, each of which has been described to regulate
miR-200 in multiple cancer types. Studies of hepatocellular carcinoma (HCC cells) [95]
revealed the ability of lncRNA-ATB (activated by TGF-β) to promote EMT, invasion and
metastasis through its ceRNA activity against miR-200 members, which subtracts (sponges)
the miRNAs from mRNAs coding for ZEBs and other EMT-promoting factors. Analo-
gous ceRNA activity was described for MALAT1 [96]. The relationship between H19 and
miR-200 is more complex: in gastric cancer cells, miR-141 and H19 were shown to compete
with each other for mRNA targets, whereas in HCC, H19 upregulates miR-200 family
expression through a mechanism involving increased histone acetylation [97].

miR-200 abundance and activity are also regulated post-transcriptionally at the pri-
miRNA processing stage and through editing of the miRNA sequence by adenosine deami-
nases acting on RNA (ADARs). Studies of ovarian cancer cells demonstrated that expres-
sion of both miR-200 clusters is influenced by the RNA binding protein DDX1 through its
recruitment of the pri-miRNAs to the Drosha microprocessor (the complex that releases
the pre-miRNA hairpin) [98]. ADARs are a family of enzymes that convert adenosines
to inosines, which are recognized as guanosines during base-pairing. In thyroid cancer
cells, miR-200 members undergo substantial A-to-I editing by ADAR1, a modification that
impairs the ability of the miRNAs to target the ZEB1 mRNA [99]. A recent investigation of
the impact of the protein kinase PKCζ in CRC cells revealed a role for PKCζ and ADAR2 in
regulating the intracellular levels of miR-200 [100]. Experiments carried out in a CRC cell
line demonstrated that loss of PKCζ (a tumor suppressor that is downregulated in CRC
metastases) is associated with downregulation of miR-200 members caused by an increase
in their secretion in extracellular vesicles, a situation that favors EMT. ADAR2, whose RNA
editing activity depends on phosphorylation by PKCζ, promotes retention of miR-200
inside the cell, thus favoring the epithelial phenotype [100]. Consistent with the role of
miR-200 in EMT, loss-of-function of the PKCζ/ADAR2 axis activated the EMT program
and increased liver metastases in a mouse xenograft model [100]. In accordance with these
findings, analyses of CRC patients’ data in TCGA showed that low expression of miR-200b
and miR-200a correlated with substantially shorter overall survival; furthermore, the levels
of the mRNA coding for PKCζ correlated with levels of miR-200b/200a/429 [100]. The
discovery of this mechanism controlling intracellular miR-200 levels provides an expla-
nation for the highly metastatic properties of PKCζ-deficient CRC cells. The exact role of
ADAR2 in maintaining miR-200 inside cells remains to be identified, and the possibility
that PKCζ/ADAR2-mediated control of miR-200 retention/elimination operates in other
cancer types remains to be determined. Figure 2 depicts the main regulatory networks
involving miR-200.
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4. Circulating miR-200 as Biomarkers

The evaluation of miRNAs in biological fluids (liquid biopsy) to detect cancer was
initiated with studies that identified serum miR-21 as a potential diagnostic/prognostic
marker for diffuse large B-cell lymphoma [101] and serum miR-141 as a potential diagnostic
marker for prostate cancer [102]. These observations, together with the property of extra-
cellular miRNAs to resist degradation by RNase A [103], opened the door to a rich body of
research on circulating miRNAs and other noncoding RNAs as diagnostic and prognostic
markers for cancer patients detectable with a minimally invasive sampling procedure (re-
viewed in [104,105]). The following sections provide an update on the status of extracellular
miR-200 as biomarkers in a selection of clinically important epithelial-derived neoplasms.

4.1. Breast Cancer

Female breast cancer (BC) is the most frequently diagnosed cancer worldwide [106].
The molecular subtypes of breast cancer are defined by their expression of estrogen and
progesterone receptors (HR), and epidermal growth factor receptor 2 (HER2) amplification.
HR+/HER2− (Luminal A) breast cancers are the most common subtype, followed by the
triple-negative (TNBC), HR+/HER2+ (Luminal B) and HR−/HER2+ (HER2+) subtypes,
in that order [107]. TNBC is the most aggressive subtype, with an enrichment of stem-like
tumor cells [108].

The miR-200 family forms part of a complex network of miRNAs that determine
the invasive properties of breast cancer cells (reviewed in [109]), with low miR-200 levels
favoring EMT [26], and higher levels promoting the MET phenotype, which permits tumor
cells that have escaped the primary tumor to establish colonies in a new location [110,111].
Experiments performed on panels of murine and human breast cancer cell lines with differ-
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ing metastatic properties showed that highly metastatic cells with high levels of miR-200
produce miR-200-containing extracellular vesicles (EVs) [112]. These miR-200-containing
EVs are taken up by poorly metastatic cells, with resulting alterations in gene expression
supportive of MET and an increase in their metastatic growth [112]. Exosome-packaged
miR-200 might therefore act as a hormone-like modulator of MET. The contribution of
miR-200 to metastatic progression is clinically relevant, given the fact that many breast
cancer patients eventually die of metastatic disease despite early diagnosis and good initial
response to therapy.

On the whole, investigations of circulating miRNAs as biomarkers in blood, serum
or plasma to distinguish breast cancer patients from healthy controls have given mixed
results, with limited overlap in panels of identified miRNAs [reviewd in [113–115]. Initial
investigations that employed single-target RT-PCR or array profiling either did not examine
miR-200 [116,117] or did not identify miR-200 among miRNAs with different abundance
in patients vs. controls [118–122]. A next generation sequencing (NGS)-based analysis
of pooled serum samples from breast cancer patients and controls also did not indicate
differential expression of miR-200 [123]. However, another NGS analysis of serum samples
yielded a list of 26 upregulated miRNAs and 17 downregulated miRNAs in patients
with stage I or II disease compared to healthy controls; upregulated miRNAs included
miR-200b, miR-200c and miR-429, and downregulated miRNAs included miR-200a [124].
In contrast, an analysis of miR-200c and miR-141 in unfractionated blood samples detected
reduced levels of miR-200c in breast cancer patients (early-stage grouped together with
advanced-stage) compared to controls (levels of miR-141 did not differ significantly in the
2 groups) [125]. An exploratory analysis of a panel of 9 miRNAs that included miR-200b
and miR-200c in urine samples from breast cancer patients and controls did not reveal
significant differences in levels of these miRNAs in patients vs. controls [126].

In contrast to the lack of a consensus supporting circulating miR-200 for early diag-
nosis of breast cancer, several analyses have implicated circulating miR-200 as marker
of metastatic dissemination, a role that first emerged from studies of circulating tumor
cells (CTC) derived from the primary tumor mass that are detected in the circulation. A
subpopulation of CTC is considered to produce metastatic disease, and CTC analysis has
become an important tool for predicting prognosis of metastatic disease in several solid
cancer types, including breast cancer (reviewed in [127]). A search for plasma miRNAs
that could serve as surrogate markers for CTC in patients with metastatic breast cancer
identified a panel of 8 miRNAs that included miR-200a, miR-200b, miR-200c and miR-141
whose plasma levels were higher in CTC (+) patients compared to CTC (−) patients or
healthy controls [128]. Further statistical analyses indicated that plasma levels of miR-200b
distinguished CTC (+) from CTC (−) patients and yielded predictions of PFS (progression
free survival) and OS (overall survival) that matched or surpassed the performance of
CTC enumeration [128]. In accordance with these findings, higher levels of miR-200b (and
miR-7) were detected in blood samples from patients with lymph node-positive breast
cancer compared to patients without lymph node involvement, and in blood of patients
with distant metastases compared to patients without metastases [111]. Another analysis
of circulating miR-200c and 3 other miRNAs (miR-21, miR-146a and miR-210) confirmed
increased levels of miR-200c in CTC and plasma from metastatic breast cancer patients
compared to healthy controls, but did not link circulating miR-200c levels to diagnosis or
prognosis [129].

Xenograft experiments performed with a highly metastatic human triple-negative
inflammatory breast cancer (IBC) cell line revealed a role for miR-141 in metastatic col-
onization in the brain [130]. An analysis of miR-141 in sera from a cohort of 105 breast
cancer patients showed that patients with metastatic inflammatory breast cancer (IBC)
had elevated serum levels of miR-141 compared to those with locally advanced disease or
metastatic non-IBC. In metastatic patients, detectable serum miR-141 levels were associated
with a shorter time interval before development of brain metastasis and with considerably
shorter PFS and OS [130].
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Studies of mice with reduced expression of the transcription factor FOXP3, which
leads to breast cancer with lung metastases in females, provided further evidence for
exosome-mediated release of miR-200 members from tumor cells and their utility as
markers of metastasis [131]. The miR-200c/141 locus was identified as an indirect target of
FOXP3-mediated activation [131]. While primary breast tumor cells and lung metastases
showed reduced expression of miR-200c/miR-141 compared to normal breast epithelial
cells, the plasma levels of miR-200c and miR-141 increased during disease progression,
with increasing levels of exosome-associated miR-200c and miR-141 most evident in mice
with metastatic disease [131]. Interrogation of a TCGA cohort of breast cancer patients
identified a positive correlation between levels of FOXP3 and miR-200 members in breast
cancer samples, and reduced expression of miR-200 in tumors from patients with metastatic
disease. On the other hand, the levels of miR-200c and miR-141 were higher in plasma from
patients with metastatic breast cancer tissue compared to patients with localized disease,
benign breast tumors or disease-free controls [131].

Kaplan–Meier analyses of miR-200c and miR-141 expression levels, clinical data and
tumor characteristics indicated a significant association between high blood levels of
miR-200c and/or low levels of miR-141 and poor PFS and OS independent of disease
stage or hormone receptor status, suggesting the utility of these miRNAs as prognostic
indicators [125]. An exploratory RT-PCR-based profiling assay identified sets of miRNAs
whose high plasma levels were associated with poor OS and PFS of metastatic breast cancer
patients; both sets included all of the miR-200 family members. Further evaluations showed
that a miRNA panel consisting of miR-141, miR-200a, miR-200b, miR-429 and miR-1274a
(all high) performed better than CTC enumeration for predicting overall survival [128,132].

Metastatic disease frequently arises in breast cancer patients many years after surgical
intervention and adjuvant chemotherapy, a feature that contributes to patient anxiety and
complicates follow up. A study by Madhavan et al. [132] revealed an association between
plasma levels of a 6-miRNA panel that included miR-200a, miR-200b and miR-200c, and de-
velopment of metastases as early as 2 years prior to clinical diagnosis of metastatic spread.

Papadaki et al. [133] investigated whether levels of a panel of miRNAs (miR-21,
miR-23b, miR-190, miR-200b and miR-200c) measured in plasma samples after surgical
intervention and before adjuvant chemotherapy, correlated with relapse and survival of
early breast cancer patients. Results showed that patients who relapsed had higher plasma
levels of miR-200c, miR-21 and miR-23b, and lower plasma levels of miR-190, compared to
those who did not relapse. miR-200c and miR-21 were more abundant in plasma of patients
who relapsed 5 or more years after diagnosis (late relapse) compared to patients who
remained disease-free during the follow up period. Elevated plasma levels of miR-200c
and miR-21 were each associated with shorter disease-free survival (DFS), and patients
with elevated plasma levels of both miRNAs had shorter DFS compared to those with one
elevated miRNA. Elevated miR-21 (but not miR-200c) was also associated with shorter
OS. The combined evaluation of plasma miR-200c levels, axillary lymph node infiltration,
tumor grade and ER status predicted late relapse with an AUC of 0.890 (sensitivity 75%,
specificity 89%) [133]. A subsequent study by Papadaki et al. [134] evaluated miR-21,
miR-23b, miR-190, miR-200b and miR-200c in plasma from patients with early breast cancer
or metastatic disease [134]. Higher levels of miR-21, miR-23b, miR-200b and miR-200c
were detected in patients with metastatic disease. Levels of miR-21 and miR-200b were
also higher in premenopausal metastatic patients compared to postmenopausal metastatic
patients. Levels of miR-21 and miR-200b each distinguished patients with metastatic
vs. early disease, but higher accuracy was obtained by combining miR-21, miR-200b,
miR-190 and miR-200c. High levels of miR-200b predicted shorter OS in patients with
metastatic disease and in HER2-negative patients [134]. These findings underscore the link
between miR-200 and metastatic spread and indicate them as markers for early detection
of metastatic disease and prognosis. However, this assertion is tempered by results of
recent investigation of serum markers of breast cancer that included miR-200 members
in its list of interrogated miRNAs, which indicated an association between high serum
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levels of miR-141 and better survival [135]. This study also proposed a 5-miRNA panel for
serum-based detection of breast cancer which however did not include miR-141 or other
miR-200 members [135].

4.2. Lung Cancer

Lung cancer is the second most frequently diagnosed cancer and the most frequent
cause of cancer deaths worldwide [106]. Lung cancer comprises a group of aggressive
malignancies of epithelial derivation (non-small cell lung carcinoma, NSCLC, 85% of the
cases) or neuroendocrine derivation (small cell lung carcinoma, SCLC, 15% of the cases).
Based on its histological features, NSCLC is further divided into three major subtypes:
lung adenocarcinoma (LAD) (40%), squamous cell carcinoma (SCC) (25–30%) and large
cell carcinoma (5–10%) [136].

Distant metastases represent the first cause of NSCLC-related death, and 30–40% of
NSCLC patients have metastatic disease at the time of diagnosis [137]. Targeted therapies,
consisting of tyrosine kinase inhibitors (TKI) for oncogene-addicted NSCLC or immuno-
checkpoint inhibitors (ICIs) for non-oncogene-addicted tumors with elevated expression
of programmed cell death 1 (PD-L1), have significantly improved the outcome of NSCLC
patients, although the prognosis of stage 4 patients remains dismal. Reliable biomarkers
are thus needed to facilitate early diagnosis and to optimize the different therapies for
individual patients [138]. To this end, several studies investigated the possible role of
miR-200 as novel diagnostic tools in NSCLC (reviewed in [139]).

Studies of miR-200 in tumor tissues have yielded conflicting results. Consistent with
the role of miR-200s in EMT, an analysis by Ceppi et al. of 69 NSCLC tissues (73% LAD and
27% SCC), showed that low miR-200c expression correlated with tumor spread to distant
lymph nodes [67]. These observations were supported by analyses of LAD samples which
indicated a negative correlation between miR-200c and clinical stage [140], and positive
correlation between miR-200b and OS [141]. In contrast with these findings, Tejero et al.
showed that increased expression of miR-200c and miR-141 in LAD tissues (N = 73) corre-
lated with shorter OS [142], and Si and colleagues showed a positive correlation between
high miR-200c expression and lymph node metastases/poor OS [143].

These discrepancies might reflect changes in expression of this miRNA family ac-
cording to the EMT status. As reported above, EMT is a highly plastic process in which
cells from the invasive front of primary tumors acquire mesenchymal features needed for
distant spread. At the metastatic foci, seeded tumor cells need to switch from EMT to the
MET program and re-acquire epithelial features to complete the metastatic process [144].
Thus, the plasticity of the EMT program may result from differential expression of the
miR-200 family members, closely related to the specific tumor site observed (invasive
front vs. core of primary tumors, circulating tumor cells and metastatic colonies). These
considerations suggest that determination of miR-200 expression in tumor biopsies may
provide information that is of excessive complexity for diagnostic/prognostic purposes.

Liquid biopsy might better represent the intratumor heterogeneity and temporal
evolution of the invasive program of lung cancer. This is supported by the findings of
increased levels of cell-free miR-200b and miR-141 in the plasma/serum and sputum of
early-stage LAD patients (compared to healthy controls) [6,145–147] and higher levels
of miR-200b, miR-200c and miR-141 in pleural effusions of LAD patients (compared to
patients with lung inflammatory disease) [148].

A possible connection between miR-200/EMT and immune checkpoints was revealed
by studies demonstrating that miR-200 members directly target PD-L1 and by an analysis
of TGCA datasets of early-stage LAD, showing a strong positive correlation between EMT
markers and PD-L1 and a strong negative correlation between PD-L1 and miR-200 [149,150].
Fan et al. showed that patients with advanced NSCLC who exhibited a good response
to the immune checkpoint inhibitor nivolumab had higher serum levels of miR-200 (the
authors did not indicate the specific miRNA of this family) compared to non-responder pa-
tients [151]. In addition to contributing to our understanding of the mechanism regulating
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PD-L1 in cancer, further investigation of the link between miR-200 and PD-L1 expression
might yield new biomarkers to select patients who will respond to PD-L1 inhibitors.

4.3. Colorectal Cancer

Colorectal Cancer (CRC) is the third most commonly diagnosed malignancy world-
wide and the second leading cause of cancer death [106]. CRC is a heterogeneous disease
that is classified on the basis of histological features and driver mutations. Stage I and II
CRC tumors are curable by surgery, and more than 70% of stage III patients are successfully
treated by combining surgical excision and adjuvant chemotherapy. Unfortunately, despite
recent improvements in chemotherapy, patients with stage IV disease remain incurable
in most cases [152]. Therefore, the discovery of novel tools for the early diagnosis and
prognostic stratification of CRC patients is of key importance to improve the outcome of
these patients.

A recent systematic review of the role of miR-200 in EMT of CRC cells and their
possible utility as biomarkers highlighted the poor agreement among studies that exam-
ined miR-200 expression in tumor samples, with levels of individual miR-200 members
showing upregulation, downregulation, or no substantial change in CRC samples vs. con-
trols [153]. These inconsistencies may in part reflect the contribution of variable amounts
of stromal cells in the tumor samples and in heterogeneity of the tumor cells in different
areas of the tumor mass. Indeed, several studies reported downregulation of miR-200b
and/or miR-200c at the invasive front of CRC tumor masses that broached the basement
membrane [154–156].

