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Abstract: microRNAs (miRNAs) are small non-coding RNA transcripts (20–24 nucleotides) that
bind to their complementary sequences in the 3′-untranslated regions (3′-UTR) of targeted genes to
negatively or positively regulate their expression. miRNAs affect the expression of genes in cells,
thereby contributing to several important biological processes, including tumorigenesis. Identifying
the miRNA cluster as a human embryonic stem cell (hESC)-specific miRNAs initially led to the
identification of miR-371, miR-372, miR-373, and miR-373*, which can ultimately be translated into
mature miRNAs. Recent evidence suggests that miR-371–373 genes are abnormally expressed in
various cancers and act either as oncogenes or tumor suppressors, indicating they may be suitable
as molecular biomarkers for cancer diagnosis and prevention. In this article, we summarize recent
studies linking miR-371–373 functions to tumorigenesis and speculate on the potential applications
of miR-371–373 as biomarkers for cancer diagnosis and treatment.

Keywords: microRNA; miR-371–373 gene cluster; oncogene; tumor suppressor

1. Background

miRNAs are the type of short non-coding RNA composed of 20 to 24 nucleotides.
Wightman and Lee [1,2] first discovered two small lin-4 transcripts about 22 and 61 nt
in C. elegans that have complementary sequences in the 3′-UTR of lin-14 messenger RNA
(mRNA), providing the evidence that lin-4 transcript is responsible for the negative regula-
tion of lin-14 mRNA, which is now known as miRNAs. MiRNAs are capable of binding to
target mRNA through their 3′-UTR, rendering the target mRNA degraded or inhibiting
translation of proteins [3,4], thus playing a crucial role in transcription. Recent studies have
brought to light how miRNAs function in multiple regulatory functions, such as gene tran-
scription, cell cycle control, and metabolism [3–5]. However, miRNAs play an important
role in several cancer-relevant processes, including cell differentiation, proliferation, and
migration [6]. In this review, we discuss miRNA371 (miR-371) to miR-373 and summarize
current knowledge of the functions of miR-371 to 373 in intracellular biological processes.
We speculate on possible roles that may contribute to tumorigenesis.

2. miRNAs Biogenesis

miRNA biogenesis is a complex process involving multiple steps. Figure 1 shows that
the RNA polymerase II enzyme initiated the transcription of miRNAs to produce primary
miRNAs (pri-miRNAs) within the nucleus. [7–9]. Next, a complex composed of RNase III
enzyme, Drosha, and the protein DiGeorge syndrome critical region 8 (DGCR8) excises
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the hairpin structure of pri-miRNA and turns into precursor miRNAs (pre-miRNAs), a
product of about 70 nucleotides with a 2-nucleotide overhang at the 3′ end [10–13]. There is
a well-established relationship between the Drosha enzyme and the Drosha protein at the
hairpin base, while DGCR8 proteins receive a signal and bind to the stem of pri-miRNA
for cleavage [14,15]. Consequently, pre-miRNA is transported by Exportin 5/Ran-GTP
to the cytoplasm after the recognition of the overhang transcripts [16]. In the cytoplasm,
pre-miRNA is recognized by the Dicer RNase III enzyme [17–19] that cuts the pre-miRNAs
at a species-specific length [20], therefore a mature-miRNA duplex features 2-nucleotide 3′

overhang at its origin [15,21]. The latest miRNA duplex has 22 nucleotides loaded into the
RNA-induced silencing complex (RISC) that directs it to its target mRNA. The targeted
mRNA is degraded whenever the 3’-UTR of the mRNA and the miRNA have a stable bond.
The translational repression of the targeted region can occur without any degradation of
the mRNA when the complementarity of the targeted region is incomplete [22,23].
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3. miR-371–373 Gene Cluster

The miR-371–373 gene cluster is located in chromosome 19q13.4. Many oncogenic
events related to HNSCC (head and neck squamous cell carcinoma) are known to reside in
this region [24]. As shown in Figure 2, the miR-371–373 gene cluster can be transcribed and
processed into pre-miR-371, pre-miR-372, and pre-miR-373, and four mature mRNAs are
eventually formed including miR-371, miR-372, miR-373, and miR-373* [25,26]. MiR-372
and miR-373 are originally identified as the hESC (human embryonic stem cell)-specific
miRNAs [26]. More specifically, miR-372 was also identified as a direct and functional
target for ATAD2 (ATPase family AAA domain-containing protein 2) in hepatic carcinogen-
esis [27]. It has been demonstrated that miR-373 is a member of the miR-520/373 family,
which consists of three miRNA clusters possessing identical seed sequences: miR-302/367,
miR-371–373, and miR-520 [28–30]. The miR-372 and miR-373 seed sequences are different
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in each species. For example, the miR-290–295 cluster in mice is homologous to the miR-
371–373 cluster in humans [31]. It is noteworthy that the individual pre-miRNA hairpin
sequences are homologous. It can therefore be speculated that those miRNAs in cells have
similar functions based on their homology and the conservation of their putative promoter
elements [32].
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4. Functions of miR-371–373 in Tumorigenesis
4.1. Expression Status of miR-371–373 in Different Cancer Cells

Studies confirm that the unbalanced expression of miRNAs can lead to abnormal
expression of target proteins, which results in alterations to various biological processes
in cells. In line with this view, aberrant expression of miRNAs has been detected in many
cancers, including gastric [33], lung [34], and prostate cancer (PCa) [35], suggesting that
miRNAs such as the miR371–373 gene cluster play an important role in carcinogenesis.
Researchers have found that miR-371–373 expression is reduced in PCA DU145 cells [36]
and pancreatic adenocarcinoma (HPAC) [37], while the expression level of miR-371–373 is
increased in gastric adenocarcinoma [38] and esophageal cancer cells [39]. miR-371–373
expression is altered in tumor cells and directly affects tumor growth. Up-regulated miR-
372 and miR-373, for example, play a critical role in esophageal cancer progression [40].
In addition, in HPAC, miR-372 is not only expressed at a low level but its expression is
inversely correlated with ULK1 (a tumor protein UNC51-like kinase 1). Thus, overexpres-
sion of ULK1 can reverse the effects of overexpressed miR-372, suggesting the function of a
miR-372/ULK1 axis in suppressing HPAC cell proliferation, migration, and invasion [41].
Moreover, the expression status of miR-373-3p is related to the overall survival rate of
patients with PCa, and patients with longer survival rates have a higher expression level
of miR-373-3p. Therefore, miR-373-3p is considered the best option to be used as an early
diagnostic marker to differentiate PCa from benign prostatic hyperplasia [42]. A single
miRNA often targets many potential proteins, thereby participating in the transcriptional
regulation and genomic instability with different routes [43]. To date, accumulating evi-
dence revealed that miRNAs can serve both as tumor suppressors or oncogenes in human
cancers [44–49], creating a complication to know the exact mechanisms which lead to
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tumorigenesis. Taken together, the expression status of miR-371–373 gene cluster in cell
and molecular pathways may be closely related to the occurrence of cancer [50].