Considerable effort has been invested to identify CRC markers analyzable through
liquid biopsy (reviewed in [157]). A survey of studies on circulating miRNAs in CRC iden-
tified miR-21 as the most frequently proposed candidate for CRC diagnosis, and miR-200a,
miR-200b, miR-200c and miR-141 as most frequently connected to CRC prognosis [158].
One of the first investigations of circulating miRNAs in CRC diagnosis detected increased
plasma levels of miR-200a, miR-200b and miR-200c (and many other miRNAs) in CRC
patients vs. controls in the discovery phase of the study, but did not measure these miRNAs
in the validation cohort, and proposed miR-92 as a marker for early CRC detection [159]. A
subsequent evaluation of miR-200c and miR-18a (chosen on the basis of their upregulation
in a set of CRC tumor samples) in plasma samples from CRC patients and controls showed
upregulation of both miRNAs in the majority of the patients’ samples, and a reduction in
their levels after tumor resection [160]. In ROC analysis the combination of both miRNAs
yielded an AUC of 0.839 for patients vs. controls [160]. An evaluation of an 8-miRNA panel
that included miR-200c measured lower levels of miR-200c in plasma and tumor tissue
from CRC patients (stages II, III and IV) compared to control samples and did not identify
miR-200c as a diagnostic biomarker [161].

An analysis of miR-141, miR-21 and miR-92 in plasma from large cohorts of CRC
patients and controls detected a reduction in plasma miR-92 and no significant difference in
plasma miR-21 or miR-141 levels in CRC patients vs. controls [162]. However, stratification
of the patients revealed higher plasma levels of miR-141 in stage IV disease compared to
lower stages and controls, and identified miR-141 as a predictor of poor prognosis [162].
Moreover, evaluation of plasma miR-141 plus carcinoembryonic antigen (CEA) improved
the accuracy of detection of stage IV CRC compared to either marker alone [162].

A discovery-validation study of plasma miRNAs that included a validation cohort
of 187 CRC patients and 47 controls identified a 4-miRNA panel consisting of miR-96,
miR-203, miR-141 and miR-200b with potential value for CRC prognosis [163]. ROC
analysis indicated that high plasma miR-141 levels accurately distinguished stage IV
patients from stage I-III patients (AUC, 0.851), and univariate survival analysis indicated
an association between lower plasma levels of miR-96 and miR-200b and better overall
survival [163].

In another discovery-validation study, a miRNA-microarray profiling analysis iden-
tified miR-141 among many upregulated miRNAs in sera from CRC patients compared
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to controls, and RT-PCR assays confirmed upregulation of miR-141 and 3 other miRNAs
(miR-31, miR-224-3p and miR-576-5p) and downregulation of miR-4669 in sera from pa-
tients compared to controls [164]. Levels of miR-141, miR-31, miR-224-3p and miR-576-5p
were also higher in sera from stage III/ stage IV patients compared to those with stage I
or II disease. ROC curve analysis supported the potential utility of the 5-miRNA panel
for CRC diagnosis [164]. On the other hand, another recent investigation aimed at deter-
mining whether plasma levels of miR-141, miR-221-3p and miR-222-3p might be useful
for diagnosis of localized CRC indicated that miR-141 was not significantly upregulated
in patients vs. controls [165]. Interestingly, among CRC patients with localized disease,
increased plasma levels of miR-141 and miR-425-3p were found to be associated with the
presence of tumors harboring activating mutations in KRAS [165], a genetic alteration that
is known to correlate with more aggressive disease [165,166].

The clinical importance of miR-200 as circulating biomarkers for metastatic CRC
was supported by two studies of ample patient cohorts (>400 subjects) [167,168]. Results
of a three-step study to evaluate the potential utility of miRNAs controlling EMT as
serum biomarkers in CRC indicated that the serum levels of miR-200c were significantly
higher in stage IV CRC patients compared to stage I-III patients [167]. Serum miR-200c
positively correlated with lymph node metastasis, distant metastasis and prognosis, and
was an independent predictor for lymph node metastasis (odds ratio: 4.81, p = 0.0005) and
tumor recurrence (hazard ratio: 4.51, p = 0.005) and an independent prognostic marker
(hazard ratio: 2.67, p = 0.01) [167]. Maierthaler et al. [168] investigated the plasma levels
of circulating miRNAs in 543 stage I-IV CRC patients, with candidate miRNAs initially
discovered through a profiling assay on plasma from 10 non-metastatic and 10 metastatic
cases, followed by validation of a selected panel of miRNAs, including all of the miR-200
family members, in the full sample cohort. Results showed that patients with metastatic
disease exhibited a modest but significant increase in the levels of circulating miR-141,
miR-200a, miR-200b, miR-203a and miR-122 compared to patients without metastases, and
elevated miR-122 correlated with poor prognosis [168]. An evaluation of serum levels
of miR-200b, miR-200c and miR-141 from 139 CRC patients at different disease stages
indicated significant elevation of the 3 miRNAs in stage-IV patients (all of whom had liver
metastases) compared to earlier-stage patients [169].

Studies of exosome-associated miR-200 levels in CRC patients have produced conflict-
ing results. A microarray-based discovery analysis of serum exosome-associated miRNAs
did not detect upregulation of any of the miR-200 members in 88 CRC patients (stages I
through IV) vs. 11 controls [170]. A more recent examination of 10 selected miRNAs in
extracellular vesicles isolated from sera of 44 CRC patients with metastatic disease and
17 healthy controls identified 7 miRNAs, including miR-200b, that were significantly more
abundant in patients compared to controls, but miR-200b did not pass statistical tests for
association with diagnosis or prognosis [171]. A comparison of all 5 miR-200 members in
the plasma and exosome fractions of blood drawn from a peripheral vein (PV) or from the
tumor-draining mesenteric vein (MV) revealed higher levels of the miRNAs in MV sam-
ples compared to the PV samples, and an association between low MV plasma/exosome
miR-141 and miR-200c and longer survival [172].

Serial measurements of Ago2-associated miR-21 and miR-200c in plasma from CRC
patients with metastatic disease receiving cycles of systemic chemotherapy revealed fluc-
tuations in the levels of the 2 miRNAs [173]. The investigators proposed that the spikes
in Ago2-miRNA levels were a consequence of massive cell death in the metastatic lesions,
and that such measurements might provide an indication of response to treatment [173].

4.4. Prostate Cancer

Prostate Cancer (PC) is a clinically variable and molecularly heterogeneous disease
that represents the second most frequently diagnosed tumor in males [106]. Testosterone is
necessary for the replication and survival of normal prostate cells and androgen signaling
plays a key role in both induction and progression of PC. However, some PC patients
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already have androgen-independent cancer at diagnosis, or become androgen-independent
(also defined as castration-resistant PC, CRPC) after the start of androgen deprivation
therapy (ADT). Constitutive activation of androgen receptor (AR) signaling, a key alteration
in CRPC, may result from expression of the AR-V7 splice variant of the AR, hypersensitivity
to androgens, overexpression of AR and intratumoral steroidogenesis [174,175]. As noted
in Section 3, miR-200a, miR-200b, miR-200c and miR-141 are upregulated upon activation
of androgen receptor signaling in prostate cancer cells.

Various studies reported heterogeneity in expression of miR-200 members in prostate
cancer cell lines, cancer tissue and biological fluid samples [176].

As mentioned at the beginning of Section 4, one of the first analyses of circulating
miRNAs in cancer patients revealed significantly higher levels of miR-141 in sera from
25 patients with metastatic PC compared to 25 healthy controls [102] and several subse-
quent studies confirmed circulating miR-200 as an indicator of metastatic PC. A miRNA
profiling analysis of sera from 14 PC patients with localized disease and 7 bone-metastatic
PC patients identified miR-141, miR-200b and miR-200c among upregulated miRNAs in
patients with metastatic disease [177]. Further validation assays on additional PC patients
of high- and intermediate-risk groups identified elevated levels of miR-141 and miR-375
as the best markers to distinguish patients with high-risk disease (i.e., those with Glea-
son score ≥ 8 or lymph node involvement) from patients with intermediate-risk disease
(Gleason score = 7 or N0). While both miRNAs correlated with lymph node involvement,
only miR-141 was significantly upregulated and correlated with Gleason score. The investi-
gators also found a highly significant upregulation of miR-141 and miR-375 in PC tissues
compared to control prostate epithelium samples [177]. Another investigation of serum
samples from patients with localized or metastatic PC confirmed upregulation of miR-141
and miR-375, along with miR-378, in the metastatic patients, as well as upregulation of
miR-141 and miR-375 in primary tumor samples compared to control prostate tissue [178].

An analysis of plasma levels of miR-21, miR-141 and miR-221 in a cohort of 51 PC
patients showed that miR-21 and miR-221, but not miR-141, were significantly more abun-
dant in patients compared to controls [179]. However, stratification of the patients revealed
that all 3 miRNAs were more abundant in plasma from patients with metastatic disease
compared to those with localized tumors or early-advanced disease, with miR-141 showing
the strongest difference [179]. A two-step discovery/validation analysis of serum pools
from 25 metastatic CRPC patients and 25 healthy donors (discovery step) and 21 metastatic
CRPC patients and 20 controls (validation step) identified high levels of miR-200a, miR-
200c, miR-141 and 2 other miRNAs (miR-210 and miR-375) in sera from patients compared
to controls; ROC analysis identified miR-141 as the most accurate miRNA for discriminat-
ing metastatic CRPC patients from controls, with an AUC of 0.899 [180]. In another cohort
of patients with localized PC or mCRPC, miR-141 alone did not discriminate between the
2 patient groups, but combined measurement of miR-141 and 2 other miRNAs (miR-151-3p
and miR-16) plus PSA dosage differentiated the patients with high sensitivity and speci-
ficity, yielding a ROC AUC of 0.968 [181]. A study of microvesicle-associated miRNAs
in plasma identified increased levels of miR-141, miR-200b and miR-375 in patients with
metastatic PC compared to patients with localized PC; analysis of microvesicles from sera
of another patient cohort confirmed higher miR-141 and miR-375 levels in the patients with
metastatic PC [182].

Further testing of miR-141 as a marker of bone-metastatic PC confirmed its increased
serum levels in patients with metastatic bone lesions compared to patients with localized PC
or benign prostatic hyperplasia (BPH) [183]. Serum miR-141 levels correlated with Gleason
score, the number of metastatic lesions, and circulating levels of alkaline phosphatase
(a marker of bone remodeling and bone lesions) in the metastatic patients, but did not
correlate with serum PSA [183]. Analysis of an 8-miRNA panel that included miR-200b
and miR-200c in plasma samples from 102 PC patients and 50 controls identified increased
levels of miR-200c and reduced levels of miR-200b in the patient group, and proposed
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the 2 miRNAs together with 2 mRNAs (OR51E2 and SIM2) as diagnostic/prognostic
markers [184].

A study aimed at identifying circulating miRNAs able to predict response of CRPC
patients to docetaxel analyzed plasma or serum samples from a cohort of 97 patients before
and after treatment [185]. Results indicated that non-responders (patients whose disease
remained stable or progressed) had higher pre-treatment levels of miR-200c and miR-200b,
and lower pre-treatment levels of miR-146a, compared to responders. High vs. low
pretreatment levels of 9 miRNAs, including miR-200b, miR-200a, miR-429 and miR-200c,
and pre/post treatment changes in 5 other miRNAs were associated with poor overall
survival. ROC analyses showed that pre-treatment levels of miR-200b predicted patient
death within 12 months with an AUC of 0.72 [185]. A follow-up study on plasma from
additional docetaxel-treated CRPC patients did not confirm differences in pre-treatment
levels of miR-200b, miR-200c or miR-146a between responders and non-responders [186].
The investigators also narrowed down the list of prognostic miRNAs to miR-132, miR-200a,
miR-200b, miR-200c, miR-375 and miR-429 (i.e., high pretreatment levels associated with
poor OS) [186].

A longitudinal study that compared plasma levels of miR-141 with PSA, CTC and
LDH in 21 PC patients, most of whom were clinically progressing, found that patients with
progressive disease showed an average increase in these four biomarkers, and patients
with nonprogressive disease showed the opposite trend [187]. In a very recent study,
high baseline plasma levels of miR-141 and miR-375-3p were shown to predict time to
progression of metastatic CRPC patients treated with docetaxel (N = 40) or the androgen
antagonist abiraterone (N = 44) [188]. High baseline levels of miR-141 and miR-221-3p
were significantly associated with a shorter OS in the abiraterone-treated cohort, while
high levels of miR-141 and miR-375-3p were significantly associated with shorter OS in the
docetaxel-treated cohort; all these differences were highly statistically significant [188]. It
is interesting to note that the levels of miR-141 decreased after one cycle of therapy with
docetaxel and rose at the time of radiological progression of metastatic CRPC patients [188].

A recent study of a small cohort of patients with metastatic PC was focused on identify-
ing plasma miRNAs and other parameters associated with development of resistance to the
androgen antagonists abiraterone and enzalutamide [189]. Univariate analysis identified
an association between plasma levels of miR-141 (high), miR-21-5p (low) and miR-223-3p
(low), time to development of castration resistance (tCRPC) and low blood hemoglobin
(Hb) levels with poor PFS and OS. miR-141 and miR-223-3p dropped out upon multivariate
analysis, which indicated miR-21, Hb and tCRPC as independent factors predicting OS,
and miR-21 and tCRPC predicting PFS [189].

The studies described above point toward circulating miR-200, in particular miR-141,
as a marker of disease progression, but the utility of measuring miR-200 for diagnosis of
early-stage PC is less clear. In their study of patients with localized PC, advanced PC and
BPH, Zhang et al. did not detect a difference in serum miR-141 levels in patients with
localized PC compared to BPH controls [183]. An analysis of a 4-miRNA panel in plasma
from 59 PC patients, very few of whom had lymph node lesions or metastases, compared to
11 healthy controls and 16 BPH patients reported decreased levels of miR-141 and miR-375
in the PC group [190]. However, differences in miR-141 levels were not significant, and ROC
curve analysis identified miR-375 as the best miRNA for discriminating between patients
and controls [190]. Our laboratory compared plasma levels of a panel of 12 miRNAs,
including miR-141, in 36 patients with localized PC and 31 urology patients whose prostate
biopsy results confirmed the absence of PC, but did not identify differences in miR-141
among the 2 groups [191]. Two other studies of sera from PC patients of various stages
and grades and healthy controls or BPH controls identified miR-141 [192] or miR-141 and
miR-200b [193] among miRNAs that were upregulated in the PC patients, but did not
perform comparisons between early-stage or low-grade disease subgroups and controls.

Quantification of a 9-miRNA panel that included miR-141 and miR-200c in whole
plasma and plasma-derived extracellular vesicles from 50 PC patients with low or high
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Gleason scores and 22 patients with BPH identified miR-21-5p, miR-375 and miR-200c as
having potential diagnostic significance; interestingly, miR-21-5p and miR-200c yielded
stronger statistical values when analyzed in extracellular vesicles compared to whole
plasma, and miR-375 performed best when analyzed in plasma [194].

A variety of DNAs, RNAs, proteins and small molecules have been proposed as
urine markers for prostate cancer (reviewed in [195]). The abundance of prostate-derived
molecules in the urine can be increased by massaging the organ during digital rectal
examination (DRE). Different types of urine samples—unfractionated urine, cell-free urine
supernatants, exosomes and sediment after centrifugation—have been studied.

Quantification of miR-141, miR-21-5p and miR-205-5p in unfractionated urine samples
from patients with PC, bladder cancer or BPH and healthy controls indicated increased
levels of all 3 miRNAs in both categories of cancer patients; it is noteworthy that miR-141
yielded the best ROC curve AUC for distinguishing PC patients from subjects with BPH,
which is beyond the capabilities of PSA measurements [196]. A study that combined several
patient cohorts analyzed 45 miRNAs in cell-free urine samples from patients with localized
PC or BPH, and identified miR-141, miR-200a, miR-200b and miR-200c among upregulated
miRNAs in the PC patients. However, further analyses excluded these miRNAs from the
final 3-miRNA ratio model proposed by the investigators [197].

An analysis of miRNAs contained in the sediment fraction of centrifuged urine sam-
ples obtained after DRE that quantified 12 miRNAs, including miR-200c, did not identify
differences in miR-200c levels in PC patients compared to tumor-free patients [198]. Quan-
tification of a panel of miRNAs contained in urine EVs, clarified urine and plasma from
patients with PC or BPH healthy controls identified urine EV as the most informative source
of miRNAs to distinguish PC from the two control groups [199]. Calculations of miRNA
ratios from the EV data revealed six miRNA pairs, including miR-200b, miR-30e, that
identified the PC patients with high accuracy [199]. In a study aimed at identifying urine
exosome-associated mRNAs and miRNAs for PC diagnosis, Davey et al. [200] used an
affinity-capture method to isolate urine EVs from 56 subjects, 28 of whom were diagnosed
with prostate cancer, and 28 with benign conditions that warranted prostate examination.
The analysis yielded 4 miRNAs, including miR-141, with elevated levels in the PC group;
however, miR-141 was not included in a panel of 2 miRNAs (i.e., miR-375 and miR-574)
and 4 mRNAs proposed for PC diagnosis [200].

The role for urine miR-200 as prognostic markers of PC remains to be established. In
a study aimed at identifying noninvasive markers to monitor low-risk PC patients, Zhao
et al. analyzed a panel of methylated DNA markers and miRNAs, including miR-141, in
DRE-urine samples from 103 patients with localized, Gleason Score 1 tumors. Results did
not identify an association between miR-141 levels and disease progression [201].