4.2. Role of miR-371–373 on Cancer Stem Cells

Over the past decades, the concept of stem cells has been extended from the ESCs and
adult stem cells to cancer stem cells (CSCs) [51]. CSCs belong to the subfamily of cancerous
cells with capabilities of self-renewal, differentiation, and tumorigenesis, and are found in
the different types of tumors [52,53]. With the improvement of experimental technology,
CSCs with self-renewal ability and pluripotent differentiation potential are now possible to
derive from different types of tumors in an undifferentiated state under defined culture
conditions [54–56]. Accumulating evidence suggests that CSCs possess the unique ability
to initiate and perpetuate tumor growth; this characteristic is also called “stemness” [57].
Importantly, most miRNAs are limited to specific stages in embryonic development [58,59]
and play a role in embryogenesis [60]. As mentioned before, miR-371–373 gene clus-
ter was originally identified as the hESC-specific miRNAs. According to the literature,
human ESCs possess miR-371–373 gene clusters in an abundant form, suggesting that
miR-371–373 genes are involved in the stemness maintenance of ESCs [61]. In line with
this, miR-371–373 gene cluster in signaling pathways like the Wnt/B-catenin pathway can
enhance stem cell self-renewal and their oncogenesis of various tissues [62–65]. For exam-
ple, miR-372 and miR-373 enhance the stemness of colorectal cancer cells by repressing
the expression of differentiation genes, such as NFkB, MAPK (mitogen-activated protein
kinase-like protein)/Erk, and VDR (vitamin D receptor) [66]. Moreover, mir-372 regulates
human ESC division by regulating the gap-phase checkpoints [67]. It is worth noting that
miR-372 is highly expressed in human ESCs and human iPSCs (induced pluripotent stem
cells)-derived primordial germ cell-like cells (PGCLCs), and human ESC cell cycle miRNA
miR-372 and let-7 act antagonistically in germline differentiation from human ESCs and
iPSCs. For example, knockdown of the individual miR-372 targets SMARCC1 (knockdown
of the let-7 targets CMYC and NMYC suppressed PGCLC differentiation), MECP2 (methyl-
CpG binding protein 2), CDKN1A (p21Cip1/Waf1), RBL2 (RB transcriptional corepressor
like 2), RHOC (Ras homolog gene family, member C), and TGFBR2 (TGFb receptor 2) in-
creased PGCLC production; conversely, knockdown of the let-7 targets CMYC and NMYC
(two members of the oncogene Myc family) suppressed PGCLC differentiation. [68].

4.3. miR-371–373 Serves as Oncogenes in Human Cancers

Based on the fact that miRNAs are often deregulated in tumorigenesis, the involve-
ment of miRNAs in regulating genes related to tumor development can be speculated. A
series of recent studies have indicated that miR-371–373 gene cluster plays an important
role in various types of cancers by targeting certain genes [69,70] (Table 1). Importantly,
from the perspective of the metastatic function of cancer cells, miR-371–373 clusters can act
as both tumor suppressors and oncogenes by monitoring migration and invasion [71].

LATS2 (large tumor suppressor kinase 2) gene, a homolog of the LATS tumor suppres-
sor family, plays a critical role in controlling cell cycles and tumor development through
hippo pathway, p53, and Ras-ERK signal transduction [72]. Therefore, it is not difficult to
understand that the aberrant expression of LATS2 in cells may lead to tumor occurrence.
In line with this, in gastric adenocarcinoma cells, highly expressed miR-372 produced the
proliferation and migration of cancer cells by suppressing the LATS2 [38]. Moreover, the
down-regulation of LATS2 by miR-372 prolonged the survival of esophageal squamous
cell carcinoma [73], suggesting that miR-372 and miR-373 may act as oncogenes in cancer
cells. Subsequent research confirmed this view. In testicular germ cell tumors (TGCTs), the
miR-371–373 cluster is involved in overruling cellular senescence induced by oncogenic
stress, therefore allowing cells to become more malignant [25,73]. The high-throughput
microRNAome analysis further confirmed that the miR-371–373 cluster is implicated in
regulating the differentiation of stem cells and retained in TGCTs [25]. More in-depth
research suggests that LATS2 and P53 are pivotal genes in the tumorigenesis of esophageal
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and many other cancer cells are targeted by miR-371–373 [74]. For instance, miR-372 and
miR-373 neutralize p53-mediated CDK (cyclin) inhibition by suppressing the LATS2 in
TGCTs, indicating that miR-372 and miR-373 may act as oncogenes participating in the
development of human TGCTs by numbing the p53 pathway [73]. Later research also
found that miR-373 in vivo oncogenic function was mediated by its negative regulation of
TP53INP1, LATS2, and CD44 [75]. On the other hand, zinc importer ZIP4 transcription-
ally induces miR-373 in PCa through activating the zinc-dependent transcription factor
CREB, suggesting that the ZIP4-CREB-miR-373 signaling axis promoting pancreatic cancer
growth [76].

In addition to LATS2, multiple genes have been confirmed to be target genes of the
miR-371–373 cluster and act as oncogenes in tumorigenesis. In human gastric carcinoma
cells, miR-372 down-regulates TNFAIP1 (tumor necrosis factor, α-induced protein 1) and
further activating the NFkB signaling pathway, therefore increasing cell proliferation,
indicating the oncogenic function of miR-372 [77]. It has been found that intracellular
FGF9 (fibroblast growth factor 9), a member of the FGF family, is abnormally expressed
in various cancers including lung, prostate, ovarian, and endometrioid cancers [78–80].
FGF9 is a downstream target of Wnt signaling in ovarian endometrioid adenocarcinomas
with oncogenic properties [81]. Based on these findings, miR-372-3p promotes cell growth
and metastasis by targeting FGF9, suggesting that the miR-372-3p acts as an oncogene
in lung squamous cell carcinomas (LSCCs) [82]. Moreover, miRNAs 373 and 520c are
downregulated in PC and enhance the invasion of PC cells in vitro via suppressing CD44
translation [83]. miR-373 suppresses tumor invasion and metastasis in epithelial ovarian
cancer (EOC) by targeting Rab22A oncogene [84].

Table 1. miR-372 and miR -373 regulate target genes involved in tumorigenesis.

miRNAs Tumor Tissues or Cancer Cells Target Genes Exp. of Targets Consequent Ref

mir-372

Prostate cancer p65 Down Acts as a tumor suppressor [30,85]
Liver carcinoma ATAD2 Down Acts as a tumor suppressor [32]

Gastric carcinoma, ESCC LATS2 Down Acts as an oncogene [38,72]

Colorectal cancer NFkB, MAPK/Erk,
and VDR Down Enhances the stemness [65]

Osteosarcoma tissues FXYD6 Down Acts as a tumor suppressor [68]
TGCT LATS2 Down Acts as an oncogene [73–75]

Gastric cancer TNFAIP1 Down Acts as an oncogene [77]
Lung carcinoma FGF9 Up Acts as an oncogene [82]

SCC p62 Up Acts as a tumor suppressor [86]
Glioma tissues PHLPP2 Up Acts as an oncogene [87]

Cervical, liver cancers, EC,
HeLa, germ cell, CDK2,Cyclin A1 Down Acts as a tumor suppressor [88,89]

Renal cell carcinoma MBD2 Down Acts as a tumor suppressor [90]

mir-373

Fibrosarcoma mTOR, SIRT1 Down Acts as an oncogene [29]
Breast cancer TGFB, NFkB Up Acts as a tumor suppressor [30]

Esophageal cancer LATS2 Up Acts as an oncogene [71]
Testicular germ cell tumors LATS2 Down Acts as an oncogene [73–75]

Pancreatic cancer ZIP4 Up Acts as an oncogene [76]
Prostate cancer CSDC2 Up Acts as a tumor suppressor [83]

Prostate cancer tissue CD44 Down Acts as an oncogene [83]
Ovarian cancer Rab22A Down Acts as a tumor suppressor [84]

Prostate cancerA549 cell E-cadherin Up Acts as a tumor suppressor [83,84]
Urinary bladder cancer EGFR Up Acts as a tumor suppressor [91]

Hilar cholangiocarcinoma MBD2 Down Acts as a tumor suppressor [90]
Lung cancer IRAK2, LAMP1 Down Acts as a tumor suppressor [90,92]
Lung cancer RelA, PIK3CA Down Acts as a tumor suppressor [85]

ESCC, esophageal squamous cell carcinoma; SCC, squamous cell carcinoma; TGCT, testicular germ cell tumors.
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4.4. miR-371–373 Serves as Tumor Suppressors in Human Cancers

Accumulating evidence reveals that the miR-371–373 cluster can serve both as a tumor
suppressor and an oncogene in human cancers. What needs to be emphasized is that
the complementary sequence of miR-372 and miR-373 was found in multiple genes. For
example, a putative miR-373 target site in the promoter of E-cadherin and CSDC2 (cold
shock domain-containing protein C2) was identified [93]. As a result, miR-373 increases
the expression levels of E-cadherin, thereby inhibiting migration of lung non-small-cell
cancer (LNSC) A549 cells [50]. According to the data from Ding and colleagues, the miR-
520/372/373 families can target the 3′-UTR of SPOP (speckle-type POZ protein) which
up-regulated in over 90% of renal cell carcinoma (RCC) and suppress the SPOP protein
expression, thus leading to elevation of PTEN and DUSP7 levels and suppressing the
progression of RCC in vitro and in vivo [94]. In estrogen receptor-negative breast cancer,
the miR-520/373 family is a strong inhibitor of the NFkB and TGFB signaling pathway
through direct targeting p65 [30]. In another case, up-regulation of miR-373 in pancreatic
cancer cells can repress the transforming growth factor B (TGFB)-induced EMT, thus
playing an important role to inhibit the invasiveness of cancer cells [37]. Furthermore, both
aldehyde dehydrogenase A1 (ALDH1A1) and TGFBR2 are identified as potential target
genes of the miR-371–373 cluster. Stably overexpressing the entire miR-371–373 cluster
successfully reduced the tumor initiation and metastatic growth capacity in different colon
TIC cultures by repressing TGFBR2 [95]. In PCa, lower expressed miRNA-373-3p leads
to the progression of cancer cells by affecting AKT1 (AKT serine/threonine kinase 1) [42].
Furthermore, miR-373 directly targets and inhibits EGFR expression, resulting in a low
expression level of VE-cadherin (vascular endothelial-cadherin), thereby suppressing the
activity of MMPs by inhibiting the PI3K/AKT pathway [96].

IGF2BP1 (insulin-like growth factor 2 mRNA-binding protein 1), a member of the
RNA-binding proteins, was identified as a target of several miRNAs including miR-372,
miR-494, and miR-625. Experimental results demonstrate that a high level of intracellular
miR-372 can bind with its target site at the 3′-UTR region of IGF2BP1, thereby causing the
repression of IGF2BP1 expression [97]. Silencing IGF2BP1 reduces cell proliferation and
promotes apoptosis in hepatocarcinoma cells [86], suggesting that miR-372 may act as a
tumor suppressor by inhibiting IGF2BP1. Consistent with this, overexpression of miR-372
in cancer cells blocks autophagy activation and inhibits in vivo tumor growth through
regulating sequestosome1 (SQSTM1 or p62) [91]. Levels of miR-372 and p62 are inversely
correlated in human HNSCC tissues. More specifically, miR-372 can suppress p62, thus
increasing ROS (reactive oxygen species) and motility in HNSCC cells by inhibiting phase
II detoxification enzyme NADPH Quinone oxidoreductase 1 (NQO1) [98]. In addition, up-
regulated miR-372 in glioma cell lines and tissues can be suppressed by directly targeting
PHLPP2 (PH domain and leucine-rich repeat protein phosphatase 2), and leads to the
inhibition of cell proliferation and invasion, this further induces G1/S arrest, apoptosis,
and prevention of the PI3K/Akt pathway. Moreover, an in vivo study of xenograft mouse
clearly discovered the suppressive effects of miR-372 knockdown on tumor growth [99].
Furthermore, FXYD6 (FXYD domain-containing ion transport regulator 6) is targeted by
miR-372. It has been known that FXYD6 is frequently up-regulated in cancer cells such
as cholangiocarcinoma and osteosarcoma [100], and this higher level of FXYD6 can be
targeted by miR-372-3p in osteosarcoma, thereby inhibiting the growth and metastasis of
cancer cells [68]. Because of this, FXYD6 has become a potential biomarker in osteosarcoma.

4.5. miR-371–373 Targets Cell Cycle-Related Genes

At present, it is generally believed that the continuous division of cells being receiving
oncogenic signals is the most common route to cause tumorigenicity [101]. Thus, alteration
in the cell cycle machinery performs a critical role in tumor generation, especially some
cell cycle regulatory proteins that play an essential role in tumor development. The
growing research reported that miRNAs are deeply connected with proteins involved in
cell cycle regulation [88]. Gene expression studies in nasopharyngeal carcinoma (NPC)
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TW01 cells found that CDKN1A/p21, INCA1 (Cyclin A1 interacting protein 1), LATS2,
and BIRC (baculoviral inhibitors of apoptosis repeat-containing) are up-regulated, and
CDK2 (cyclin-dependent kinase 2), Cyclin A1, TP53, BAX (bcl-2-associated X protein), and
BCL2 (B-cell CLL/lymphoma 2) are down-regulated by miR-372. Further experimental
research confirmed that miR-372 causes cell cycle arrest at the S phase, and may also act as a
tumor suppressor in cell cycle progression of TW01 cells via the down-regulation of CDK2
and CCNA1 as well as the up-regulation of CDKN1A/p21 and INCA1 [89]. In line with
this, the experimental data so far strongly suggest that overexpressed miR-371–3 cluster
influences the most important genes of the cell cycle, such as CDK2, CDK4, and CDK6,
thereby leading to malignant progression through interrupting cell cycle and differentiation
of cells [87]. For example, overexpression of miR-371–373 accelerates the progression of
cell division and inhibition of apoptosis in malignancies in numerous cancers such as colon
cancer stem cells, lung cancer, breast cancer, liver cancer, and germ cells [87,102,103]. In
human cervical cancer HeLa cells, CDK2 and Cyclin A1 are known to be the direct targets
of miR-372 and negatively regulate proliferation and cell cycle progression [87]. Similar
results were obtained from the experiments in endometrial adenocarcinoma (EC). miR-372
suppresses cell proliferation, migration, and invasion, and leads to a G1 phase arrest by
down-regulating Cyclin A1 and CDK2. Bioinformatic predictions further found that RhoC
was a possible target of miR-372, suggesting that miR-372 suppresses tumorigenesis and
development in EC [104]. In contrast, reduction of the miR-372 level in hESCs causes
attenuation of cell division. In more detail, miR-372 can reduce CDKN1A/p21 levels in
hESCs, preventing it from reaching the level of effective G1 checkpoint components that
can regulate the activity of the CycE/CDK complex [66].

4.6. miR-371–373 Gene Cluster as an Epigenetic Regulator in Cancer

The definition of the word “epigenetics” has evolved continually as science has pro-
gressed. Epigenetics is now described as the “inheritance of mitosis and/or meiosis”
without alterations to the DNA sequence [105–107]. There are many ways of epigenetic
regulation, such as DNA methylation, histone modification, and chromatin remodeling.
However, no matter what kind of regulation ultimately leads to changes in chromatin
structure, thereby affecting the transcriptional regulation of genes [108,109]. Recent accu-
mulating evidence assumes that non-coding RNAs like miRNAs also have a functional
role in different molecular mechanisms that assist epigenetics [110]. Research data have
demonstrated that miRNAs are involved in the initiation of several processes of carcino-
genesis by impacting the transcriptional regulation of genes that associate with epigenetic
machinery [111–113].