4.5. Ovarian Cancer

Ovarian Cancer (OC) ranks #8 in terms of incidence and cancer mortality in females
worldwide [106]. The majority of OC cases are derived from the epithelium, and are
categorized into five histological subtypes termed high-grade serous, low-grade serous,
endometrioid, clear-cell and mucinous epithelial OC, with the high-grade serous subtype
representing about 75% of cases. At early stages, OC can be asymptomatic or paucisymp-
tomatic, and is frequently misdiagnosed as irritable bowel disease. The lack of specific
symptoms often delays diagnosis to advanced stage metastatic leading to the poor prog-
nosis of this malignancy. The standard of care for patients with advanced OC is primary
debulking surgery and systemic chemotherapy with carboplatin and paclitaxel, with the
absence of residual tumor being the main factor predicting survival (reviewed in [202,203]).

Carbohydrate antigen-125 (CA-125) has been the biomarker of choice for the manage-
ment of OC patients for many years. However, CA-125 has low sensitivity for diagnosis
of early stages of the disease and it is affected by several physiological conditions, such
as menstruation and pregnancy [204]. Searching for novel biomarkers for early diagnosis
of OC, several studies evaluated the levels of miR-200 family members through liquid
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biopsy. Taylor and Gercel-Taylor were the first to assess the expression levels of several
miRNAs in EpCAM+ exosomes isolated from women with benign ovarian disease or OC.
The authors observed that the levels of miR-200a, miR-200b, miR-200c and miR-141 in
tumor biopsies strongly correlated with the levels measured in exosomes [205]. Subsequent
studies reported a significant increase in miR-200a, miR-200b and miR-200c in the serum of
EOC patients compared to matched controls [206–210]. Plasma levels of all miR-200 family
members were increased in OC patients compared to both healthy women and patients
with non-malignant ovarian masses [211]. While the expression of miR-200a significantly
correlated with histological subtype (mucinous and serous) and only marginally with
stage and metastasis, high expression of miR-200c strongly correlated with stage III/IV
disease and the presence of metastasis and lymph node invasion [207]. Kan and colleagues
found that the combination of miR-200b and miR-200c was the best model to discriminate
women with EOC from healthy women, with an AUC of 0.784 [206]. Similarly, Yokoi and
colleagues [212] identified miR-200a among 8 serum miRNAs whose levels, combined
with CA-125, distinguished OC patients from healthy controls with an AUC of 0.994, a
sensitivity of 0.984 and a specificity of 0.956. Moreover, the authors found that 7 serum
miRNAs, comprising miR-200a, discriminated early-stage OC from benign ovarian tumors
with an AUC of 0.902, a sensitivity of 0.861 and a specificity of 0.833 [212]. As described for
other epithelial malignancies, the increased circulating levels of miR-200 in EOC patients
is in apparent contrast with their downregulation in EOC-infiltrated abdominal lymph
nodes [213]. A possible explanation for these findings is that the expression of miR-200
might be downregulated upon EMT and invasion in the ascitic fluid, while the subsequent
reorganization into metastatic colonies and reactivation of an epithelial differentiation pro-
gram (MET) might be associated with increased expression of these miRNAs and possibly
their release into the bloodstream of patients with metastatic OC. Analyses of ascitic fluid
and peritoneal lavages from a small cohort of OC patients identified elevated expression of
all of miR-200 in the patients compared to plasma samples from healthy post-menopausal
women, and also indicated an association between high ascites-derived miR-200b levels
and reduced OS [214]. By testing serum samples, Gao and Wu found that miR-200c and
miR-141 can discriminate OC patients from controls. Interestingly, they also found that the
expression of miR-200c decreases from stage I to stage III-IV, while miR-141 showed the
opposite trend [215]. Patients with low expression of serum miR-200c and high expression
of serum miR-141 had a significantly shorter overall survival [215]. Meng and colleagues
observed that high levels of miR-429 in serum from 180 EOC patients positively correlated
with CA-125 levels, advanced stage and shorter overall survival [216].

An assessment of miR-21, miR-34a, miR-200b and miR-205 along with CA-125 in
plasma samples from 51 OC patients and 50 controls (healthy or with benign pelvic
lesions) revealed miR-200b as the only miRNA with significantly elevated levels in the
patients, albeit with broad variability and lack of correlation with CA-125 levels [217].
Analyses of plasma samples obtained from 33 patients after treatment (chemotherapy only
or surgical debulking followed by adjuvant chemotherapy with or without neoadjuvant
chemotherapy) indicated a borderline association between a post-treatment increase in
miR-200b and shortened PFS; initial CA-125 values and their alterations post-treatment
did not associate with PFS [217].

A comparison of 163 EOC patients with healthy women revealed higher exosomal
miR-200a, miR-200b and miR-200c levels in the cancer patients, which correlated (except
for miR-200a) with advanced-stage lymph node-positive disease and shorter overall sur-
vival [218]. Another study confirmed increased levels of exosomal miR-200b in OC patients
compared to healthy controls, and linked high exosomal miR-200b to increased CA-125
levels and poor overall survival [219]. Exosomal miR-200 present in the serum of OC
patients could derive from epithelial cancer cells undergoing MET as they establish novel
metastatic sites. It is also possible that release of exosomes containing miR-200 by ascitic
OC cells might decrease their intracellular levels, resulting in increased invasive potential.
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A recent study employed plasma and serum samples from 118 EOC patients and
96 healthy controls at institutions in the U.S. and Hong Kong-China [220]. Analysis of
all 5 miR-200 family members in serum/plasma samples revealed increased levels of
miR-200a, miR-200b and miR-200c in the OC patients compared to controls. Separate
analyses of data from the two cohorts revealed interesting differences possibly reflecting
their distinct ethnicities: for example, while samples from U.S. EOC patients showed
increased levels of miR-200a, miR-200b, miR-200c and miR-141, those from the Hong Kong-
China cohort showed increased levels of miR-200b and miR-429, and decreased levels of
miR-141. The investigators also found subtype-related differences in miR-200 levels, with
serous and mucinous subtypes showing increased levels of miR-200b and miR-200c, and
clear-cell and endometrioid subtypes showing increased miR-429 levels (based on the Hong
Kong-China cohort, which had the highest number of different subtypes). Neural network
modeling identified miR-200a,200b,429,141 as the best model to discriminate cancer patients
and controls in the U.S. cohort, with an AUC of 0.904, while miR-200b,200c,429,141 was
the best model to distinguish cancer patients and controls in the Hong Kong-China cohort,
with an AUC of 0.901 [220].

Some OC patients respond to treatment with the anti-VEGFA monoclonal antibody
bevacizumab alone or together with standard chemotherapy. A search for plasma miRNAs
associated with response to bevacizumab plus standard chemotherapy (carboplatin and
paclitaxel) compared to standard chemotherapy alone in 116 patients from clinical study
ICON7 [221] indicated that low plasma levels of miR-200c may predict response to the
drug combination [222]. Analyses of data from all 116 patients without grouping according
to treatment regimen showed that high plasma levels of miR-141 and miR-200b were each
associated with shorter PFS [222].

4.6. Bladder Cancer

Bladder Cancer (BCa) is the tenth most frequently diagnosed cancer worldwide, and
is about four times more common in males than in females [106]. BCa most frequently
originates from the urothelium, the epithelial layer that covers the inner surface of the
bladder. Tumors that invade the detrusor muscle (muscle-invasive bladder cancer, MIBC)
are more likely to metastasize to lymph nodes or other organs. Approximately 75% of
newly diagnosed patients have non-muscle-invasive bladder cancer (NMIBC) and 25%
have MIBC or metastatic disease [223–225]. The majority of patients with NMIBC can be
successfully treated with transurethral surgery followed by intravesical chemotherapy or
immunotherapy, but are nevertheless at risk of disease recurrence and must be monitored
by periodic cystoscopy and urine cytology. MIBC is treated by radical cystectomy and
chemotherapy, but prognosis is poor, with a 5-year survival rate of less than 5% in patients
with metastatic disease. While patients with advanced disease frequently present with
hematuria, this sign is often not evident in early-stage BCa, leading to a delay in diagnosis.

The need for long-term monitoring place a heavy burden on BCa patients and health
care systems, and many studies have been aimed at identifying liquid biopsy biomarkers
to facilitate BCa diagnosis and follow-up (reviewed in [226,227]).

A small number of studies employed serum or plasma as sources of biomarker miR-
NAs for BCa diagnosis/prognosis. Microarray analysis to detect miRNAs in cell-free
plasma samples from 20 BCa patients and 18 controls (not well balanced in terms of gender
or age) identified 79 differentially expressed miRNAs, including miR-200b, which was more
abundant in the patients’ plasma, but this study did not include a validation step [228].
A two-step investigation of serum samples measured a panel of miRNAs that included
miR-141 and miR-200b and detected increased levels of miR-141 and miR-639 in the small
discovery cohort, but these differences were not confirmed in the validation cohort [229].
Another two-step study that employed RNA sequencing in the discovery step did not
identify miR-200 members among differentially expressed miRNAs [230].

Given the direct and prolonged contact of BCa cells with urine, this biofluid would
seem to be the ideal source of biomarkers. However, as described below, a urine miRNA
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signature for BCa has not yet emerged. Several factors peculiar to urine samples may
contribute to this lack of consensus, including differences in urine concentration, pres-
ence/extent of hematuria and differences in sample type (unfractionated urine, post-
centrifugation sediment or supernatants or extracellular vesicles).

The first search for miRNAs in urine of BCa patients proposed a ratio of miR-126/miR-152
as a disease marker and did not report data for miR-200 [231]. Yun et al. [232] carried out a
series of trial assays that confirmed the high stability of miRNAs in cell-free urine samples
and then analyzed levels of miR-145 and miR-200a in cell-free urine from a cohort of 207
patients with primary BCa and 144 healthy controls. They observed decreased abundance
of both miRNAs in patients with NMIBC and MIBC compared to controls (p < 0.001). ROC
curve analyses identified miR-145 as a potential diagnostic marker for NMIBC and MIBC,
with AUCs of 0.729 and 0.790, respectively. Multivariate analysis identified miR-200a as a
predictor of NMIBC recurrence, and a Kaplan–Meier analysis showed that NMIBC patients
with lower miR-200a levels were at greater risk of disease recurrence [232].

An analysis of urine sediment from 51 BCa patients and 24 controls identified reduced
levels of miR-200a, miR-200b, miR-200c, miR-141, miR-429, miR-192 and miR-155 in the
patients’ samples compared to the controls, independent of tumor stage or grade [233].
However, in contrast to observations made by Yun et al., analysis of the cell-free urine
fraction did not reveal differences in levels of miR-200a and other miR-200 family members
among patients and controls. The authors pointed out an inverse correlation between the
downregulation of the miR-200 family and the expression of EMT markers (e.g., ZEB1
mRNA) in the urine sediment [233]. Comparison of miRNA levels in 9 patients before and
after tumor resection revealed a post-surgery increase in all of the miR-200 members in
both the urine sediment and supernatant fractions [233]. In additional analyses of urine
sediment, miR-200 members either were not reported as differentially expressed in BCa
samples [234,235] or more abundant (miR-200a, 200b, 200c and miR-141) in BCa but they
did not pass a univariate test for association with BCa [236].

In a more recent study carried out on unfractionated urine samples from 66 male
BCa patients and 53 age and sex-matched controls, NeKoohesh et al. [237] detected a
decrease in miR-141 levels in the patient group, which however was not statistically
significant; miR-141 was not linked to clinicopathogical parameters such as stage, grade
or recurrence, although increased levels were measured in patients with opium addiction,
which represented a possible risk factor in the cohort [237].

Sapre et al. [238] performed a two-step discovery-validation study on unfractionated
urine from a total of 131 subjects comprising BCa patients with active disease (initial
diagnosis or recurrence), patients with a history of BCa but no recurrence, and healthy
controls. Starting out with a panel of 12 candidate miRNAs, the study yielded a 6-miRNA
panel composed of miR-200c, miR-16, miR-205, miR-21, miR-221 and miR-34a (all more
abundant in the active disease group) that predicted patients with active disease with an
AUC of 0.85 in the discovery step and 0.74 in the validation step [238].

A study by Du et al. [239] that started out with RNA sequencing of urine supernatants
from 6 BCa patients and 6 controls followed by several validation steps on large numbers
of samples identified a 7-miRNA panel that included miR-200a (together with miR-7-5p,
miR-22-3p, miR-29a-3p, miR-126-5p, miR-375, and miR-423-5p) that distinguished between
BCa patients and controls with an AUC of 0.916 in the validation set [239]. miR-200a
and miR-423-5p were down-regulated in BCa (although the ROC analysis for miR-200a
yielded a weak AUC value of 0.692). Kaplan–Meier analysis showed that low urine
miR-200a levels and high urine miR-22-3p values predicted a short relapse-free survival
(RFS) interval in NMIBC patients, and multivariate Cox regression analysis revealed that
the two miRNAs were independently associated with RFS in NMIBC. None of the analyzed
miRNAs predicted disease recurrence in MIBC patients [239]. Another study of urine
supernatant that started out with an RNA-sequencing step identified 3 potential signatures
for distinguishing MIBC, NMIBC Grades 1 + 2, and NMIBC Grade 3 cases from controls and
reported upregulation of miR-200c and 7 other miRNAs in NMIBC Grade 3 patients [240].
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In a recent study aimed at identifying urine miRNAs of prognostic value for BCa,
we measured levels of a panel of miRNAs in cell-free urine from a prospective cohort of
32 high-risk patients, 31 low-risk patients and 37 healthy controls. A series of trial assays
led to selection of candidate miRNAs that were not affected by urine specific gravity and
hemolysis. Although none of the 14 tested miRNAs differed between low-risk patients and
controls, 6 miRNAs—miR-21, miR-34a, miR-193a, miR-141, miR-200a and miR-200c—were
identified as upregulated in high-risk patients compared to low-risk patients using stringent
selection criteria (fold change > 2.5, Bonferroni-adjusted p values < 0.005). Interestingly,
the levels of these miRNAs in plasma samples from the study subjects were very low and
did not differ among the three groups. Further analyses led to construction of a two-step
decision tree using urine miR-34a, miR-193a and miR-200a, with normalization against
miR-125b, that accurately classified high-risk and low-risk patients. Cox proportional
hazards regression analysis identified miR-200c among 6 miRNAs whose elevated levels
were associated with shorter event-free survival [241].

5. Conclusions and Perspectives

Mechanistic studies of miR-200-regulated networks have revealed the role of these
miRNAs as central hubs of two-node double negative feedback loops (DNFL) in which
transcription factors (TF) suppress expression of miR-200 which, in turn, negatively regulate
the TF (Figure 2). Interestingly, DNFL generate bi-stable switches that confer robustness
and plasticity to critical regulatory circuits which, in response to variation of biological
parameters beyond a threshold value, abruptly switch between on- and off-states [242].
Collected evidence converges over a central position of the miR-200 family in at least 4
DNFL (Figure 2) controlling the EMT-MET switch (ZEB/SNAIL), as well as two pervasive
shapers of the cell’s transcriptomic landscape (Myc and SIRT1), which play a key role in
the progression towards metastatic dissemination. As metastatic tumors remain essentially
incurable to date, future studies should aim at an integrated understanding of these
regulatory networks, with the final goal of developing novel therapeutic tools that target the
invasive growth program through the rewiring of these central hubs directing EMT/MET
and cancer stem cell plasticity.

Although some studies indicate a possible role of high levels of miR-200 as circulating
biomarkers of cancer progression (see Table 1), this is in apparent contrast with the well-
established role of these miRNAs as EMT-inhibitors and some discrepancy in the outcome
of different studies still persists. As described in this review, EMT is a highly plastic process
in which cells from the invasive front of primary tumors acquire mesenchymal features
needed for metastatic invasion, while the metastatic colonies of seeded tumor cells need to
switch from EMT to MET program. Thus, the differences in the expression of the miR-200
family members may be highly dependent on the area of the tumor examined (invasive
front vs. core of primary tumors or metastatic colonies). These considerations suggest that
determination of miR-200 expression in tumor biopsies may provide information that is of
excessive complexity for diagnostic/prognostic purposes. Some inconsistencies among
studies of circulating miR-200 are likely to result from the lack of a common standard
procedure for the pre-analytical and analytical steps employed in these analyses. This
problem is particularly important when analyzing urine samples, which may vary widely
in terms of concentration, presence of RNases, contamination with cellular sediments and
presence of hematuria.
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Table 1. The clinical value of circulating miR-200 family members in breast, lung, colorectal, ovarian, prostate and bladder
cancers. For studies that included discovery and validation steps, only the validation data are reported.

Tumor Type Patients/Controls (Numbers) Sample Type Results Proposed
Application Reference

Breast
Cancer (BC)

BC (50)
Healthy controls (50)

Benign breast disease (20)
Ovarian cancer (20)

Serum
↑miR-200b, miR-200c and miR-429

in BC
↓miR-200a in BC

Diagnosis [124]

BC patients (57; stage I-IV)
Age-matched controls (20) Plasma ↑miR-141 and miR-200c in BC Diagnosis [125]

Metastatic BC (193)
Healthy controls (76) CTC from plasma ↑ miR-200a, miR-200b and miR-200c

in metastatic BC Prognosis [128]

Metastatic BC (569) Plasma ↑miR-200 family in metastatic BC Prognosis [132]

Invasive breast ductal
carcinoma (78) Plasma

↑miR-200b in node-positive patients
and in patients with
distant metastases

Prognosis [111]

BC (105) Serum ↑miR-141 in patients with
brain metastasis Prognosis [130]

Localized BC (50)
Metastatic BC (25)

Healthy controls (50)
Plasma ↑miR-141 in patients with

metastatic BC Prognosis [131]

Early BC (133) Plasma ↑miR-200c in early-relapse patients Prognosis [133]

Early BC (133)
Metastatic BC (110) Plasma ↑miR-200b and miR-200c in

metastatic BC Prognosis [134]

BC (96)
Healthy controls (14) Serum ↑miR-141 in BC Prognosis [135]

Non-small
cell lung
cancer

(NSCLC)

NSCLC (100)
Healthy controls (58) Serum ↑miR-200b in NSCLC Diagnosis [145]

NSCLC (64)
Healthy controls (58) Sputum ↑miR-200b in NSCLC Diagnosis [146]

NSCLC (LUAD, SCC, 72)
Healthy controls (50) Plasma ↑miR-141 in NSCLC Diagnosis [147]

Longitudinal assessment of
immunotherapy treated LUAD,

SCC: responders (17);
non-responders (17)

Serum ↑miR-200 in responders Predictive [151]

LUAD (50)
Lung granulomas (30)
Healthy controls (25)

Plasma-derived
exosomes ↑miR-200b in NSCLC Diagnosis [6]

LUAD (18)
Benign lung disease (18)

Pleural
effusion-derived

exosomes

↑miR-141, miR-200b and miR-200c
in NSCLC Diagnosis [148]

Colon-rectal
cancer (CRC)

CRC (78)
Healthy controls (86)

CRC pre- and post-surgery (21)
Plasma ↑miR-200c in CRC

↓miR-200c after surgery Diagnosis [160]

CRC (74 stage II-IV)
Healthy controls (32) Plasma ↓miR-200c in CRC Diagnosis [161]

CRC (156 Stage I-II III IV)
Matched controls (156) Plasma ↑miR-141 in stage IV CRC Prognosis [162]

CRC (187 Stage I-II III IV)
Healthy controls (47) Plasma ↑miR-141 and miR-200b in stage

IV CRC Prognosis [163]

CRC (30)
Colonic polyps (30)

Healthy controls (30)
Serum ↑miR-141 in CRC Diagnosis [164]

CRC (182 Stage I-II III IV)
Healthy controls (24) Serum ↑miR-200c in stage IV CRC Prognosis [167]

Non-metastatic CRC (309)
Metastatic CRC (234) Plasma ↑miR-141, miR-200a and miR-200b

in metastatic CRC Prognosis [168]

CRC without liver metastases
(54)CRC with liver metastases (54) Serum ↑miR-141, miR-200a and miR-200b

in metastatic CRC Prognosis [169]
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Table 1. Cont.

Tumor Type Patients/Controls (Numbers) Sample Type Results Proposed
Application Reference

Resected CRC (50)

Plasma and
exosomes from
mesenteric vein

(MV) and
peripheral vein

(PV)

↑miR-200 family MV vs. PV Prognosis [172]

Prostate
Cancer (PC)

Metastatic PC (25)
Healthy controls (25) Serum ↑miR-141 in metastatic PC Diagnosis [102]

Localized PC (14)
Bone-metastatic PC (7)

High-risk and intermediate-risk
PC (71)

Serum
↑miR-141, miR-200b and miR-200c

in metastatic PC
↑miR-141 in high-risk PC

Prognosis [177]

Localized low-risk PC (28)
Localized high-risk PC (30)

Metastatic CRPC (26)
Serum ↑miR-141 in metastatic PC vs.

localized low-risk PC Prognosis [178]

Localized/locally advanced PC (26)
Metastatic PC (25)

Healthy controls (20)
Plasma ↑miR-141 in metastatic PC vs.

localized/locally advanced PC Prognosis [179]

Metastatic CRPC (21)
Healthy controls (20) Serum ↑miR-141 in metastatic CRPC Diagnosis [180]

Localized PC (25)
Metastatic CRPC (25) Plasma ↑miR-141 Diagnosis/

Prognosis [181]

Localized PC (55)
Metastatic PC (16)

Recurrent metastatic PC (47)
Non-recurrent PC (72)

Plasma vesicles
Serum vesicles

↑miR-141 and miR-200b in
metastatic CRPC

↑miR-141 in metastatic CRPC
Prognosis [182]

Localized PC (20)
Metastatic PC (30)

BPH (6)
Serum ↑miR-141 in metastatic PC vs.

localized PC or BPH Diagnosis [183]

PC (102)
Healthy controls (50) Plasma ↑miR-200b, miR-200c in PC Diagnosis/

Prognosis [184]

CRPC in docetaxel treatment (97)
(Phase I) Plasma/serum

↑miR-200c and miR-200b associated
with poor response to therapy
↑miR-200a, miR-200b, miR-200c

and miR-429 associated with
poor OS

Prediction of
docetaxel

chemotherapy
outcome

[185]

CRPC in docetaxel treatment (89)
(Phase 2) Plasma

↑miR-200a, miR-200b, miR-200c
and miR-429 associated with

poor OS
Prognosis [186]

Metastatic PC (21)
clinically progressing and

non-progressing
Plasma ↑miR-141 in clinically

progressing PC Prognosis [187]

Metastatic CRPC treated
with docetaxel (40)
or abiraterone (44)

Plasma
↑miR-141 in progression and

associated with poor OS regardless
of therapy

Prognosis [188]

PC (72)
Healthy controls (34) Serum ↑miR-141 in PC Diagnosis [192]

PC (31)
BPH (31) Serum ↑miR-141 and miR-200b in PC Diagnosis [193]

PC (50)
BPH (22) Plasma vesicles ↑miR-200c in PC Diagnosis [194]

PC (23)
BPH (22)

Healthy controls (20)
Urine ↑miR-141 in PC Diagnosis [196]

PC (758)
BPH (289) Urine ↑miR-200a, miR-200b, miR-200c

and miR-141 in PC Diagnosis [197]

PC (10)
BPH 8)

Healthy controls (11)
Urine vesicles ↑miR-200b/miR-30e in PC Diagnosis [199]

PC (28)
Benign controls (28) Urine exosomes ↑miR-141 in PC Diagnosis [200]
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Table 1. Cont.

Tumor Type Patients/Controls (Numbers) Sample Type Results Proposed
Application Reference

Ovarian
Cancer (OC)

OC (50)
Benign ovarian adenoma (10)

Healthy controls (10)
Serum ↑miR-141, miR-200a, miR-200b and

miR-200c in OC Diagnosis # [205]

OC (28)
Healthy controls (28) Serum ↑ miR-200a, miR-200b and miR-200c

in OC Diagnosis [206]

OC (70)
Healthy controls (70) Serum ↑ miR-200a, miR-200b and miR-200c

in OC
Diagnosis/
prognosis [207]

OC (8)
Benign cystadenoma (5) Blood ↑ miR-200a, miR-200b and miR-200c

in OC
Diagnosis/
prognosis [208]

OC (95)
Benign pelvic mass (95) Plasma ↑miR-200c in OC Diagnosis [209]

OC (9)
Benign ovarian tumor (7) Plasma ↑ miR-200a, miR-200b and miR-200c

in OC Diagnosis [210]

OC (28)
Benign ovarian mass (12)

Healthy controls (60)
Plasma ↑miR-141, miR-200a, miR-200b,

miR-200c and miR-429 in OC Diagnosis [211]

OC (185)
Benign ovarian tumor (43)

Healthy controls (63)
Serum ↑miR-200a in OC Diagnosis [212]

OC (26)
Healthy controls (34)

Ascites and
peritoneal lavages

(patients)
Plasma (controls)
(healthy women)

↑miR-141, miR-200a, miR-200b,
miR-200c and miR-429 in OC

Diagnosis
Prognosis

(only
miR-200b)

[214]

OC (93)
Healthy controls (50) Serum

↑miR-141 and miR-200c in OC (not
in borderline OC)

↓miR-141 and ↑miR-200
(metastatic vs. non-metastatic)

Diagnosis/
prognosis [215]

OC (180)
Healthy controls (66) Serum ↑miR-429 in OC Diagnosis/

prognosis [216]

OC (51)
Benign pelvic tumor (25)

Healthy controls (25)
Plasma ↑miR-200b in OC Diagnosis/

prognosis [217]

OC (163)
Benign ovarian tumor (20) Serum ↑ miR-200a, miR-200b and miR-200c

in OC

Diagnosis
Prognosis

(only miR-200b
and miR-200c)

[218]

OC (106)
Benign cystadenoma (8)

Healthy controls (29)
Plasma ↑miR-200b in OC Prognosis [219]

OC (118)
Healthy controls (112) Blood/plasma/serum

↑miR-141, miR-200a, miR-200b and
miR-200c in OC (U.S. cohort)

↓miR-141 ↑miR-200b and miR-429
In OC (Hong Kong-China cohort)

Diagnosis [220]

OC (116) Plasma

miR-141 high vs. low (worse OS)
miR-200b high vs. low (worse OS)

miR-200c high vs. low (worse
response to bevacizumab)

Prognosis
Prediction of
response to
treatment

[222]

Bladder
Cancer (BCa)

BCa (20 NIMBC + MIBC)
Healthy controls (18) Plasma ↑miR-200b in MIBC Diagnosis [228]

BCa (207 NIMBC + MIBC)
Healthy controls (144) Urine supernatant ↓miR-200a in NIMC and MIBC Diagnosis [232]

BCa (51)
Healthy controls (24)

Urine sedi-
ment/supernatant

↓miR-200 family in BCa (sediment)
↑miR-200 family in
post-surgery BCa

Diagnosis [233]

BCa (50)
Cancer-free patients (25) Urine ↑miR-200c in BCa Diagnosis [238]
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Table 1. Cont.

Tumor Type Patients/Controls (Numbers) Sample Type Results Proposed
Application Reference

BCa (63)
Healthy controls (63) Urine supernatant ↓miR-200a in BCa Diagnosis [239]

BCa (46 MIBC, NMIBC G1 G2 G3)
Healthy controls (14) Urine ↑miR-200a in NIMBC G3 Risk-

Stratification [240]

BCa (63 high- and low-risk)
Healthy controls (37) Urine ↑miR-200a and miR-200c in

high-risk BCa
Risk-

Stratification [241]

The simbol ↑ indicates increased levels, the symbol ↓ indicates decreased levels. The symbol # indicates a single study that employed
microarrays for miRNA detection; all other studies employed qRT-PCR. BC = breast cancer, CRC = colorectal cancer, NSCLC = non-small
cell lung cancer, LUAD = lung adenocarcinoma, SCC = squamous cell carcinoma, OC = ovarian cancer, CRPC = castration-resistant prostate
cancer; BPH = benign prostatic hyperplasia, NMIBC = non-muscle invasive bladder cancer, MIBC = invasive bladder cancer.

Quantification of miRNAs in ml size samples of biofluids with large total body vol-
umes such as blood and urine depend on the sensitivity of the detection technique and
the possibility to concentrate the sample while maintaining the components of interest.
Leung et al. [243] recently described a sensitive method to detect miR-141 in urine that
combines tagged probes that generate an electrochemical signal in the presence of the
target miRNA. This dual-probe technique and further innovations in sample processing
and miRNA detection will strengthen the prospect of translating experimental observations
to the application of miR-200 family members as noninvasive biomarkers to the clinic.
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Şahin, Ö. miR-200bc/429 cluster targets PLCγ1 and differentially regulates proliferation and EGF-driven invasion than miR-
200a/141 in breast cancer. Oncogene 2010, 29, 4297–4306. [CrossRef] [PubMed]

8. Bracken, C.P.; Gregory, P.; Kolesnikoff, N.; Bert, A.G.; Wang, J.; Shannon, M.F.; Goodall, G. A Double-Negative Feedback Loop
between ZEB1-SIP1 and the microRNA-200 Family Regulates Epithelial-Mesenchymal Transition. Cancer Res. 2008, 68, 7846–7854.
[CrossRef] [PubMed]

9. Saini, H.; Griffiths-Jones, S.; Enright, A.J. Genomic analysis of human microRNA transcripts. Proc. Natl. Acad. Sci. USA 2007, 104,
17719–17724. [CrossRef]

10. Neves, R.; Scheel, C.; Weinhold, S.; Honisch, E.; Iwaniuk, K.M.; Trompeter, H.-I.; Niederacher, D.; Wernet, P.; Santourlidis, S.;
Uhrberg, M. Role of DNA methylation in miR-200c/141 cluster silencing in invasive breast cancer cells. BMC Res. Notes 2010,
3, 219. [CrossRef]

http://doi.org/10.1016/j.cell.2018.03.006
http://doi.org/10.3390/ijms21165677
http://doi.org/10.1016/j.tig.2021.10.002
http://doi.org/10.1093/nar/gkz268
http://www.ncbi.nlm.nih.gov/pubmed/30976793
http://doi.org/10.18632/oncotarget.3184
http://doi.org/10.1097/JTO.0b013e318299ac32
http://doi.org/10.1038/onc.2010.201
http://www.ncbi.nlm.nih.gov/pubmed/20514023
http://doi.org/10.1158/0008-5472.CAN-08-1942
http://www.ncbi.nlm.nih.gov/pubmed/18829540
http://doi.org/10.1073/pnas.0703890104
http://doi.org/10.1186/1756-0500-3-219


Cancers 2021, 13, 5874 26 of 35

11. Batista, L.; Bourachot, B.; Mateescu, B.; Reyal, F.; Mechta-Grigoriou, F. Regulation of miR-200c/141 expression by intergenic
DNA-looping and transcriptional read-through. Nat. Commun. 2016, 7, 8959. [CrossRef] [PubMed]

12. Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. miRBase: From microRNA sequences to function. Nucleic Acids Res. 2019, 47,
D155–D162. [CrossRef]

13. Wu, H.-T.; Zhong, H.-T.; Li, G.-W.; Shen, J.-X.; Ye, Q.-Q.; Zhang, M.-L.; Liu, J. Oncogenic functions of the EMT-related transcription
factor ZEB1 in breast cancer. J. Transl. Med. 2020, 18, 51. [CrossRef]

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

15. Brabletz, T.; Kalluri, R.; Nieto, M.A.; Weinberg, R.A. EMT in cancer. Nat. Rev. Cancer 2018, 18, 128–134. [CrossRef]
16. Braun, J.; Hoang-Vu, C.; Dralle, H.; Hüttelmaier, S. Downregulation of microRNAs directs the EMT and invasive potential of

anaplastic thyroid carcinomas. Oncogene 2010, 29, 4237–4244. [CrossRef] [PubMed]
17. Ghahhari, N.M.; Babashah, S. Interplay between microRNAs and WNT/β-catenin signalling pathway regulates epithelial–

mesenchymal transition in cancer. Eur. J. Cancer 2015, 51, 1638–1649. [CrossRef]
18. Brabletz, S.; Bajdak-Rusinek, K.; Meidhof, S.; Burk, U.; Niedermann, G.; Firat, E.; Wellner, U.; Dimmler, A.; Faller, G.; Schubert, J.;

et al. The ZEB1/miR-200 feedback loop controls Notch signalling in cancer cells. EMBO J. 2011, 30, 770–782. [CrossRef] [PubMed]
19. Zaravinos, A. The Regulatory Role of MicroRNAs in EMT and Cancer. J. Oncol. 2015, 2015, 865816. [CrossRef]
20. Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial–mesenchymal transition and implications for cancer.

Nat. Rev. Mol. Cell Biol. 2019, 20, 69–84. [CrossRef]
21. Ashrafizadeh, M.; Hushmandi, K.; Hashemi, M.; Akbari, M.; Kubatka, P.; Raei, M.; Koklesova, L.; Shahinozzaman, M.;

Mohammadinejad, R.; Najafi, M.; et al. Role of microRNA/Epithelial-to-Mesenchymal Transition Axis in the Metastasis of
Bladder Cancer. Biomoleculars 2020, 10, 1159. [CrossRef]

22. Hurteau, G.J.; Carlson, J.A.; Spivack, S.D.; Brock, G.J. Overexpression of the MicroRNA hsa-miR-200c Leads to Reduced
Expression of Transcription Factor 8 and Increased Expression of E-Cadherin. Cancer Res. 2007, 67, 7972–7976. [CrossRef]

23. Hurteau, G.J.; Spivack, S.D.; Brock, G.J. Potential mRNA Degradation Targets of hsa-miR-200c. Cell Cycle 2006, 5, 1951–1956.
[CrossRef] [PubMed]

24. Korpal, M.; Lee, E.S.; Hu, G.; Kang, Y. The miR-200 Family Inhibits Epithelial-Mesenchymal Transition and Cancer Cell Migration
by Direct Targeting of E-cadherin Transcriptional Repressors ZEB1 and ZEB2. J. Biol. Chem. 2008, 283, 14910–14914. [CrossRef]
[PubMed]

25. Park, S.-M.; Gaur, A.B.; Lengyel, E.; Peter, M.E. The miR-200 family determines the epithelial phenotype of cancer cells by
targeting the E-cadherin repressors ZEB1 and ZEB2. Genes Dev. 2008, 22, 894–907. [CrossRef] [PubMed]

26. Gregory, P.A.; Bert, A.G.; Paterson, E.L.; Barry, S.C.; Tsykin, A.; Farshid, G.; Vadas, M.A.; Khew-Goodall, Y.; Goodall, G.J. The
miR-200 family and miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat. Cell Biol. 2008, 10,
593–601. [CrossRef]

27. Wen, B.; Zhu, R.; Jin, H.; Zhao, K. Differential expression and role of miR-200 family in multiple tumors. Anal. Biochem. 2021, 626,
114243. [CrossRef]

28. Schliekelman, M.J.; Gibbons, D.L.; Faça, V.M.; Creighton, C.J.; Rizvi, Z.H.; Zhang, Q.; Wong, C.-H.; Wang, H.; Ungewiss, C.;
Ahn, Y.-H.; et al. Targets of the Tumor Suppressor miR-200 in Regulation of the Epithelial–Mesenchymal Transition in Cancer.
Cancer Res. 2011, 71, 7670–7682. [CrossRef] [PubMed]