DNA methylation is the main epigenetic feature of DNA and plays a key role in
the regulation of gene transcription and maintaining genome stability. Changes in DNA
methylation can disrupt transcription levels and lead to pathological phenomena including
cancer [114,115]. For example, JMJD2A, a demethylase for histone H3K9/K36, is frequently
overexpressed in several tumors such as liver cancer. A higher level of JMJD2A inhibits
the DNA-damage repair by reducing homologous recombination (HR) repair. Simulta-
neously, JMJD2A can be negatively regulated by SIRT2 in cancer [116,117]. Interestingly,
JMJD2A inhibits the methylation of the miR-372 promoter region and promotes the recruit-
ment of p300 and RNApolII on it. In contrast, miR-372 influences the editing of JMJD2A
and prompts a novel transcript (JMJD2A∆) of JMJD2A. Noting that JMJD2A inhibits
CDKN1A/p21 in cell cycle progress through JMJD2A∆ dependent on miR-372, this fur-
ther facilitates cell cycle progress via the Pim 1-pRB-CDK2-CyclinE-c-Myc pathway [118],
suggesting the oncogenic function of JMJD2A. Moreover, the epigenetic regulation of
miR-373 in hilar cholangiocarcinoma was found by bioinformatic prediction. MBP (methyl
CpG binding protein) mediated high-methylation of promoter-related CpG islands are
consistent with miR-373 inhibition [119]. Similarly, miR-373 negatively regulates MBD2
(methyl-CpG-binding-domain protein 2) expression [120]. In line with this, depletion
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of methyltransferases DNMT3B and DNMT1 in colorectal cancer HCT116 cells caused
transcriptional inactivation of miR-373 through decreasing CpG islands methylation [121].

Transcriptional silencing of miRNAs in cancer is one of the mechanisms of epige-
netic changes. In addition to the miR-372 and miR-373 being silenced by DNA hyper-
methylation, its expression may also be regulated by histone modifications. For exam-
ple, down-regulated miR-373 in LNSC A549 and Calu-6 cells can be restored by histone
deacetylase (HDAC) inhibitors SAHA (suberoylanilide hydroxamic acid) and trichostatin A
(TSA), and this further results in the reduction of miR-373 target gene IRAK2 and LAMP1,
thereby attenuating cell proliferation and invasion [90]. In another case, miR-520 and
miR-373 up-regulate MMP9 (matrix metalloprotein 9) by directly targeting the 3′-UTR of
mTOR and SIRT1 mRNAs in human fibrosarcoma HT1080 cells, and further activating the
Ras/Raf/MEK/Erk signaling pathway and NF-κB, thereby enhancing cell growth [29].

4.7. miR-371–373 as the Target of New Chemotherapeutic Drugs

Epigenetic alterations are often reversible, which has led to the emergence of the
promising field of epigenetic therapy. Research data so far have shown that most miRNAs,
as versatile non-coding RNAs, play a vital role in gene expression, thereby regulating
the different physiological and cancer-related processes in cells [92,122]. Compared with
antibody-based targeting of specific proteins, miRNAs—a class of endogenous small
non-coding single-stranded RNAs—have higher specificity, sensitivity, and price advan-
tage [123]. Therefore, although the DNMTs, HDACs, and HATs have been used as biomark-
ers in research and clinical applications, miRNAs with better accuracy involved in the
regulation of post-transcriptional gene expression are more attractive as biomarkers [124].

In 1994, Murray and his collaborators reported that malignant germ cells tumors
(GCTs) overexpress miRNAs of the m371–373 and m302 clusters, regardless of the pa-
tient’s age, histologic subtype, or location [125]. Interestingly, the elevated cancer-related
miR-371–373 serum levels in GCT patients cleared quickly after treatment, suggesting
that miR-371–373 offer greater sensitivity and specificity for diagnosing and monitoring
malignant GCTs [126,127]. In GCTs, β-HCG (β subunit of human chorionic gonadotropin),
AFP (alpha-fetoprotein), and LDH (lactate dehydrogenase) are clinically used as serum
markers to diagnose tumors but have limitations in sensitivity and specificity, especially
in certain tumor subtypes, such as SE and EC [128]. Therefore, miRNAs have become
more accurate and reliable biomarkers for tumor diagnosis and prognosis. Dieckmann and
colleagues tried to use serum miR-371a-3p expression levels as biomarkers to accurately
assess TGCT, and to replace the existing conventional biomarkers such as AFP, β-HCB, and
LDH [129]. Afterward, a large number of published data explored the novelty of miRNA
clusters. However, so far, it is considered that miR-371a-3p are the most suitable for the
overall performance of serum samples with 88.7% sensitivity and 93.4% specificity, and
the expression level is also reduced after chemotherapy, so it is being used for diagnosis in
liquid biopsies of cancer patients, for both diagnostic, prognostic, and predictive purposes
such as germ cell neoplasia in situ (GCNIS) patients [130,131].

Harel and colleagues report that the expression level of miR-512 and miR-373 secreted
in exosomes are increased by treating lung cancer cells with inhibitors of DNMT and
HDAC (5′-aza-deoxycytidine and TSA). Interestingly, this re-expression of both miR-512
and miR-373 sensitizes lung cancer cells to cisplatin and restricts tumor growth. Subsequent
experimental data confirmed that miR-373 directly targets and represses RelA (p65) and
PIK3A, thus facilitating cell death upon treatment with cisplatin [85].

5. Conclusions and Perspectives

Different types of cancer have been associated with the abnormal expression of the
miR-371–373 gene cluster. By regulating the expression of the targeted genes, miR-371–373
acts as both an oncogene and a tumor suppressor. miR-371 –373 is closely associated with
tumorigenesis, especially at its positioning on chromosome 19q13.4, where many onco-
genic events associated with HNSCC reside. During tumorigenesis, aberrantly expressed
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miRNAs in serum can be detected, providing a valuable way to track cancer progression.
miR-371–373, a gene highly expressed in GCTs, such as TGCT, is rapidly reduced after
chemotherapy, suggesting that it might be the most appropriate biomarker for detecting
patient response to chemotherapy. To more effectively and safely understand the principles
of miRNA-based cancer therapy, more in-depth investigation is necessary.

Author Contributions: J.A.S., S.K., and J.J. were responsible for writing the review article, final
editing, and preparation of the manuscript for submission. M.A.R. and Y.C. revised the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No. 31571316
& 31771421).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no competing interests.

Abbreviations

miR-371–373 microRNA-371–373genecluster
3′-UTR 3′-untranslatedregion
ESCs embryonicstemcells
DGCR8 DiGeorgesyndromecriticalregion8
pri-miRNAs primarymiRNAs
pre-miRNAs precursormiRNAs
RISC RNA-inducedsilencingcomplex
HNSCC headandnecksquamouscellcarcinoma
ATAD2 ATPasefamilyAAAdomain-containingprotein2
PCa prostatecancers
HPAC pancreaticadenocarcinoma
ULK1 atumorproteinUNC51-likekinase1
CSCs cancerstemcells
PGCLCs primordialgermcell-likecells
TGFBR2 TGFbreceptor2
LATS2 largetumorsuppressorkinase2
TGCTs testiculargermcelltumors
CDK cyclin
FGF9 fibroblastgrowthfactor9
LSCC lungsquamouscellcarcinoma
EOC epithelialovariancancer
LNSC lungnon-small-cellcancer
RCC renalcellcarcinoma
AKT1 AKTserine/threoninekinase1
IGF2BP1 insulin-likegrowthfactor2mRNA-bindingprotein1
FXYD6 FXYDdomain-containingiontransportregulator6
HDAC histonedeacetylase
TSA trichostatinA
GCTs germcelltumors
ORF openreadingframe
TF transcriptionfactor.