29. Lamprecht, S.; Kaller, M.; Schmidt, E.M.; Blaj, C.; Schiergens, T.S.; Engel, J.; Jung, A.; Hermeking, H.; Grünewald, T.G.; Kirchner,
T.; et al. PBX3 Is Part of an EMT Regulatory Network and Indicates Poor Outcome in Colorectal Cancer. Clin. Cancer Res. 2018, 24.
[CrossRef]

30. Cesi, V.; Casciati, A.; Sesti, F.; Tanno, B.; Calabretta, B.; Raschellà, G. TGFβ-induced c-Myb affects the expression of EMT-associated
genes and promotes invasion of ER+breast cancer cells. Cell Cycle 2011, 10, 4149–4161. [CrossRef]

31. Perdigão-Henriques, R.; Petrocca, F.; Altschuler, G.; Thomas, M.P.; LE, T.N.M.; Tan, S.M.; Hide, W.; A Lieberman, J. miR-200
promotes the mesenchymal to epithelial transition by suppressing multiple members of the Zeb2 and Snail1 transcriptional
repressor complexes. Oncogene 2016, 35, 158–172. [CrossRef]

32. A Pillman, K.; Phillips, C.; Roslan, S.; Toubia, J.; Dredge, B.K.; Bert, A.G.; Lumb, R.; Neumann, D.P.; Li, X.; Conn, S.J.; et al.
miR-200/375 control epithelial plasticity-associated alternative splicing by repressing the RNA -binding protein Quaking.
EMBO J. 2018, 37, e999016. [CrossRef]

33. Kim, E.J.; Kim, J.S.; Lee, S.; Lee, H.; Yoon, J.; Hong, J.H.; Chun, S.H.; Sun, D.S.; Won, H.S.; Hong, S.A.; et al. QKI, a miR-200 target
gene, suppresses epithelial-to-mesenchymal transition and tumor growth. Int. J. Cancer 2019, 145, 1585–1595. [CrossRef]

34. Eades, G.; Yao, Y.; Yang, M.; Zhang, Y.; Chumsri, S.; Zhou, Q. miR-200a Regulates SIRT1 Expression and Epithelial to Mesenchymal
Transition (EMT)-like Transformation in Mammary Epithelial Cells. J. Biol. Chem. 2011, 286, 25992–26002. [CrossRef] [PubMed]

35. Scafuro, M.; Capasso, L.; Carafa, V.; Altucci, L.; Nebbioso, A. Gene Transactivation and Transrepression in MYC-Driven Cancers.
Int. J. Mol. Sci. 2021, 22, 3458. [CrossRef] [PubMed]

36. Sun, T.; Wang, C.; Xing, J.; Wu, D. miR-429 Modulates the expression of c-myc in human gastric carcinoma cells. Eur. J. Cancer
2011, 47, 2552–2559. [CrossRef]

37. Cantile, M.; Di Bonito, M.; De Bellis, M.T.; Botti, G. Functional Interaction among lncRNA HOTAIR and MicroRNAs in Cancer
and Other Human Diseases. Cancers 2021, 13, 570. [CrossRef]

http://doi.org/10.1038/ncomms9959
http://www.ncbi.nlm.nih.gov/pubmed/26725650
http://doi.org/10.1093/nar/gky1141
http://doi.org/10.1186/s12967-020-02240-z
http://doi.org/10.1038/nrm3758
http://doi.org/10.1038/nrc.2017.118
http://doi.org/10.1038/onc.2010.169
http://www.ncbi.nlm.nih.gov/pubmed/20498632
http://doi.org/10.1016/j.ejca.2015.04.021
http://doi.org/10.1038/emboj.2010.349
http://www.ncbi.nlm.nih.gov/pubmed/21224848
http://doi.org/10.1155/2015/865816
http://doi.org/10.1038/s41580-018-0080-4
http://doi.org/10.3390/biom10081159
http://doi.org/10.1158/0008-5472.CAN-07-1058
http://doi.org/10.4161/cc.5.17.3133
http://www.ncbi.nlm.nih.gov/pubmed/16929162
http://doi.org/10.1074/jbc.C800074200
http://www.ncbi.nlm.nih.gov/pubmed/18411277
http://doi.org/10.1101/gad.1640608
http://www.ncbi.nlm.nih.gov/pubmed/18381893
http://doi.org/10.1038/ncb1722
http://doi.org/10.1016/j.ab.2021.114243
http://doi.org/10.1158/0008-5472.CAN-11-0964
http://www.ncbi.nlm.nih.gov/pubmed/21987723
http://doi.org/10.1158/1078-0432.CCR-17-2572
http://doi.org/10.4161/cc.10.23.18346
http://doi.org/10.1038/onc.2015.69
http://doi.org/10.15252/embj.201899016
http://doi.org/10.1002/ijc.32372
http://doi.org/10.1074/jbc.M111.229401
http://www.ncbi.nlm.nih.gov/pubmed/21596753
http://doi.org/10.3390/ijms22073458
http://www.ncbi.nlm.nih.gov/pubmed/33801599
http://doi.org/10.1016/j.ejca.2011.05.021
http://doi.org/10.3390/cancers13030570


Cancers 2021, 13, 5874 27 of 35

38. Chiyomaru, T.; Fukuhara, S.; Saini, S.; Majid, S.; Deng, G.; Shahryari, V.; Chang, I.; Tanaka, Y.; Enokida, H.; Nakagawa, M.;
et al. Long Non-coding RNA HOTAIR Is Targeted and Regulated by miR-141 in Human Cancer Cells. J. Biol. Chem. 2014, 289,
12550–12565. [CrossRef]

39. Wu, H.; Wang, G.; Wang, Z.; An, S.; Ye, P.; Luo, S. A negative feedback loop between miR-200b and the nuclear factor-κB pathway
via IKBKB/IKK-β in breast cancer cells. FEBS J. 2016, 283, 2259–2271. [CrossRef] [PubMed]

40. Del Vecchio, G.; De Vito, F.; Saunders, S.; Risi, A.; Mannironi, C.; Bozzoni, I.; Presutti, C. RNA-binding protein HuR and
the members of the miR-200 family play an unconventional role in the regulation of c-Jun mRNA. RNA 2016, 22, 1510–1521.
[CrossRef]

41. Yao, J.; Zhou, E.; Wang, Y.; Xu, F.; Zhang, D.; Zhong, D. microRNA-200a Inhibits Cell Proliferation by Targeting Mitochondrial
Transcription Factor A in Breast Cancer. DNA Cell Biol. 2014, 33, 291–300. [CrossRef]

42. Shimono, Y.; Zabala, M.; Cho, R.W.; Lobo, N.; Dalerba, P.; Qian, D.; Diehn, M.; Liu, H.; Panula, S.P.; Chiao, E.; et al. Downregulation
of miRNA-200c Links Breast Cancer Stem Cells with Normal Stem Cells. Cell 2009, 138, 592–603. [CrossRef] [PubMed]

43. Iliopoulos, D.; Lindahl-Allen, M.; Polytarchou, C.; Hirsch, H.A.; Tsichlis, P.N.; Struhl, K. Loss of miR-200 Inhibition of Suz12
Leads to Polycomb-Mediated Repression Required for the Formation and Maintenance of Cancer Stem Cells. Mol. Cell 2010, 39,
761–772. [CrossRef]

44. Simpson, K.; Heumen, G.C.-V.; Watson, K.L.; Roth, M.; Martin, C.J.; Moorehead, R.A. Re-expression of miR-200s in claudin-low
mammary tumor cells alters cell shape and reduces proliferation and invasion potentially through modulating other miRNAs
and SUZ12 regulated genes. Cancer Cell Int. 2021, 21, 89. [CrossRef]

45. Cochrane, D.R.; Spoelstra, N.S.; Howe, E.N.; Nordeen, S.K.; Richer, J.K. MicroRNA-200c mitigates invasiveness and restores
sensitivity to microtubule-targeting chemotherapeutic agents. Mol. Cancer Ther. 2009, 8, 1055–1066. [CrossRef]

46. Puhr, M.; Hoefer, J.; Schäfer, G.; Erb, H.; Oh, S.J.; Klocker, H.; Heidegger, I.; Neuwirt, H.; Culig, Z. Epithelial-to-Mesenchymal
Transition Leads to Docetaxel Resistance in Prostate Cancer and Is Mediated by Reduced Expression of miR-200c and miR-205.
Am. J. Pathol. 2012, 181, 2188–2201. [CrossRef]

47. Kopp, F.; Oak, P.S.; Wagner, E.; Roidl, A. miR-200c Sensitizes Breast Cancer Cells to Doxorubicin Treatment by Decreasing TrkB
and Bmi1 Expression. PLoS ONE 2012, 7, e50469. [CrossRef] [PubMed]

48. Tanaka, S.; Hosokawa, M.; Ueda, K.; Iwakawa, S. Effects of Decitabine on Invasion and Exosomal Expression of miR-200c and
miR-141 in Oxaliplatin-Resistant Colorectal Cancer Cells. Biol. Pharm. Bull. 2015, 38, 1272–1279. [CrossRef] [PubMed]

49. Gao, Y.; Zhang, W.; Liu, C.; Li, G. miR-200 affects tamoxifen resistance in breast cancer cells through regulation of MYB. Sci. Rep.
2019, 9, 18844. [CrossRef]

50. Adam, L.; Zhong, M.; Choi, W.; Qi, W.; Nicoloso, M.; Arora, A.; Calin, G.; Wang, H.; Siefker-Radtke, A.; McConkey, D.;
et al. miR-200 Expression Regulates Epithelial-to-Mesenchymal Transition in Bladder Cancer Cells and Reverses Resistance to
Epidermal Growth Factor Receptor Therapy. Clin. Cancer Res. 2009, 15, 5060–5072. [CrossRef] [PubMed]

51. Watson, K.L.; Yi, R.; A Moorehead, R. Transgenic overexpression of the miR-200b/200a/429 cluster inhibits mammary tumor
initiation. Transl. Oncol. 2021, 14, 101228. [CrossRef]

52. Watson, K.L.; Jones, R.A.; Bruce, A.; Moorehead, R.A. The miR-200b/200a/429 cluster prevents metastasis and induces dormancy
in a murine claudin-low mammary tumor cell line. Exp. Cell Res. 2018, 369, 17–26. [CrossRef] [PubMed]

53. Makarova, J.; Turchinovich, A.; Shkurnikov, M.; Tonevitsky, A. Extracellular miRNAs and Cell–Cell Communication: Problems
and Prospects. Trends Biochem. Sci. 2021, 46, 640–651. [CrossRef] [PubMed]

54. Senfter, D.; Holzner, S.; Kalipciyan, M.; Staribacher, A.; Walzl, A.; Huttary, N.; Krieger, S.; Brenner, S.; Jäger, W.; Krupitza, G.; et al.
Loss of miR-200 family in 5-fluorouracil resistant colon cancer drives lymphendothelial invasiveness in vitro. Hum. Mol. Genet.
2015, 24. [CrossRef]

55. Diaz-Riascos, Z.V.; Ginesta, M.M.; Fabregat, J.; Serrano, T.; Busquets, J.; Buscail, L.; Cordelier, P.; Capellá, G. Expression
and Role of MicroRNAs from the miR-200 Family in the Tumor Formation and Metastatic Propensity of Pancreatic Cancer.
Mol. Ther.-Nucleic Acids 2019, 17, 491–503. [CrossRef] [PubMed]

56. Li, R.; He, J.-L.; Chen, X.-M.; Long, C.-L.; Yang, D.-H.; Ding, Y.-B.; Qi, H.-B.; Liu, X.-Q. MiR-200a is involved in proliferation and
apoptosis in the human endometrial adenocarcinoma cell line HEC-1B by targeting the tumor suppressor PTEN. Mol. Biol. Rep.
2014, 41, 1977–1984. [CrossRef]

57. Yoneyama, K.; Ishibashi, O.; Kawase, R.; Kurose, K.; Takeshita, T. miR-200a, miR-200b and miR-429 are onco-miRs that target the
PTEN gene in endometrioid endometrial carcinoma. Anticancer Res. 2015, 35, 35.

58. Burk, U.; Schubert, J.; Wellner, U.; Schmalhofer, O.; Vincan, E.; Spaderna, S.; Brabletz, T. A reciprocal repression between ZEB1
and members of the miR-200 family promotes EMT and invasion in cancer cells. EMBO Rep. 2008, 9, 582–589. [CrossRef]

59. Wang, C.-M.; Liu, R.; Wang, L.; Nascimento, L.; Brennan, V.C.; Yang, W.-H. SUMOylation of FOXM1B Alters Its Transcriptional
Activity on Regulation of MiR-200 Family and JNK1 in MCF7 Human Breast Cancer Cells. Int. J. Mol. Sci. 2014, 15, 10233–10251.
[CrossRef]

60. Pan, Q.; Meng, L.; Ye, J.; Wei, X.; Shang, Y.; Tian, Y.; He, Y.; Peng, Z.; Chen, L.; Chen, W.; et al. Transcriptional repression of
miR-200 family members by Nanog in colon cancer cells induces epithelial–mesenchymal transition (EMT). Cancer Lett. 2017, 392,
26–38. [CrossRef]

http://doi.org/10.1074/jbc.M113.488593
http://doi.org/10.1111/febs.13543
http://www.ncbi.nlm.nih.gov/pubmed/26433127
http://doi.org/10.1261/rna.057588.116
http://doi.org/10.1089/dna.2013.2132
http://doi.org/10.1016/j.cell.2009.07.011
http://www.ncbi.nlm.nih.gov/pubmed/19665978
http://doi.org/10.1016/j.molcel.2010.08.013
http://doi.org/10.1186/s12935-021-01784-4
http://doi.org/10.1158/1535-7163.MCT-08-1046
http://doi.org/10.1016/j.ajpath.2012.08.011
http://doi.org/10.1371/journal.pone.0050469
http://www.ncbi.nlm.nih.gov/pubmed/23209748
http://doi.org/10.1248/bpb.b15-00129
http://www.ncbi.nlm.nih.gov/pubmed/26179333
http://doi.org/10.1038/s41598-019-54289-6
http://doi.org/10.1158/1078-0432.CCR-08-2245
http://www.ncbi.nlm.nih.gov/pubmed/19671845
http://doi.org/10.1016/j.tranon.2021.101228
http://doi.org/10.1016/j.yexcr.2018.04.024
http://www.ncbi.nlm.nih.gov/pubmed/29702103
http://doi.org/10.1016/j.tibs.2021.01.007
http://www.ncbi.nlm.nih.gov/pubmed/33610425
http://doi.org/10.1093/hmg/ddv113
http://doi.org/10.1016/j.omtn.2019.06.015
http://www.ncbi.nlm.nih.gov/pubmed/31336236
http://doi.org/10.1007/s11033-014-3045-5
http://doi.org/10.1038/embor.2008.74
http://doi.org/10.3390/ijms150610233
http://doi.org/10.1016/j.canlet.2017.01.039


Cancers 2021, 13, 5874 28 of 35

61. Lu, Y.-X.; Yuan, L.; Xue, X.-L.; Zhou, M.; Liu, Y.; Zhang, C.; Li, J.-P.; Zheng, L.; Hong, M.; Li, X.-N. Regulation of Colorectal
Carcinoma Stemness, Growth, and Metastasis by an miR-200c-Sox2–Negative Feedback Loop Mechanism. Clin. Cancer Res. 2014,
20, 2631–2642. [CrossRef] [PubMed]

62. Shang, Y.; Chen, H.; Ye, J.; Wei, X.; Liu, S.; Wang, R. HIF-1α/Ascl2/miR-200b regulatory feedback circuit modulated the
epithelial-mesenchymal transition (EMT) in colorectal cancer cells. Exp. Cell Res. 2017, 360, 243–256. [CrossRef] [PubMed]

63. Tian, Y.; Pan, Q.; Shang, Y.; Zhu, R.; Ye, J.; Liu, Y.; Zhong, X.; Li, S.; He, Y.; Chen, L.; et al. MicroRNA-200 (miR-200) Cluster
Regulation by Achaete Scute-like 2 (Ascl2). J. Biol. Chem. 2014, 289, 36101–36115. [CrossRef] [PubMed]

64. Gollavilli, P.N.; Parma, B.; Siddiqui, A.; Yang, H.; Ramesh, V.; Napoli, F.; Schwab, A.; Natesan, R.; Mielenz, D.; Asangani, I.A.;
et al. The role of miR-200b/c in balancing EMT and proliferation revealed by an activity reporter. Oncogene 2021, 40, 2309–2322.
[CrossRef] [PubMed]

65. Davalos, V.; Moutinho, C.; Villanueva, A.; Boque, R.; Silva, P.; Carneiro, F.; Esteller, M. Dynamic epigenetic regulation of the
microRNA-200 family mediates epithelial and mesenchymal transitions in human tumorigenesis. Oncogene 2011, 31, 2062–2074.
[CrossRef]

66. Vrba, L.; Jensen, T.J.; Garbe, J.C.; Heimark, R.L.; Cress, A.; Dickinson, S.; Stampfer, M.R.; Futscher, B.W. Role for DNA Methylation
in the Regulation of miR-200c and miR-141 Expression in Normal and Cancer Cells. PLoS ONE 2010, 5, e8697. [CrossRef]

67. Ceppi, P.; Mudduluru, G.; Kumarswamy, R.; Rapa, I.; Scagliotti, G.V.; Papotti, M.; Allgayer, H. Loss of miR-200c Expression
Induces an Aggressive, Invasive, and Chemoresistant Phenotype in Non–Small Cell Lung Cancer. Mol. Cancer Res. 2010, 8,
1207–1216. [CrossRef]

68. Wiklund, E.D.; Bramsen, J.B.; Hulf, T.; Dyrskjøt, L.; Ramanathan, R.; Hansen, T.; Villadsen, S.B.; Gao, S.; Ostenfeld, M.S.; Borre,
M.; et al. Coordinated epigenetic repression of the miR-200 family and miR-205 in invasive bladder cancer. Int. J. Cancer 2011, 128,
1327–1334. [CrossRef]