Life 2021, 11, 984 10 of 14

References
1. Wightman, B.; Ha, I.; Ruvkun, G. Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates temporal

pattern formation in C. elegans. Cell 1993, 75, 855–862. [CrossRef]
2. Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity

to lin-14. Cell 1993, 75, 843–854. [CrossRef]
3. Lau, N.C.; Lim, L.P.; Weinstein, E.G.; Bartel, D.P. An Abundant Class of Tiny RNAs with Probable Regulatory Roles in Caenorhab-

ditis elegans. Science 2001, 294, 858–862. [CrossRef] [PubMed]
4. Lee, R.C.; Ambros, V. An extensive class of small RNAs in Caenorhabditis elegans. Science 2001, 294, 862–864. [CrossRef]

[PubMed]
5. Lagos-Quintana, M.; Rauhut, R.; Lendeckel, W.; Tuschl, T. Identification of novel genes coding for small expressed RNAs. Science

2001, 294, 853–858. [CrossRef] [PubMed]
6. Jansson, M.D.; Lund, A.H. MicroRNA and cancer. Mol. Oncol. 2012, 6, 590–610. [CrossRef]
7. Lee, Y.; Kim, M.; Han, J.; Yeom, K.H.; Lee, S.; Baek, S.H. MicroRNA genes are transcribed by RNA polymerase II. EMBO J. 2004,

23, 4051–4060. [CrossRef]
8. Cai, X.; Hagedorn, C.H.; Cullen, B.R. Human microRNAs are processed from capped, polyadenylated transcripts that can also

function as mRNAs. RNA 2004, 10, 1957–1966. [CrossRef]
9. Bracht, J.; Hunter, S.; Eachus, R.; Weeks, P.; Pasquinelli, A.E. Trans-splicing and polyadenylation of let-7 microRNA primary

transcripts. RNA 2004, 10, 1586–1594. [CrossRef]
10. Lee, Y.; Ahn, C.; Han, J.; Choi, H.; Kim, J.; Yim, J. The nuclear RNase III Drosha initiates microRNA processing. Nature 2003, 425,

415–419. [CrossRef]
11. Denli, A.M.; Tops, B.; Plasterk, R.H.A.; Ketting, R.F.; Hannon, G.J. Processing of primary microRNAs by the Microprocessor

complex. Nature 2004, 432, 231–235. [CrossRef]
12. Gregory, R.I.; Yan, K.P.; Amuthan, G.; Chendrimada, T.; Doratotaj, B.; Cooch, N. The Microprocessor complex mediates the

genesis of microRNAs. Nature 2004, 432, 235–240. [CrossRef]
13. Nicholson. A.W. Ribonuclease III mechanisms of double-stranded RNA cleavage. Wiley Interdiscip. Rev. RNA 2014, 5, 31–48.

[CrossRef] [PubMed]
14. Nguyen, T.A.; Jo, M.H.; Choi, Y.G.; Park, J.; Kwon, S.C.; Hohng, S. Functional anatomy of the human Microprocessor. Cell 2015,

161, 1374–1387. [CrossRef] [PubMed]
15. Kwon, S.C.; Nguyen, T.A.; Choi, Y.G.; Jo, M.H.; Hohng, S.; Kim, V.N. Structure of human DROSHA. Cell 2015, 164, 81–90.

[CrossRef] [PubMed]
16. Okada, C.; Yamashita, E.; Lee, S.J.; Shibata, S.; Katahira, J.; Nakagawa, A.Y. A high-resolution structure of the pre-microRNA

nuclear export machinery. Science 2009, 326, 1275–1279. [CrossRef]
17. Bernstein, E.; Caudy, A.; Hammond, S.M.; Hannon, G.J. Role for a bidentate ribonuclease in the initiation step of RNA interference.

Nat. Cell Biol. 2001, 409, 363–366. [CrossRef] [PubMed]
18. Grishok, A.; Pasquinelli, A.E.; Conte, D.; Li, N.; Parrish, S.; Ha, I. Genes and mechanisms related to RNA interference regulate

expression of the small temporal RNAs that control C. elegans developmental timing. Cell 2001, 106, 23–34. [CrossRef]
19. Hutvágner, G.; McLachlan, J.; Pasquinelli, A.E.; Bálint, E.; Tuschl, T.; Zamore, P.D. A cellular function for the RNA-interference

enzyme Dicer in the maturation of the let-7 small temporal RNA. Science 2001, 293, 834–838. [CrossRef]
20. Lau, P.-W.; Guiley, K.Z.; De, N.; Potter, C.S.; Carragher, B.; Macrae, I.J. The molecular architecture of human Dicer. Nat. Struct.

Mol. Biol. 2012, 19, 436–440. [CrossRef]
21. Zhang, H.; A Kolb, F.; Jaskiewicz, L.; Westhof, E.; Filipowicz, W. Single Processing Center Models for Human Dicer and Bacterial

RNase III. Cell 2004, 118, 57–68. [CrossRef]
22. Achard, P.; Herr, A.; Baulcombe, D.; Harberd, N.P. Modulation of floral development by a gibberellin-regulated microRNA.

Development 2004, 131, 3357–3365. [CrossRef]
23. Gregory, R.I.; Chendrimada, T.P.; Shiekhattar, R. MicroRNA biogenesis: isolation and characterization of the microprocessor

complex. Methods Mol. Biol. 2006, 342, 33–47.
24. Yu, Y.-H.; Kuo, H.-K.; Chang, K.-W. The Evolving Transcriptome of Head and Neck Squamous Cell Carcinoma: A Systematic

Review. PLoS ONE 2008, 3, e3215. [CrossRef]
25. Voorhoeve, P.M.; le Sage, C.; Schrier, M.; Gillis, A.J.; Stoop, H.; Nagel, R.; Liu, Y.P.; Van Duijse, J.; Drost, J.; Griekspoor, A.; et al. A

Genetic Screen Implicates miRNA-372 and miRNA-373 As Oncogenes in Testicular Germ Cell Tumors. Cell 2006, 124, 1169–1181.
[CrossRef] [PubMed]

26. Suh, M.R.; Lee, Y.; Kim, J.Y.; Kim, S.K.; Moon, S.H.; Lee, J.Y. Human embryonic stem cells express a unique set of microRNAs.
Dev. Biol. 2004, 270, 488–498. [CrossRef] [PubMed]

27. Wu, G.; Liu, H.; He, H.; Wang, Y.; Lu, X.; Yu, Y. miR-372 down-regulates the oncogene ATAD2 to influence hepatocellular
carcinoma proliferation and metastasis. BMC Cancer 2014, 14, 107. [CrossRef]

28. Huang, Q.; Gumireddy, K.; Schrier, M.; le Sage, C.; Nagel, R.; Nair, S. The microRNAs miR-373 and miR-520c promote tumour
invasion and metastasis. Nat. Cell Biol. 2008, 10, 202–210. [CrossRef] [PubMed]

http://doi.org/10.1016/0092-8674(93)90530-4
http://doi.org/10.1016/0092-8674(93)90529-Y
http://doi.org/10.1126/science.1065062
http://www.ncbi.nlm.nih.gov/pubmed/11679671
http://doi.org/10.1126/science.1065329
http://www.ncbi.nlm.nih.gov/pubmed/11679672
http://doi.org/10.1126/science.1064921
http://www.ncbi.nlm.nih.gov/pubmed/11679670
http://doi.org/10.1016/j.molonc.2012.09.006
http://doi.org/10.1038/sj.emboj.7600385
http://doi.org/10.1261/rna.7135204
http://doi.org/10.1261/rna.7122604
http://doi.org/10.1038/nature01957
http://doi.org/10.1038/nature03049
http://doi.org/10.1038/nature03120
http://doi.org/10.1002/wrna.1195
http://www.ncbi.nlm.nih.gov/pubmed/24124076
http://doi.org/10.1016/j.cell.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/26027739
http://doi.org/10.1016/j.cell.2015.12.019
http://www.ncbi.nlm.nih.gov/pubmed/26748718
http://doi.org/10.1126/science.1178705
http://doi.org/10.1038/35053110
http://www.ncbi.nlm.nih.gov/pubmed/11201747
http://doi.org/10.1016/S0092-8674(01)00431-7
http://doi.org/10.1126/science.1062961
http://doi.org/10.1038/nsmb.2268
http://doi.org/10.1016/j.cell.2004.06.017
http://doi.org/10.1242/dev.01206
http://doi.org/10.1371/journal.pone.0003215
http://doi.org/10.1016/j.cell.2006.02.037
http://www.ncbi.nlm.nih.gov/pubmed/16564011
http://doi.org/10.1016/j.ydbio.2004.02.019
http://www.ncbi.nlm.nih.gov/pubmed/15183728
http://doi.org/10.1186/1471-2407-14-107
http://doi.org/10.1038/ncb1681
http://www.ncbi.nlm.nih.gov/pubmed/18193036


Life 2021, 11, 984 11 of 14

29. Liu, P.; Wilson, M.J. miR-520c and miR-373 upregulate MMP9 expression by targeting mTOR and SIRT1, and activate the
Ras/Raf/MEK/Erk signaling pathway and NF-kappaB factor in human fibrosarcoma cells. J. Cell Physiol. 2012, 227, 867–876.
[CrossRef]

30. Keklikoglou, I.; Koerner, C.; Schmidt, C.; Zhang, J.D.; Heckmann, D.; Shavinskaya, A. MicroRNA-520/373 family functions
as a tumor suppressor in estrogen receptor negative breast cancer by targeting NF-kappaB and TGF-beta signaling pathways.
Oncogene 2012, 31, 4150–4163. [CrossRef]

31. Wu, S.; Aksoy, M.; Shi, J.; Houbaviy, H.S. Evolution of the miR-290–295/miR-371-373 Cluster Family Seed Repertoire. PLoS ONE
2014, 9, e108519. [CrossRef]

32. Houbaviy, H.B.; Dennis, L.; Jaenisch, R.; Sharp, P.A. Characterization of a highly variable eutherian microRNA gene. RNA 2005,
11, 1245–1257. [CrossRef]

33. Zhao, Y.; Lu, G.; Ke, X.; Lu, X.; Wang, X.; Li, H. miR-488 acts as a tumor suppressor gene in gastric cancer. Tumor Biol. 2016, 37,
8691–8698. [CrossRef]

34. Zhang, T.; Hu, Y.; Ju, J.; Hou, L.; Li, Z.; Xiao, D. Downregulation of miR-522 suppresses proliferation and metastasis of non-small
cell lung cancer cells by directly targeting DENN/MADD domain containing 2D. Sci Rep. 2016, 6, 19346. [CrossRef] [PubMed]

35. Wang, L.; Song, G.; Tan, W.; Qi, M.; Zhang, L.; Chan, J. miR-573 inhibits prostate cancer metastasis by regulating epithelial-
mesenchymal transition. Oncotarget 2015, 6, 35978–35990. [CrossRef] [PubMed]

36. Kong, X.; Qian, X.; Duan, L.; Liu, H.; Zhu, Y.; Qi, J. microRNA-372 Suppresses Migration and Invasion by Targeting p65 in Human
Prostate Cancer Cells. DNA Cell Biol. 2016, 35, 828–835. [CrossRef]

37. Nakata, K.; Ohuchida, K.; Mizumoto, K.; Aishima, S.; Oda, Y.; Nagai, E.; Tanaka, M. Micro RNA-373 is Down-regulated in
Pancreatic Cancer and Inhibits Cancer Cell Invasion. Ann. Surg. Oncol. 2014, 21, 564–574. [CrossRef]

38. Cho, W.J.; Shin, J.M.; Kim, J.S.; Lee, M.R.; Hong, K.S.; Lee, J.H. miR-372 regulates cell cycle and apoptosis of ags human gastric
cancer cell line through direct regulation of LATS2. Mol. Cells 2009, 28, 521–527. [CrossRef]

39. Feber, A.; Xi, L.; Luketich, J.D.; Pennathur, A.; Landreneau, R.J.; Wu, M. MicroRNA expression profiles of esophageal cancer. J.
Thorac. Cardiovasc. Surg. 2008, 135, 255–260. [CrossRef] [PubMed]

40. Ghasemi, M.; Samaei, N.M.; Mowla, S.J.; Shafiee, M.; Vasei, M.; Ghasemian, N. Upregulation of miR-371-373 cluster, a human
embryonic stem cell specific microRNA cluster, in esophageal squamous cell carcinoma. J. Can. Res. Ther. 2018, 14, S132–S137.

41. Chen, H.; Zhang, Z.; Lu, Y.; Song, K.; Liu, X.; Xia, F. Downregulation of ULK1 by microRNA-372 inhibits the survival of human
pancreatic adenocarcinoma cells. Cancer Sci. 2017, 108, 1811–1819. [CrossRef]

42. Qu, H.-W.; Jin, Y.; Cui, Z.-L.; Jin, X.-B. MicroRNA-373-3p inhibits prostate cancer progression by targeting AKT1. Eur. Rev. Med.
Pharmacol. Sci. 2018, 22, 6252–6259.

43. Vincent, K.; Pichler, M.; Lee, G.W.; Ling, H. MicroRNAs, genomic instability and cancer. Int. J. Mol. Sci. 2014, 15, 14475–14491.
[CrossRef] [PubMed]

44. He, L.; Thomson, J.M.; Hemann, M.T.; Hernando-Monge, E.; Mu, D. A microRNA polycistron as a potential human oncogene.
Nature 2005, 435, 828–833. [CrossRef]

45. Takamizawa, J.; Konishi, H.; Yanagisawa, K.; Tomida, S.; Osada, H.; Endoh, H. Reduced expression of the let-7 microRNAs in
human lung cancers in association with shortened postoperative survival. Cancer Res. 2004, 64, 3753–3756. [CrossRef]

46. Yekta, S.; Shih, I.H.; Bartel, D.P. MicroRNA-directed cleavage of HOXB8 mRNA. Science 2004, 304, 594–596. [CrossRef] [PubMed]
47. Lim, L.P.; Lau, N.C.; Garrett-Engele, P.; Grimson, A.; Schelter, J.M.; Castle, J. Microarray analysis shows that some microRNAs

downregulate large numbers of target mRNAs. Nature 2005, 433, 769–773. [CrossRef] [PubMed]
48. PillaI, R.S.; Bhattacharyya, S.N.; Artus, C.G.; Zoller, T.; Cougot, N.; Basyuk, E. Inhibition of translational initiation by Let-7

microRNA in human cells. Science 2005, 309, 1573–1576. [CrossRef]
49. Ma, L.; Teruya-Feldstein, J.; Weinberg, R.A. Tumour invasion and metastasis initiated by microRNA-10b in breast cancer. Nature

2007, 449, 682–688. [CrossRef]
50. Place, R.F.; Li, L.-C.; Pookot, D.; Noonan, E.J.; Dahiya, R. MicroRNA-373 induces expression of genes with complementary

promoter sequences. Proc. Natl. Acad. Sci. USA 2008, 105, 1608–1613. [CrossRef]
51. Yu, Z.; Pestell, T.G.; Lisanti, N.P.; Pestell, R.G. Cancer stem cells. Int. J. Biochem. Cell. Biol. 2012, 44, 2144–2151. [CrossRef]

[PubMed]
52. Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D. MicroRNA expression profiles classify human cancers.