69. Wee, E.J.H.; Peters, K.; Nair, S.S.; Hulf, T.; Stein, S.; Wagner, S.; Bailey, P.; Lee, S.Y.; Qu, W.J.; Brewster, B.; et al. Mapping the
regulatory sequences controlling 93 breast cancer-associated miRNA genes leads to the identification of two functional promoters
of the Hsa-mir-200b cluster, methylation of which is associated with metastasis or hormone receptor status in advanced breast
cancer. Oncogene 2012, 31, 4182–4195. [CrossRef]

70. Ning, X.; Shi, Z.; Liu, X.; Zhang, A.; Han, L.; Jiang, K.; Kang, C.; Zhang, Q. DNMT1 and EZH2 mediated methylation silences the
microRNA-200b/a/429 gene and promotes tumor progression. Cancer Lett. 2015, 359, 198–205. [CrossRef]

71. Damiano, V.; Brisotto, G.; Borgna, S.; di Gennaro, A.; Armellin, M.; Perin, T.; Guardascione, M.; Maestro, R.; Santarosa, M. Epige-
netic silencing of miR-200c in breast cancer is associated with aggressiveness and is modulated by ZEB1. Genes Chromosom. Cancer
2017, 56, 147–158. [CrossRef] [PubMed]

72. Bai, J.-X.; Yan, B.; Zhao, Z.-N.; Xiao, X.; Qin, W.-W.; Zhang, R.; Jia, L.-T.; Meng, Y.-L.; Jin, B.-Q.; Fan, D.-M.; et al. Tamoxifen
Represses miR-200 MicroRNAs and Promotes Epithelial-to-Mesenchymal Transition by Up-Regulating c-Myc in Endometrial
Carcinoma Cell Lines. Endocrinology 2013, 154, 635–645. [CrossRef] [PubMed]

73. Pang, Y.; Liu, J.; Li, X.; Xiao, G.; Wang, H.; Yang, G.; Li, Y.; Tang, S.-C.; Qin, S.; Du, N.; et al. MYC and DNMT3A-mediated
DNA methylation represses microRNA-200b in triple negative breast cancer. J. Cell. Mol. Med. 2018, 22, 6262–6274. [CrossRef]
[PubMed]

74. Yu, Y.; Wu, J.; Guan, L.; Qi, L.; Tang, Y.; Ma, B.; Zhan, J.; Wang, Y.; Fang, W.; Zhang, H. Kindlin 2 promotes breast cancer invasion
via epigenetic silencing of the microRNA200 gene family. Int. J. Cancer 2013, 133, 1368–1379. [CrossRef] [PubMed]

75. Sossey-Alaoui, K.; Pluskota, E.; Szpak, D.; Schiemann, W.P.; Plow, E.F. The Kindlin-2 regulation of epithelial-to-mesenchymal
transition in breast cancer metastasis is mediated through miR-200b. Sci. Rep. 2018, 8, 7360. [CrossRef]

76. Enkhbaatar, Z.; Terashima, M.; Oktyabri, D.; Tange, S.; Ishimura, A.; Yano, S.; Suzuki, T. KDM5B histone demethylase controls
epithelial-mesenchymal transition of cancer cells by regulating the expression of the microRNA-200 family. Cell Cycle 2013, 12,
2100–2112. [CrossRef]

77. Roy, S.S.; Gonugunta, V.K.; Bandyopadhyay, A.; Rao, M.K.; Goodall, G.J.; Sun, L.-Z.; Tekmal, R.R.; Vadlamudi, R.K. Significance of
PELP1/HDAC2/miR-200 regulatory network in EMT and metastasis of breast cancer. Oncogene 2013, 33, 3707–3716. [CrossRef]

78. Abisoye-Ogunniyan, A.; Lin, H.; Ghebremedhin, A.; Bin Salam, A.; Karanam, B.; Theodore, S.; Jones-Trich, J.; Davis, M.; Grizzle,
W.; Wang, H.; et al. Transcriptional repressor Kaiso promotes epithelial to mesenchymal transition and metastasis in prostate
cancer through direct regulation of miR-200c. Cancer Lett. 2018, 431, 1–10. [CrossRef] [PubMed]

79. Zhong, X.; Zheng, L.; Shen, J.; Zhang, D.; Xiong, M.; Zhang, Y.; He, X.; Tanyi, J.L.; Yang, F.; Montone, K.T.; et al. Suppression of
MicroRNA 200 Family Expression by Oncogenic KRAS Activation Promotes Cell Survival and Epithelial-Mesenchymal Transition
in KRAS-Driven Cancer. Mol. Cell. Biol. 2016, 36, 2742–2754. [CrossRef]

80. Kolesnikoff, N.; Attema, J.L.; Roslan, S.; Bert, A.G.; Schwarz, Q.; Gregory, P.A.; Goodall, G. Specificity Protein 1 (Sp1) Maintains
Basal Epithelial Expression of the miR-200 Family. J. Biol. Chem. 2014, 289, 11194–11205. [CrossRef]

81. Ahn, S.-M.; Cha, J.-Y.; Kim, J.; Kim, D.; Trang, H.T.H.; Kim, Y.-M.; Cho, Y.-H.; Park, D.; Hong, S. Smad3 regulates E-cadherin via
miRNA-200 pathway. Oncogene 2011, 31, 3051–3059. [CrossRef] [PubMed]

82. Zhang, Z.; Lanz, R.B.; Xiao, L.; Wang, L.; Hartig, S.M.; Ittmann, M.M.; Feng, Q.; He, B. The tumor suppressive miR-200b subfamily
is an ERG target gene in human prostate tumors. Oncotarget 2016, 7, 37993–38003. [CrossRef] [PubMed]

http://doi.org/10.1158/1078-0432.CCR-13-2348
http://www.ncbi.nlm.nih.gov/pubmed/24658157
http://doi.org/10.1016/j.yexcr.2017.09.014
http://www.ncbi.nlm.nih.gov/pubmed/28899657
http://doi.org/10.1074/jbc.M114.598383
http://www.ncbi.nlm.nih.gov/pubmed/25371200
http://doi.org/10.1038/s41388-021-01708-6
http://www.ncbi.nlm.nih.gov/pubmed/33654197
http://doi.org/10.1038/onc.2011.383
http://doi.org/10.1371/journal.pone.0008697
http://doi.org/10.1158/1541-7786.MCR-10-0052
http://doi.org/10.1002/ijc.25461
http://doi.org/10.1038/onc.2011.584
http://doi.org/10.1016/j.canlet.2015.01.005
http://doi.org/10.1002/gcc.22422
http://www.ncbi.nlm.nih.gov/pubmed/27717206
http://doi.org/10.1210/en.2012-1607
http://www.ncbi.nlm.nih.gov/pubmed/23295740
http://doi.org/10.1111/jcmm.13916
http://www.ncbi.nlm.nih.gov/pubmed/30324719
http://doi.org/10.1002/ijc.28151
http://www.ncbi.nlm.nih.gov/pubmed/23483548
http://doi.org/10.1038/s41598-018-25373-0
http://doi.org/10.4161/cc.25142
http://doi.org/10.1038/onc.2013.332
http://doi.org/10.1016/j.canlet.2018.04.044
http://www.ncbi.nlm.nih.gov/pubmed/29751044
http://doi.org/10.1128/MCB.00079-16
http://doi.org/10.1074/jbc.M113.529172
http://doi.org/10.1038/onc.2011.484
http://www.ncbi.nlm.nih.gov/pubmed/22020340
http://doi.org/10.18632/oncotarget.9366
http://www.ncbi.nlm.nih.gov/pubmed/27191272


Cancers 2021, 13, 5874 29 of 35

83. Zhang, B.; Zhang, Z.; Xia, S.; Xing, C.; Ci, X.; Li, X.; Zhao, R.; Tian, S.; Ma, G.; Zhu, Z.; et al. KLF5 Activates MicroRNA 200
Transcription To Maintain Epithelial Characteristics and Prevent Induced Epithelial-Mesenchymal Transition in Epithelial Cells.
Mol. Cell. Biol. 2013, 33, 4919–4935. [CrossRef] [PubMed]

84. Pieraccioli, M.; Imbastari, F.; Antonov, A.; Melino, G.; Raschellà, G. Activation of miR200 by c-Myb depends on ZEB1 expression
and miR200 promoter methylation. Cell Cycle 2013, 12, 2309–2320. [CrossRef] [PubMed]

85. Chang, A.; Chao, C.-H.; Xia, W.; Yang, J.-Y.; Xiong, Y.; Li, C.-W.; Yu, W.-H.; Rehman, S.K.; Hsu, J.L.; Lee, H.-H.; et al. p53 regulates
epithelial–mesenchymal transition and stem cell properties through modulating miRNAs. Nat. Cell Biol. 2011, 13, 317–323.
[CrossRef]

86. Kim, T.; Veronese, A.; Pichiorri, F.; Lee, T.J.; Jeon, Y.-J.; Volinia, S.; Pineau, P.; Marchio, A.; Palatini, J.; Suh, S.-S.; et al. p53 regulates
epithelial–mesenchymal transition through microRNAs targeting ZEB1 and ZEB2. J. Exp. Med. 2011, 208, 875–883. [CrossRef]

87. Knouf, E.C.; Garg, K.; Arroyo, J.D.; Correa, Y.; Sarkar, D.; Parkin, R.K.; Wurz, K.; O’Briant, K.C.; Godwin, A.K.; Urban,
N.D.; et al. An integrative genomic approach identifies p73 and p63 as activators of miR-200 microRNA family transcription.
Nucleic Acids Res. 2011, 40, 499–510. [CrossRef]

88. Chung, V.Y.; Tan, T.Z.; Tan, M.; Wong, M.K.; Kuay, K.T.; Yang, Z.; Ye, J.; Muller, J.; Koh, C.M.; Guccione, E.; et al. GRHL2-miR-200-
ZEB1 maintains the epithelial status of ovarian cancer through transcriptional regulation and histone modification. Sci. Rep. 2016,
6, 19943. [CrossRef]

89. Kong, X.; Ding, X.; Li, X.; Gao, S.; Yang, Q. 53 BP 1 suppresses epithelial–mesenchymal transition by downregulating ZEB 1
through micro RNA -200b/429 in breast cancer. Cancer Sci. 2015, 106, 982–989. [CrossRef]

90. Panier, S.; Boulton, S.J. Double-strand break repair: 53BP1 comes into focus. Nat. Rev. Mol. Cell Biol. 2014, 15, 7–18. [CrossRef]
91. Waltering, K.K.; Porkka, K.P.; Jalava, S.E.; Urbanucci, A.; Kohonen, P.J.; Latonen, L.M.; Kallioniemi, O.P.; Jenster, G.; Visakorpi, T.

Androgen regulation of micro-RNAs in prostate cancer. Prostate 2011, 71, 604–614. [CrossRef]
92. Murata, T.; Takayama, K.; Katayama, S.; Urano, T.; Horieinoue, K.; Ikeda, K.; Takahashi, S.; Kawazu, C.; Hasegawa, A.; Ouchi, Y.;

et al. miR-148a is an androgen-responsive microRNA that promotes LNCaP prostate cell growth by repressing its target CAND1
expression. Prostate Cancer Prostatic Dis. 2010, 13, 356–361. [CrossRef] [PubMed]

93. Williams, L.V.; Veliceasa, D.; Vinokour, E.; Volpert, O. miR-200b Inhibits Prostate Cancer EMT, Growth and Metastasis. PLoS ONE
2013, 8, e83991. [CrossRef] [PubMed]

94. Zhang, Y.; Yang, Z.; Whitby, R.; Wang, L. Regulation of miR-200c by nuclear receptors PPARα, LRH-1 and SHP.
Biochem. Biophys. Res. Commun. 2011, 416, 135–139. [CrossRef] [PubMed]

95. Yuan, J.-H.; Yang, F.; Wang, F.; Ma, J.-Z.; Guo, Y.-J.; Tao, Q.-F.; Liu, F.; Pan, W.; Wang, T.-T.; Zhou, C.-C.; et al. A Long Noncoding
RNA Activated by TGF-β Promotes the Invasion-Metastasis Cascade in Hepatocellular Carcinoma. Cancer Cell 2014, 25, 666–681.
[CrossRef]

96. Xiao, H.; Tang, K.; Liu, P.; Chen, K.; Hu, J.; Zeng, J.; Xiao, W.; Yu, G.; Yao, W.; Zhou, H.; et al. LncRNA MALAT1 functions as a
competing endogenous RNA to regulate ZEB2 expression by sponging miR-200s in clear cell kidney carcinoma. Oncotarget 2015,
6, 38005–38015. [CrossRef]

97. Zhang, L.; Yang, F.; Yuan, J.-H.; Yuan, S.-X.; Zhou, W.-P.; Huo, X.-S.; Xu, D.; Bi, H.-S.; Wang, F.; Sun, S.-H. Epigenetic activation of
the MiR-200 family contributes to H19-mediated metastasis suppression in hepatocellular carcinoma. Carcinogenesis 2013, 34,
577–586. [CrossRef]

98. Han, C.; Liu, Y.; Wan, G.; Choi, H.J.; Zhao, L.; Ivan, C.; He, X.; Sood, A.K.; Zhang, X.; Lu, X. The RNA-Binding Protein DDX1
Promotes Primary MicroRNA Maturation and Inhibits Ovarian Tumor Progression. Cell Rep. 2014, 8, 1447–1460. [CrossRef]

99. Ramírez-Moya, J.; Baker, A.R.; Slack, F.J.; Santisteban, P. ADAR1-mediated RNA editing is a novel oncogenic process in thyroid
cancer and regulates miR-200 activity. Oncogene 2020, 39, 3738–3753. [CrossRef]

100. Shelton, P.M.; Duran, A.; Nakanishi, Y.; Reina-Campos, M.; Kasashima, H.; Llado, V.; Ma, L.; Campos, A.; Olmo, D.G.; García-
Arranz, M.; et al. The Secretion of miR-200s by a PKCζ/ADAR2 Signaling Axis Promotes Liver Metastasis in Colorectal Cancer.
Cell Rep. 2018, 23, 1178–1191. [CrossRef]

101. Lawrie, C.H.; Chi, J.; Taylor, S.; Tramonti, D.; Ballabio, E.; Palazzo, S.; Saunders, N.; Pezzella, F.; Boultwood, J.; Wainscoat, J.S.; et al.
Expression of microRNAs in diffuse large B cell lymphoma is associated with immunophenotype, survival and transformation
from follicular lymphoma. J. Cell. Mol. Med. 2009, 13, 1248–1260. [CrossRef]

102. Mitchell, P.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O’Briant,
K.C.; Allen, A.; et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. USA 2008,
105, 10513–10518. [CrossRef] [PubMed]

103. Chen, X.; Ba, Y.; Ma, L.; Cai, X.; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. Characterization of microRNAs in
serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008, 18, 997–1006. [CrossRef]

104. Pardini, B.; Sabo, A.A.; Birolo, G.; Calin, G.A. Noncoding RNAs in Extracellular Fluids as Cancer Biomarkers: The New Frontier
of Liquid Biopsies. Cancers 2019, 11, 1170. [CrossRef] [PubMed]

105. Valihrach, L.; Androvic, P.; Kubista, M. Circulating miRNA analysis for cancer diagnostics and therapy. Mol. Asp. Med. 2020,
72, 100825. [CrossRef]

106. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]

http://doi.org/10.1128/MCB.00787-13
http://www.ncbi.nlm.nih.gov/pubmed/24126055
http://doi.org/10.4161/cc.25405
http://www.ncbi.nlm.nih.gov/pubmed/24067373
http://doi.org/10.1038/ncb2173
http://doi.org/10.1084/jem.20110235
http://doi.org/10.1093/nar/gkr731
http://doi.org/10.1038/srep19943
http://doi.org/10.1111/cas.12699
http://doi.org/10.1038/nrm3719
http://doi.org/10.1002/pros.21276
http://doi.org/10.1038/pcan.2010.32
http://www.ncbi.nlm.nih.gov/pubmed/20820187
http://doi.org/10.1371/journal.pone.0083991
http://www.ncbi.nlm.nih.gov/pubmed/24391862
http://doi.org/10.1016/j.bbrc.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22100809
http://doi.org/10.1016/j.ccr.2014.03.010
http://doi.org/10.18632/oncotarget.5357
http://doi.org/10.1093/carcin/bgs381
http://doi.org/10.1016/j.celrep.2014.07.058
http://doi.org/10.1038/s41388-020-1248-x
http://doi.org/10.1016/j.celrep.2018.03.118
http://doi.org/10.1111/j.1582-4934.2008.00628.x
http://doi.org/10.1073/pnas.0804549105
http://www.ncbi.nlm.nih.gov/pubmed/18663219
http://doi.org/10.1038/cr.2008.282
http://doi.org/10.3390/cancers11081170
http://www.ncbi.nlm.nih.gov/pubmed/31416190
http://doi.org/10.1016/j.mam.2019.10.002
http://doi.org/10.3322/caac.21660


Cancers 2021, 13, 5874 30 of 35

107. DeSantis, C.E.; Ma, J.; Gaudet, M.M.; Newman, L.A.; Miller, K.D.; Sauer, A.G.; Jemal, A.; Siegel, R.L. Breast cancer statistics, 2019.
CA Cancer J. Clin. 2019, 69, 438–451. [CrossRef] [PubMed]

108. Fultang, N.; Chakraborty, M.; Peethambaran, B. Regulation of cancer stem cells in triple negative breast cancer. Cancer Drug Resist.
2021, 4. [CrossRef]

109. Fridrichova, I.; Zmetakova, I. MicroRNAs Contribute to Breast Cancer Invasiveness. Cells 2019, 8, 1361. [CrossRef]
110. Dykxhoorn, D.M.; Wu, Y.; Xie, H.; Yu, F.; Lal, A.; Petrocca, F.; Martinvalet, D.; Song, E.; Lim, B.; Lieberman, J. miR-200 Enhances

Mouse Breast Cancer Cell Colonization to Form Distant Metastases. PLoS ONE 2009, 4, e7181. [CrossRef]
111. Sánchez-Cid, L.; Pons, M.; Lozano, J.J.; Rubio, N.; Guerra-Rebollo, M.; Soriano, A.; Coderch, L.P.; Segura, M.F.; Fueyo, R.;

Arguimbau, J.; et al. MicroRNA-200, associated with metastatic breast cancer, promotes traits of mammary luminal progenitor
cells. Oncotarget 2017, 8, 83384–83406. [CrossRef] [PubMed]

112. LE, T.N.M.; Hamar, P.; Guo, C.; Basar, E.; Perdigão-Henriques, R.; Balaj, L.; Lieberman, J. miR-200–containing extracellular
vesicles promote breast cancer cell metastasis. J. Clin. Investig. 2014, 124, 5109–5128. [CrossRef]

113. Bahmanpour, Z.; Sheervalilou, R.; Choupani, J.; Khaniani, M.S.; Montazeri, V.; Derakhshan, S.M. A new insight on serum
microRNA expression as novel biomarkers in breast cancer patients. J. Cell. Physiol. 2019, 234, 19199–19211. [CrossRef]

114. Grimaldi, A.M.; Incoronato, M. Clinical Translatability of “Identified” Circulating miRNAs for Diagnosing Breast Cancer:
Overview and Update. Cancers 2019, 11, 901. [CrossRef]

115. Volovat, S.R.; Volovat, C.; Hordila, I.; Hordila, D.-A.; Mirestean, C.C.; Miron, O.T.; Lungulescu, C.; Scripcariu, D.V.; Stolniceanu,
C.R.; Konsoulova-Kirova, A.A.; et al. MiRNA and LncRNA as Potential Biomarkers in Triple-Negative Breast Cancer: A Review.
Front. Oncol. 2020, 10, 526850. [CrossRef]

116. Zhu, W.; Qin, W.; Atasoy, U.; Sauter, E.R. Circulating microRNAs in breast cancer and healthy subjects. BMC Res. Notes 2009,
2, 89. [CrossRef] [PubMed]

117. Heneghan, H.M.; Miller, N.; Lowery, A.; Sweeney, K.J.; Kerin, M.J. MicroRNAs as Novel Biomarkers for Breast Cancer. J. Oncol.
2009, 2010, 950201. [CrossRef]

118. Zhao, H.; Shen, J.; Medico, L.; Wang, D.; Ambrosone, C.B.; Liu, S. A Pilot Study of Circulating miRNAs as Potential Biomarkers of
Early Stage Breast Cancer. PLoS ONE 2010, 5, e13735. [CrossRef] [PubMed]

119. Cuk, K.; Zucknick, M.; Heil, J.; Madhavan, D.; Schott, S.; Turchinovich, A.; Arlt, D.; Rath, M.; Sohn, C.; Benner, A.; et al. Circulating
microRNAs in plasma as early detection markers for breast cancer. Int. J. Cancer 2013, 132, 1602–1612. [CrossRef]

120. Leidner, R.; Li, L.; Thompson, C.L. Dampening Enthusiasm for Circulating MicroRNA in Breast Cancer. PLoS ONE 2013,
8, e57841. [CrossRef]

121. Schrauder, M.G.; Strick, R.; Schulz-Wendtland, R.; Strissel, P.L.; Kahmann, L.; Loehberg, C.R.; Lux, M.P.; Jud, S.M.; Hartmann, A.;
Hein, A.; et al. Circulating Micro-RNAs as Potential Blood-Based Markers for Early Stage Breast Cancer Detection. PLoS ONE
2012, 7, e29770. [CrossRef]

122. Roth, C.; Rack, B.; Müller, V.; Janni, W.; Pantel, K.; Schwarzenbach, H. Circulating microRNAs as blood-based markers for patients
with primary and metastatic breast cancer. Breast Cancer Res. 2010, 12, R90. [CrossRef]

123. Hu, Z.; Dong, J.; Wang, L.-E.; Ma, H.; Liu, J.; Zhao, Y.; Tang, J.; Chen, X.; Dai, J.; Wei, Q.; et al. Serum microRNA profiling and
breast cancer risk: The use of miR-484/191 as endogenous controls. Carcinogenesis 2012, 33, 828–834. [CrossRef] [PubMed]

124. Wu, Q.; Wang, C.; Lu, Z.; Guo, L.; Ge, Q. Analysis of serum genome-wide microRNAs for breast cancer detection. Clin. Chim. Acta
2012, 413, 1058–1065. [CrossRef]

125. Antolín, S.; Calvo, L.; Blanco-Calvo, M.; Santiago, M.P.; Lorenzo-Patiño, M.J.; Haz-Conde, M.; Santamarina, I.; Figueroa, A.;
Antón-Aparicio, L.M.; Valladares-Ayerbes, M. Circulating miR-200c and miR-141 and outcomes in patients with breast cancer.
BMC Cancer 2015, 15, 297. [CrossRef]

126. Erbes, T.; Hirschfeld, M.; Rücker, G.; Jaeger, M.; Boas, J.; Iborra, S.; Mayer, S.; Gitsch, G.; Stickeler, E. Feasibility of urinary
microRNA detection in breast cancer patients and its potential as an innovative non-invasive biomarker. BMC Cancer 2015,
15, 193. [CrossRef]

127. Zhang, H.; Lin, X.; Huang, Y.; Wang, M.; Cen, C.; Tang, S.; Dique, M.R.; Cai, L.; Luis, M.A.; Smollar, J.; et al. Detection Methods
and Clinical Applications of Circulating Tumor Cells in Breast Cancer. Front. Oncol. 2021, 11, 652253. [CrossRef]

128. Madhavan, D.; Zucknick, M.; Wallwiener, M.; Cuk, K.; Modugno, C.; Scharpff, M.; Schott, S.; Heil, J.; Turchinovich, A.;
Yang, R.; et al. Circulating miRNAs as Surrogate Markers for Circulating Tumor Cells and Prognostic Markers in Metastatic
Breast Cancer. Clin. Cancer Res. 2012, 18, 5972–5982. [CrossRef]

129. Markou, A.; Zavridou, M.; Sourvinou, I.; Yousef, G.; Kounelis, S.; Malamos, N.; Georgoulias, V.; Lianidou, E. Direct Comparison
of Metastasis-Related miRNAs Expression Levels in Circulating Tumor Cells, Corresponding Plasma, and Primary Tumors of
Breast Cancer Patients. Clin. Chem. 2016, 62, 1002–1011. [CrossRef] [PubMed]

130. Debeb, B.G.; Lacerda, L.; Anfossi, S.; Diagaradjane, P.; Chu, K.; Bambhroliya, A.; Huo, L.; Wei, C.; Larson, R.A.; Wolfe, A.R.; et al.
miR-141-Mediated Regulation of Brain Metastasis from Breast Cancer. J. Natl. Cancer Inst. 2016, 108, djw026. [CrossRef] [PubMed]

131. Zhang, G.; Zhang, W.; Lizhong, W.; Stringer-Reasor, E.; Chu, C.; Sun, L.; Bae, S.; Chen, D.; Wei-Hsiung, Y.; Jiao, K.; et al.
MicroRNA-200c and microRNA- 141 are regulated by a FOXP3-KAT2B axis and associated with tumor metastasis in breast cancer.
Breast Cancer Res. 2017, 19, 73. [CrossRef]

http://doi.org/10.3322/caac.21583
http://www.ncbi.nlm.nih.gov/pubmed/31577379
http://doi.org/10.20517/cdr.2020.106
http://doi.org/10.3390/cells8111361
http://doi.org/10.1371/journal.pone.0007181
http://doi.org/10.18632/oncotarget.20698
http://www.ncbi.nlm.nih.gov/pubmed/29137351
http://doi.org/10.1172/JCI75695
http://doi.org/10.1002/jcp.28656
http://doi.org/10.3390/cancers11070901
http://doi.org/10.3389/fonc.2020.526850
http://doi.org/10.1186/1756-0500-2-89
http://www.ncbi.nlm.nih.gov/pubmed/19454029
http://doi.org/10.1155/2010/950201
http://doi.org/10.1371/journal.pone.0013735
http://www.ncbi.nlm.nih.gov/pubmed/21060830
http://doi.org/10.1002/ijc.27799
http://doi.org/10.1371/journal.pone.0057841
http://doi.org/10.1371/journal.pone.0029770
http://doi.org/10.1186/bcr2766
http://doi.org/10.1093/carcin/bgs030
http://www.ncbi.nlm.nih.gov/pubmed/22298638
http://doi.org/10.1016/j.cca.2012.02.016
http://doi.org/10.1186/s12885-015-1238-5
http://doi.org/10.1186/s12885-015-1190-4
http://doi.org/10.3389/fonc.2021.652253
http://doi.org/10.1158/1078-0432.CCR-12-1407
http://doi.org/10.1373/clinchem.2015.253716
http://www.ncbi.nlm.nih.gov/pubmed/27197674
http://doi.org/10.1093/jnci/djw026
http://www.ncbi.nlm.nih.gov/pubmed/27075851
http://doi.org/10.1186/s13058-017-0858-x


Cancers 2021, 13, 5874 31 of 35

132. Madhavan, D.; Peng, C.; Wallwiener, M.; Zucknick, M.; Nees, J.; Schott, S.; Rudolph, A.; Riethdorf, S.; Trumpp, A.; Pantel, K.; et al.
Circulating miRNAs with prognostic value in metastatic breast cancer and for early detection of metastasis. Carcinogenesis 2016,
37, 461–470. [CrossRef] [PubMed]

133. Papadaki, C.; Stratigos, M.; Markakis, G.; Spiliotaki, M.; Mastrostamatis, G.; Nikolaou, C.; Mavroudis, D.; Agelaki, S. Circulating
microRNAs in the early prediction of disease recurrence in primary breast cancer. Breast Cancer Res. 2018, 20, 72. [CrossRef]
[PubMed]

134. Papadaki, C.; Stoupis, G.; Tsalikis, L.; Monastirioti, A.; Papadaki, M.; Maliotis, N.; Stratigos, M.; Mastrostamatis, G.; Mavroudis,
D.; Agelaki, S. Circulating miRNAs as a marker of metastatic disease and prognostic factor in metastatic breast cancer. Oncotarget
2019, 10, 966–981. [CrossRef]

135. Feliciano, A.; González, L.; Garcia-Mayea, Y.; Mir, C.; Artola, M.; Barragán, N.; Martín, R.; Altés, A.; Castellvi, J.;
Benavente, S.; et al. Five microRNAs in Serum Are Able to Differentiate Breast Cancer Patients from Healthy Individu-
als. Front. Oncol. 2020, 10, 586268. [CrossRef]

136. Duma, N.; Santana-Davila, R.; Molina, J.R. Non-Small Cell Lung Cancer: Epidemiology, Screening, Diagnosis, and Treatment.
Mayo Clin. Proc. 2019, 94, 1623–1640. [CrossRef] [PubMed]

137. Tamura, T.; Kurishima, K.; Nakazawa, K.; Kagohashi, K.; Ishikawa, H.; Satoh, H.; Hizawa, N. Specific organ metastases and
survival in metastatic non-small-cell lung cancer. Mol. Clin. Oncol. 2015, 3, 217–221. [CrossRef]

138. Remon, J.; Ahn, M.-J.; Girard, N.; Johnson, M.; Kim, D.-W.; Lopes, G.; Pillai, R.N.; Solomon, B.; Villacampa, G.; Zhou, Q.
Advanced-Stage Non–Small Cell Lung Cancer: Advances in Thoracic Oncology 2018. J. Thorac. Oncol. 2019, 14, 1134–1155.
[CrossRef]

139. Liu, W.; Zhang, K.; Wei, P.; Hu, Y.; Peng, Y.; Fang, X.; He, G.; Wu, L.; Chao, M.; Wang, J. Correlation between miR-200 Family
Overexpression and Cancer Prognosis. Dis. Markers 2018, 2018, 6071826. [CrossRef] [PubMed]

140. Li, J.; Tan, Q.; Yan, M.; Liu, L.; Lin, H.; Zhao, F.; Bao, G.; Kong, H.; Ge, C.; Zhang, F.; et al. miRNA-200c inhibits invasion and
metastasis of human non-small cell lung cancer by directly targeting ubiquitin specific peptidase 25. Mol. Cancer 2014, 13, 166.
[CrossRef]

141. Pecot, C.V.; Rupaimoole, R.; Yang, D.; Akbani, R.; Ivan, C.; Lu, C.; Wu, S.; Han, H.-D.; Shah, M.Y.; Rodriguez-Aguayo, C.; et al.
Tumour angiogenesis regulation by the miR-200 family. Nat. Commun. 2013, 4, 2427. [CrossRef] [PubMed]

142. Tejero-Villalba, R.; Navarro, A.; Campayo, M.; Viñolas, N.; Marrades, R.M.; Cordeiro, A.; Ruíz-Martínez, M.; Santasusagna, S.;
Molins, L.; Ramirez, J.; et al. miR-141 and miR-200c as Markers of Overall Survival in Early Stage Non-Small Cell Lung Cancer
Adenocarcinoma. PLoS ONE 2014, 9, e101899. [CrossRef]

143. Si, L.; Tian, H.; Yue, W.; Li, L.; Li, S.; Gao, C.; Qi, L. Potential use of microRNA-200c as a prognostic marker in non-small cell lung
cancer. Oncol. Lett. 2017, 14, 4325–4330. [CrossRef] [PubMed]

144. Tsai, J.H.; Yang, J. Epithelial-mesenchymal plasticity in carcinoma metastasis. Genes Dev. 2013, 27, 2192–2206. [CrossRef]
145. Halvorsen, A.R.; Bjaanæs, M.; Leblanc, M.; Holm, A.M.; Bolstad, N.; Rubio, L.; Peñalver, J.C.; Cervera, J.; Mojarrieta, J.C.;

López-Guerrero, J.A.; et al. A unique set of 6 circulating microRNAs for early detection of non-small cell lung cancer. Oncotarget
2016, 7, 37250–37259. [CrossRef] [PubMed]

146. Yu, L.; Todd, N.W.; Xing, L.; Xie, Y.; Zhang, H.; Liu, Z.; Fang, H.; Zhang, J.; Katz, R.L.; Jiang, F. Early detection of lung
adenocarcinoma in sputum by a panel of microRNA markers. Int. J. Cancer 2010, 127, 2870–2878. [CrossRef] [PubMed]

147. Arab, A.; Karimipoor, M.; Irani, S.; Kiani, A.; Zeinali, S.; Tafsiri, E.; Sheikhy, K. Potential circulating miRNA signature for early
detection of NSCLC. Cancer Genet. 2017, 216, 150–158. [CrossRef]

148. Hydbring, P.; De Petris, L.; Zhang, Y.; Brandén, E.; Koyi, H.; Novak, M.; Kanter, L.; Hååg, P.; Hurley, J.; Tadigotla, V.; et al.
Exosomal RNA-profiling of pleural effusions identifies adenocarcinoma patients through elevated miR-200 and LCN2 expression.
Lung Cancer 2018, 124, 45–52. [CrossRef]

149. Chen, L.; Gibbons, D.L.; Goswami, S.; Cortez, M.A.; Ahn, Y.-H.; Byers, L.A.; Zhang, X.; Yi, X.; Dwyer, D.; Lin, W.; et al. Metastasis
is regulated via microRNA-200/ZEB1 axis control of tumour cell PD-L1 expression and intratumoral immunosuppression.
Nat. Commun. 2014, 5, 5241. [CrossRef]

150. Wei, S.; Wang, K.; Huang, X.; Zhao, Z.; Zhao, Z. LncRNA MALAT1 contributes to non-small cell lung cancer progression via
modulating miR-200a-3p/programmed death-ligand 1 axis. Int. J. Immunopathol. Pharmacol. 2019, 33. [CrossRef]

151. Fan, J.; Yin, Z.; Xu, J.; Wu, F.; Huang, Q.; Yang, L.; Jin, Y.; Yang, G. Circulating microRNAs predict the response to anti-PD-1
therapy in non-small cell lung cancer. Genomics 2020, 112, 2063–2071. [CrossRef]

152. Dekker, E.; Tanis, P.J.; Vleugels, J.L.A.; Kasi, P.M.; Wallace, M.B. Colorectal cancer. Lancet 2019, 394, 1467–1480. [CrossRef]
153. O’Brien, S.J.; Carter, J.; Burton, J.F.; Oxford, B.G.; Schmidt, M.N.; Hallion, J.C.; Galandiuk, S. The role of the miR-200 family

in epithelial-mesenchymal transition in colorectal cancer: A systematic review. Int. J. Cancer 2018, 142, 2501–2511. [CrossRef]
[PubMed]

154. Wang, M.; Zhang, P.; Li, Y.; Liu, G.; Zhou, B.; Zhan, L.; Zhou, Z.; Sun, X. The quantitative analysis by stem-loop real-time PCR
revealed the microRNA-34a, microRNA-155 and microRNA-200c overexpression in human colorectal cancer. Med Oncol. 2012, 29,
3113–3118. [CrossRef] [PubMed]