Nature 2005, 435, 834–838. [CrossRef] [PubMed]
53. DeSano, J.T.; Xu, L. MicroRNA Regulation of Cancer Stem Cells and Therapeutic Implications. AAPS J. 2009, 11, 682–692.

[CrossRef] [PubMed]
54. Evans, M.; Kaufman, M. Establishment in culture of pluripotent cells from mouse embryos. Nature 1981, 292, 154–156. [CrossRef]

[PubMed]
55. Martin, G. Isolation of a pluripotent cell line from early mouse embryos cultured in medium conditioned by teratocarcinoma

stem cells. Proc. Natl. Acad. Sci. USA 1981, 78, 7634–7638. [CrossRef] [PubMed]
56. Smith, A. Embryonic Stem Cells. In Stem Cell Biology; Cold Spring Harbor Laboratory Press: New York, NY, USA, 2001.
57. Houbaviy, H.B.; Murray, M.F.; Sharp, P.A. Embryonic stem cell-specific MicroRNAs. Dev. Cell 2003, 5, 351–358. [CrossRef]
58. Wong, D.J.; Segal, E.; Chang, H.Y. Stemness, cancer and cancer stem cells. Cell Cycle 2008, 7, 3622–3624. [CrossRef]

http://doi.org/10.1002/jcp.22993
http://doi.org/10.1038/onc.2011.571
http://doi.org/10.1371/journal.pone.0108519
http://doi.org/10.1261/rna.2890305
http://doi.org/10.1007/s13277-015-4645-y
http://doi.org/10.1038/srep19346
http://www.ncbi.nlm.nih.gov/pubmed/26783084
http://doi.org/10.18632/oncotarget.5427
http://www.ncbi.nlm.nih.gov/pubmed/26451614
http://doi.org/10.1089/dna.2015.3186
http://doi.org/10.1245/s10434-014-3676-8
http://doi.org/10.1007/s10059-009-0158-0
http://doi.org/10.1016/j.jtcvs.2007.08.055
http://www.ncbi.nlm.nih.gov/pubmed/18242245
http://doi.org/10.1111/cas.13315
http://doi.org/10.3390/ijms150814475
http://www.ncbi.nlm.nih.gov/pubmed/25141103
http://doi.org/10.1038/nature03552
http://doi.org/10.1158/0008-5472.CAN-04-0637
http://doi.org/10.1126/science.1097434
http://www.ncbi.nlm.nih.gov/pubmed/15105502
http://doi.org/10.1038/nature03315
http://www.ncbi.nlm.nih.gov/pubmed/15685193
http://doi.org/10.1126/science.1115079
http://doi.org/10.1038/nature06174
http://doi.org/10.1073/pnas.0707594105
http://doi.org/10.1016/j.biocel.2012.08.022
http://www.ncbi.nlm.nih.gov/pubmed/22981632
http://doi.org/10.1038/nature03702
http://www.ncbi.nlm.nih.gov/pubmed/15944708
http://doi.org/10.1208/s12248-009-9147-7
http://www.ncbi.nlm.nih.gov/pubmed/19842044
http://doi.org/10.1038/292154a0
http://www.ncbi.nlm.nih.gov/pubmed/7242681
http://doi.org/10.1073/pnas.78.12.7634
http://www.ncbi.nlm.nih.gov/pubmed/6950406
http://doi.org/10.1016/S1534-5807(03)00227-2
http://doi.org/10.4161/cc.7.23.7104


Life 2021, 11, 984 12 of 14

59. Landgraf, P.; Rusu, M.; Sheridan, R.; Sewer, A.; Iovino, N.; Aravin, A. A mammalian microRNAexpression atlas based on small
RNA librarysequencing. Cell 2007, 129, 1401–1414. [CrossRef]

60. Wienholds, E.; Kloosterman, W.P.; Miska, E.; AlvarezSaavedra, E.; Berezikov, E.; de Bruijn, E. MicroRNAexpression in zebrafish
embryonic development. Science 2005, 309, 310–311. [CrossRef] [PubMed]

61. Ivey, K.N.; Srivastava, D. MicroRNAs as regulators of differentiation and cell fate decisions. Cell Stem Cell 2010, 7, 36–41.
[CrossRef] [PubMed]

62. Zhou, A.D.; Diao, L.T.; Xu, H.; Xiao, Z.D.; Li, J.H.; Zhou, H. β-Catenin/LEF1 transactivates the microRNA-371-373 cluster that
modulates the Wnt/s-catenin-signaling pathway. Oncogene 2012, 31, 2968–2978. [CrossRef]

63. Reya, T.; Morrison, S.J.; Clarke, M.F.; Weissman, I.L. Stem cells, cancer, and cancer stem cells. Nature 2001, 414, 105–111. [CrossRef]
64. Zhao, R.C.; Zhu, Y.S.; Shi, Y. New hope for cancer treatment: Exploring the distinction between normal adult stem cells and

cancer stem cells. Pharmacol Ther. 2008, 119, 74–82. [CrossRef]
65. Luu, H.H.; Zhang, R.; Haydon, R.C.; Rayburn, E.; Kang, Q.; Si, W. Wnt/beta-catenin signaling pathway as a novel cancer drug

target. Curr. Cancer Drug Targets 2004, 4, 653–671. [CrossRef]
66. Wang, L.Q.; Yu, P.; Li, B.; Guo, Y.H.; Liang, Z.R.; Zheng, L.L.Y. miR-372 and miR-373 enhance the stemness of colorectal cancer

cells by repressing differentiation signaling pathways. Mol. Oncol. 2018, 12, 1949–1964. [CrossRef] [PubMed]
67. Qi, J.; Yu, J.Y.; Shcherbata, H.R.; Mathieu, J.; Wang, A.J.; Seal, S. microRNAs regulate human embryonic stem cell division. Cell

Cycle 2009, 8, 3729–3741. [CrossRef] [PubMed]
68. Tran, N.D.; Kissner, M.; Subramanyam, D.; Parchem, R.J.; Laird, D.J.; Blelloch, R.H. A miR-372/let-7 Axis Regulates Human Germ

Versus Somatic Cell Fates. Stem Cells 2016, 34, 1985–1991. [CrossRef] [PubMed]
69. Xu, S.-Y.; Xu, P.-F.; Gao, T.-T. MiR-372-3p inhibits the growth and metastasis of osteosarcoma cells by targeting FXYD6. Eur. Rev.