155. Paterson, E.L.; Kazenwadel, J.; Bert, A.G.; Khew-Goodall, Y.; Ruszkiewicz, A.; Goodall, G. Down-Regulation of the miRNA-200
Family at the Invasive Front of Colorectal Cancers with Degraded Basement Membrane Indicates EMT Is Involved in Cancer
Progression. Neoplasia 2013, 15, IN18–IN22. [CrossRef] [PubMed]

http://doi.org/10.1093/carcin/bgw008
http://www.ncbi.nlm.nih.gov/pubmed/26785733
http://doi.org/10.1186/s13058-018-1001-3
http://www.ncbi.nlm.nih.gov/pubmed/29996899
http://doi.org/10.18632/oncotarget.26629
http://doi.org/10.3389/fonc.2020.586268
http://doi.org/10.1016/j.mayocp.2019.01.013
http://www.ncbi.nlm.nih.gov/pubmed/31378236
http://doi.org/10.3892/mco.2014.410
http://doi.org/10.1016/j.jtho.2019.03.022
http://doi.org/10.1155/2018/6071826
http://www.ncbi.nlm.nih.gov/pubmed/30069274
http://doi.org/10.1186/1476-4598-13-166
http://doi.org/10.1038/ncomms3427
http://www.ncbi.nlm.nih.gov/pubmed/24018975
http://doi.org/10.1371/journal.pone.0101899
http://doi.org/10.3892/ol.2017.6667
http://www.ncbi.nlm.nih.gov/pubmed/28943946
http://doi.org/10.1101/gad.225334.113
http://doi.org/10.18632/oncotarget.9363
http://www.ncbi.nlm.nih.gov/pubmed/27191990
http://doi.org/10.1002/ijc.25289
http://www.ncbi.nlm.nih.gov/pubmed/21351266
http://doi.org/10.1016/j.cancergen.2017.07.006
http://doi.org/10.1016/j.lungcan.2018.07.018
http://doi.org/10.1038/ncomms6241
http://doi.org/10.1177/2058738419859699
http://doi.org/10.1016/j.ygeno.2019.11.019
http://doi.org/10.1016/S0140-6736(19)32319-0
http://doi.org/10.1002/ijc.31282
http://www.ncbi.nlm.nih.gov/pubmed/29388209
http://doi.org/10.1007/s12032-012-0241-9
http://www.ncbi.nlm.nih.gov/pubmed/22562822
http://doi.org/10.1593/neo.121828
http://www.ncbi.nlm.nih.gov/pubmed/23441132


Cancers 2021, 13, 5874 32 of 35

156. Knudsen, K.N.; Lindebjerg, J.; Nielsen, B.S.; Hansen, T.; Sørensen, F.B. MicroRNA-200b is downregulated in colon cancer budding
cells. PLoS ONE 2017, 12, e0178564. [CrossRef] [PubMed]

157. Vacante, M.; Ciuni, R.; Basile, F.; Biondi, A. The Liquid Biopsy in the Management of Colorectal Cancer: An Overview. Biomedicines
2020, 8, 308. [CrossRef]

158. Rapado-González, Ó.; Álvarez-Castro, A.; López-López, R.; Iglesias-Canle, J.; Suárez-Cunqueiro, M.M.; Muinelo-Romay, L.
Circulating microRNAs as Promising Biomarkers in Colorectal Cancer. Cancers 2019, 11, 898. [CrossRef]

159. Ng, E.K.-O.; Chong, W.W.S.; Jin, H.; Lam, E.K.Y.; Shin, V.Y.; Yu, J.; Poon, T.C.W.; Ng, S.S.M.; Sung, J.J.Y. Differential expression
of microRNAs in plasma of patients with colorectal cancer: A potential marker for colorectal cancer screening. Gut 2009, 58,
1375–1381. [CrossRef]

160. Zhang, G.-J.; Zhou, T.; Liu, Z.-L.; Tian, H.-P.; Xia, S.-S. Plasma miR-200c and miR-18a as potential biomarkers for the detection of
colorectal carcinoma. Mol. Clin. Oncol. 2013, 1, 379–384. [CrossRef]

161. Eslamizadeh, S.; Heidari, M.; Agah, S.; Faghihloo, E.; Ghazi, H.; Mirzaei, A.; Akbari, A. The Role of MicroRNA Signature as
Diagnostic Biomarkers in Different Clinical Stages of Colorectal Cancer. Cell J. 2018, 20, 220–230. [CrossRef] [PubMed]

162. Cheng, H.; Zhang, L.; Cogdell, D.E.; Zheng, H.; Schetter, A.J.; Nykter, M.; Harris, C.C.; Chen, K.; Hamilton, S.R.; Zhang, W.
Circulating Plasma MiR-141 Is a Novel Biomarker for Metastatic Colon Cancer and Predicts Poor Prognosis. PLoS ONE 2011,
6, e17745. [CrossRef] [PubMed]

163. Sun, Y.; Liu, Y.; Cogdell, D.; Calin, G.; Sun, B.; Kopetz, S.; Hamilton, S.R.; Zhang, W. Examining plasma microRNA markers for
colorectal cancer at different stages. Oncotarget 2016, 7, 11434–11449. [CrossRef]

164. Wang, Y.-N.; Chen, Z.-H.; Chen, W.-C. Novel circulating microRNAs expression profile in colon cancer: A pilot study.
Eur. J. Med. Res. 2017, 22, 51. [CrossRef]

165. Gasparello, J.; Papi, C.; Allegretti, M.; Giordani, E.; Carboni, F.; Zazza, S.; Pescarmona, E.; Romania, P.; Giacomini, P.; Scapoli, C.;
et al. A Distinctive microRNA (miRNA) Signature in the Blood of Colorectal Cancer (CRC) Patients at Surgery. Cancers 2020, 12,
2410. [CrossRef]

166. Jang, S.; Hong, M.; Shin, M.K.; Kim, B.C.; Shin, H.-S.; Yu, E.; Hong, S.-M.; Kim, J.; Chun, S.-M.; Kim, T.-I.; et al. KRAS and PIK3CA
mutations in colorectal adenocarcinomas correlate with aggressive histological features and behavior. Hum. Pathol. 2017, 65,
21–30. [CrossRef]

167. Toiyama, Y.; Hur, K.; Tanaka, K.; Inoue, Y.; Kusunoki, M.; Boland, C.R.; Goel, A. Serum miR-200c Is a Novel Prognostic and
Metastasis-Predictive Biomarker in Patients With Colorectal Cancer. Ann. Surg. 2014, 259, 735–743. [CrossRef] [PubMed]

168. Maierthaler, M.; Benner, A.; Hoffmeister, M.; Surowy, H.; Jansen, L.; Knebel, P.; Chang-Claude, J.; Brenner, H.; Burwinkel, B.
Plasma miR-122 and miR-200 family are prognostic markers in colorectal cancer. Int. J. Cancer 2017, 140, 176–187. [CrossRef]

169. Zhu, S.-H.; He, X.-C.; Wang, L. Correlation analysis of miR-200b, miR-200c, and miR-141 with liver metastases in colorectal cancer
patients. Eur. Rev. Med Pharmacol. Sci. 2017, 21, 2357–2363.

170. Ogata-Kawata, H.; Izumiya, M.; Kurioka, D.; Honma, Y.; Yamada, Y.; Furuta, K.; Gunji, T.; Ohta, H.; Okamoto, H.; Sonoda, H.; et al.
Circulating Exosomal microRNAs as Biomarkers of Colon Cancer. PLoS ONE 2014, 9, e92921. [CrossRef]

171. Pérez, D.D.M.; Martínez, A.R.; Palomo, A.O.; Ureña, M.D.; Puche, J.L.G.; Remacho, A.R.; Hernandez, J.E.; Acosta, J.A.L.; Sánchez,
F.G.O.; Serrano, M.J. Extracellular vesicle-miRNAs as liquid biopsy biomarkers for disease identification and prognosis in
metastatic colorectal cancer patients. Sci. Rep. 2020, 10, 3974. [CrossRef] [PubMed]

172. Santasusagna, S.; Moreno, I.; Navarro, A.; Rodenas, F.M.; Hernández, R.; Castellano, J.J.; Muñoz, C.; Monzo, M. Prognostic Impact
of miR-200 Family Members in Plasma and Exosomes from Tumor-Draining versus Peripheral Veins of Colon Cancer Patients.
Oncology 2018, 95, 309–318. [CrossRef]

173. Fuji, T.; Umeda, Y.; Nyuya, A.; Taniguchi, F.; Kawai, T.; Yasui, K.; Toshima, T.; Yoshida, K.; Fujiwara, T.; Goel, A.; et al. Detection of
circulating microRNAs with Ago2 complexes to monitor the tumor dynamics of colorectal cancer patients during chemotherapy.
Int. J. Cancer 2018, 144, 2169–2180. [CrossRef]

174. Takayama, K.-I.; Misawa, A.; Inoue, S. Significance of microRNAs in Androgen Signaling and Prostate Cancer Progression.
Cancers 2017, 9, 102. [CrossRef]

175. Scher, H.I.; Halabi, S.; Tannock, I.; Morris, M.J.; Sternberg, C.N.; Carducci, M.A.; Eisenberger, M.A.; Higano, C.; Bubley, G.J.;
Dreicer, R.; et al. Design and End Points of Clinical Trials for Patients with Progressive Prostate Cancer and Castrate Levels
of Testosterone: Recommendations of the Prostate Cancer Clinical Trials Working Group. J. Clin. Oncol. 2008, 26, 1148–1159.
[CrossRef]

176. Song, C.; Chen, H.; Chen, L.; Ru, G.; Guo, J.; Ding, Q. The potential of microRNAs as human prostate cancer biomarkers: A
meta-analysis of related studies. J. Cell. Biochem. 2018, 119, 2763–2786. [CrossRef]

177. Brase, J.C.; Johannes, M.; Schlomm, T.; Fälth, M.; Haese, A.; Steuber, T.; Beißbarth, T.; Kuner, R.; Sültmann, H. Circulating miRNAs
are correlated with tumor progression in prostate cancer. Int. J. Cancer 2010, 128, 608–616. [CrossRef] [PubMed]

178. Nguyen, H.C.N.; Xie, W.; Yang, M.; Hsieh, C.-L.; Drouin, S.; Lee, G.-S.M.; Kantoff, P.W. Expression differences of circulating
microRNAs in metastatic castration resistant prostate cancer and low-risk, localized prostate cancer. Prostate 2013, 73, 346–354.
[CrossRef] [PubMed]

179. Agaoglu, F.Y.; Kovancilar, M.; Dizdar, Y.; Darendeliler, E.; Holdenrieder, S.; Dalay, N.; Gezer, U. Investigation of miR-21, miR-141,
and miR-221 in blood circulation of patients with prostate cancer. Tumor Biol. 2011, 32, 583–588. [CrossRef]

http://doi.org/10.1371/journal.pone.0178564
http://www.ncbi.nlm.nih.gov/pubmed/28552992
http://doi.org/10.3390/biomedicines8090308
http://doi.org/10.3390/cancers11070898
http://doi.org/10.1136/gut.2008.167817
http://doi.org/10.3892/mco.2013.61
http://doi.org/10.22074/CELLJ.2018.5366
http://www.ncbi.nlm.nih.gov/pubmed/29633600
http://doi.org/10.1371/journal.pone.0017745
http://www.ncbi.nlm.nih.gov/pubmed/21445232
http://doi.org/10.18632/oncotarget.7196
http://doi.org/10.1186/s40001-017-0294-5
http://doi.org/10.3390/cancers12092410
http://doi.org/10.1016/j.humpath.2017.01.010
http://doi.org/10.1097/SLA.0b013e3182a6909d
http://www.ncbi.nlm.nih.gov/pubmed/23982750
http://doi.org/10.1002/ijc.30433
http://doi.org/10.1371/journal.pone.0092921
http://doi.org/10.1038/s41598-020-60212-1
http://www.ncbi.nlm.nih.gov/pubmed/32132553
http://doi.org/10.1159/000490726
http://doi.org/10.1002/ijc.31960
http://doi.org/10.3390/cancers9080102
http://doi.org/10.1200/JCO.2007.12.4487
http://doi.org/10.1002/jcb.26445
http://doi.org/10.1002/ijc.25376
http://www.ncbi.nlm.nih.gov/pubmed/20473869
http://doi.org/10.1002/pros.22572
http://www.ncbi.nlm.nih.gov/pubmed/22887127
http://doi.org/10.1007/s13277-011-0154-9


Cancers 2021, 13, 5874 33 of 35

180. Cheng, H.H.; Mitchell, P.; Kroh, E.M.; Dowell, A.E.; Chéry, L.; Siddiqui, J.; Nelson, P.S.; Vessella, R.L.; Knudsen, B.S.; Chinnaiyan,
A.M.; et al. Circulating microRNA Profiling Identifies a Subset of Metastatic Prostate Cancer Patients with Evidence of Cancer-
Associated Hypoxia. PLoS ONE 2013, 8, e69239. [CrossRef]

181. Watahiki, A.; Macfarlane, R.J.; Gleave, M.E.; Crea, F.; Wang, Y.; Helgason, C.D.; Chi, K.N. Plasma miRNAs as Biomarkers to
Identify Patients with Castration-Resistant Metastatic Prostate Cancer. Int. J. Mol. Sci. 2013, 14, 7757–7770. [CrossRef]

182. Bryant, R.J.; Pawlowski, T.; Catto, J.; Marsden, G.; Vessella, R.L.; Rhees, B.; Kuslich, C.; Visakorpi, T.; Hamdy, F.C. Changes in
circulating microRNA levels associated with prostate cancer. Br. J. Cancer 2012, 106, 768–774. [CrossRef] [PubMed]

183. Zhang, H.-L.; Qin, X.-J.; Cao, D.-L.; Zhu, Y.; Yao, X.-D.; Zhang, S.-L.; Dai, B.; Ye, D.-W. An elevated serum miR-141 level in patients
with bone-metastatic prostate cancer is correlated with more bone lesions. Asian J. Androl. 2013, 15, 231–235. [CrossRef] [PubMed]

184. De Souza, M.F.; Kuasne, H.; Filho, M.B.; Cilião, H.L.; Marchi, F.A.; Fuganti, P.E.; Paschoal, A.R.; Rogatto, S.; Cólus, I.M.D.S.
Circulating mRNAs and miRNAs as candidate markers for the diagnosis and prognosis of prostate cancer. PLoS ONE 2017,
12, e0184094. [CrossRef] [PubMed]

185. Lin, H.-M.; Castillo, L.; Mahon, K.; Chiam, K.; Lee, B.Y.; Nguyen, Q.; Boyer, M.; Stockler, M.R.; Pavlakis, N.; Marx, G.; et al.
Circulating microRNAs are associated with docetaxel chemotherapy outcome in castration-resistant prostate cancer. Br. J. Cancer
2014, 110, 2462–2471. [CrossRef] [PubMed]

186. Lin, H.-M.; Mahon, K.; Spielman, C.; Gurney, H.; Mallesara, G.; Stockler, M.R.; Bastick, P.; Briscoe, K.; Marx, G.; Swarbrick, A.;
et al. Phase 2 study of circulating microRNA biomarkers in castration-resistant prostate cancer. Br. J. Cancer 2017, 116, 1002–1011.
[CrossRef] [PubMed]

187. Gonzales, J.C.; Fink, L.M.; Goodman, O.B.; Symanowski, J.T.; Vogelzang, N.J.; Ward, D.C. Comparison of Circulating
MicroRNA 141 to Circulating Tumor Cells, Lactate Dehydrogenase, and Prostate-Specific Antigen for Determining Treatment
Response in Patients with Metastatic Prostate Cancer. Clin. Genitourin. Cancer 2011, 9, 39–45. [CrossRef] [PubMed]

188. Zedan, A.H.; Osther, P.J.S.; Assenholt, J.; Madsen, J.S.; Hansen, T. Circulating miR-141 and miR-375 are associated with treatment
outcome in metastatic castration resistant prostate cancer. Sci. Rep. 2020, 10, 227. [CrossRef] [PubMed]

189. Sharova, E.; Maruzzo, M.; Del Bianco, P.; Cavallari, I.; Pierantoni, F.; Basso, U.; Ciminale, V.; Zagonel, V. Prognostic Stratification
of Metastatic Prostate Cancer Patients Treated with Abiraterone and Enzalutamide Through an Integrated Analysis of Circulating
Free microRNAs and Clinical Parameters. Front. Oncol. 2021, 11, 626104. [CrossRef]

190. Kachakova, D.; Mitkova, A.; Popov, E.; Popov, I.; Vlahova, A.; Dikov, T.; Christova, S.; Mitev, V.; Slavov, C.; Kaneva, R.
Combinations of Serum Prostate-Specific Antigen and Plasma Expression Levels of let-7c, miR-30c, miR-141, and miR-375 as
Potential Better Diagnostic Biomarkers for Prostate Cancer. DNA Cell Biol. 2015, 34, 189–200. [CrossRef]

191. Sharova, E.; Grassi, A.; Marcer, A.; Ruggero, K.; Pinto, F.; Bassi, P.; Zanovello, P.; Zattoni, F.; D’Agostino, D.M.; Iafrate, M.; et al. A
circulating miRNA assay as a first-line test for prostate cancer screening. Br. J. Cancer 2016, 114, 1362–1366. [CrossRef]

192. Guo, X.; Han, T.; Hu, P.; Guo, X.; Zhu, C.; Wang, Y.; Chang, S. Five microRNAs in serum as potential biomarkers for prostate
cancer risk assessment and therapeutic intervention. Int. Urol. Nephrol. 2018, 50, 2193–2200. [CrossRef]

193. Jin, W.; Fei, X.; Wang, X.; Chen, F.; Song, Y. Circulating miRNAs as Biomarkers for Prostate Cancer Diagnosis in Subjects with
Benign Prostatic Hyperplasia. J. Immunol. Res. 2020, 2020, 5873056. [CrossRef]

194. Endzelin, š, E.; Berger, A.; Melne, V.; Bajo-Santos, C.; Sobol,evska, K.; Ābols, A.; Rodriguez, M.; Šantare, D.; Rudn, ickiha, A.;
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