Med. Pharmacol. Sci. 2018, 22, 62–69.
70. Calin, G.A.; Liu, C.G.; Sevignani, C.; Ferracin, M.; Felli, N.; Dumitru, C.D. MicroRNA profiling reveals distinct signatures in B cell

chronic lymphocytic leukemias. Proc. Natl. Acad. Sci. USA 2004, 101, 11755–11760. [CrossRef] [PubMed]
71. Volinia, S.; Calin, G.A.; Liu, C.G.; Ambs, S.; Cimmino, A.; Petrocca, F. A microRNA expression signature of human solid tumors

defines cancer gene targets. Proc. Natl. Acad. Sci. USA 2006, 103, 2257–2261. [CrossRef]
72. Lee, K.H.; Goan, Y.G.; Hsiao, M.; Lee, C.H.; Jian, S.H.; Lin, J.T. MicroRNA-373 (miR-373) post-transcriptionally regulates large

tumor suppressor, homolog 2 (LATS2) and stimulates proliferation in human esophageal cancer. Exp. Cell Res. 2009, 315,
2529–2538. [CrossRef]

73. Guo, Y.; Chen, Z.; Zhang, L.; Zhou, F.; Shi, S.; Feng, X. Distinctive microRNA profiles relating to patient survival in esophageal
squamous cell carcinoma. Cancer Res. 2008, 68, 26–33. [CrossRef]

74. Gillis, A.J.; Stoop, H.J.; Hersmus, R.; Oosterhuis, J.W.; Sun, Y.; Chen, C. High-throughput microRNAome analysis in human
germcell tumours. J. Pathol. 2007, 213, 319–328. [CrossRef] [PubMed]

75. Maesawa, C.; Tamura, G.; Suzuki, Y.; Ogasawara, S.; Ishida, K.; Saito, K. Aberrations of tumor-suppressor genes (p53, apc, mcc
and Rb) in esophageal squamous-cell carcinoma. Int. J. Cancer. 1994, 57, 21–25. [CrossRef] [PubMed]

76. Zhang, Y.; Yang, J.; Cui, X.; Chen, Y.; Zhu, V.F.; Hagan, J.P. A novel epigenetic CREB-miR-373 axis mediates ZIP4-induced
pancreatic cancer growth. EMBO Mol. Med. 2013, 5, 1322–1334. [CrossRef]

77. Zhou, C.; Li, X.; Zhang, X.; Liu, X.; Tan, Z.; Yang, C. microRNA-372 maintains oncogene characteristics bytargeting TNFAIP1 and
affects NFκB signaling in humangastric carcinoma cells. Int. J. Oncol. 2013, 42, 635–642. [CrossRef] [PubMed]

78. Marek, L.; Ware, K.E.; Fritzsche, A.; Hercule, P.; Helton, W.R.; Smith, J.E. Fibroblast growth factor (FGF) and FGF receptor-
mediated autocrine signaling in non-small-cell lung cancer cells. Mol. Pharmacol. 2009, 75, 196–207. [CrossRef] [PubMed]

79. Ohgino, K.; Soejima, K.; Yasuda, H.; Hayashi, Y.; Hamamoto, J.; Naoki, K. Expression of fibroblast growth factor 9 is associated
with poor prognosis in patients with resected non-small cell lung cancer. Lung Cancer 2014, 83, 90–96. [CrossRef]

80. Li, Z.G.; Mathew, P.; Yang, J.; Starbuck, M.W.; Zurita, A.J.; Liu, J. Androgen receptor-negative human prostate cancer cells induce
osteogenesis in mice through FGF9-mediated mechanisms. J. Clin. Investig. 2008, 118, 2697–2710. [CrossRef]

81. Hendrix, N.D.; Wu, R.; Kuick, R.; Schwartz, D.R.; Fearon, E.R.; Cho, K.R. Fibroblast growth factor 9 has oncogenic activity and is
a downstream target of Wnt signaling in ovarian endometrioid adenocarcinomas. Cancer Res. 2006, 66, 1354–1362. [CrossRef]

82. Wang, Q.; Liu, S.; Zhao, X.; Wang, Y.; Tian, D.; Jiang, W. miR-372-3p promotes cell growth and metastasis by targeting FGF9 in
lung squamous cell carcinoma. Cancer Med. 2017, 6, 1323–1330. [CrossRef]

83. Yang, K.; Handorean, A.M.; Iczkowski, K.A. MicroRNAs 373 and 520c Are Downregulated in Prostate Cancer, Suppress CD44
Translation and Enhance Invasion of Prostate Cancer Cells in vitro. Int. J. Clin. Exp. Pathol. 2008, 2, 361–369.

84. Zhang, Y.; Zhao, F.J.; Chen, L.L.; Wang, L.Q.; Nephew, K.P.; Wu, Y.L. miR-373 targeting of the Rab22a oncogene suppresses tumor
invasion and metastasis in ovarian cancer. Oncotarget 2014, 5, 12291–12303. [CrossRef] [PubMed]

85. Harel, S.A.; Ben-Moshe, N.B.; Aylon, Y.; Bublik, D.R.; Moskovits, N.; Toperoff, G. Reactivation of epigenetically silenced miR-512
and miR-373 sensitizes lung cancer cells to cisplatin and restricts tumor growth. Cell Death Differ. 2015, 22, 1328–1340. [CrossRef]

86. Huang, X.; Huang, M.; Kong, L.; Li, Y. miR-372 suppresses tumour proliferation and invasion by targeting IGF2BP1 in renal cell
carcinoma. Cell Prolif. 2015, 48, 593–599. [CrossRef] [PubMed]

87. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
88. Wu, W.; Sun, M.; Zou, G.-M.; Chen, J. MicroRNA and cancer: Current status and prospective. Int. J. Cancer 2006, 120, 953–960.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2007.04.040
http://doi.org/10.1126/science.1114519
http://www.ncbi.nlm.nih.gov/pubmed/15919954
http://doi.org/10.1016/j.stem.2010.06.012
http://www.ncbi.nlm.nih.gov/pubmed/20621048
http://doi.org/10.1038/onc.2011.461
http://doi.org/10.1038/35102167
http://doi.org/10.1016/j.pharmthera.2008.04.008
http://doi.org/10.2174/1568009043332709
http://doi.org/10.1002/1878-0261.12376
http://www.ncbi.nlm.nih.gov/pubmed/30171794
http://doi.org/10.4161/cc.8.22.10033
http://www.ncbi.nlm.nih.gov/pubmed/19823043
http://doi.org/10.1002/stem.2378
http://www.ncbi.nlm.nih.gov/pubmed/27066911
http://doi.org/10.1073/pnas.0404432101
http://www.ncbi.nlm.nih.gov/pubmed/15284443
http://doi.org/10.1073/pnas.0510565103
http://doi.org/10.1016/j.yexcr.2009.06.001
http://doi.org/10.1158/0008-5472.CAN-06-4418
http://doi.org/10.1002/path.2230
http://www.ncbi.nlm.nih.gov/pubmed/17893849
http://doi.org/10.1002/ijc.2910570105
http://www.ncbi.nlm.nih.gov/pubmed/8150536
http://doi.org/10.1002/emmm.201302507
http://doi.org/10.3892/ijo.2012.1737
http://www.ncbi.nlm.nih.gov/pubmed/23242208
http://doi.org/10.1124/mol.108.049544
http://www.ncbi.nlm.nih.gov/pubmed/18849352
http://doi.org/10.1016/j.lungcan.2013.10.016
http://doi.org/10.1172/JCI33093
http://doi.org/10.1158/0008-5472.CAN-05-3694
http://doi.org/10.1002/cam4.1026
http://doi.org/10.18632/oncotarget.2577
http://www.ncbi.nlm.nih.gov/pubmed/25460499
http://doi.org/10.1038/cdd.2014.221
http://doi.org/10.1111/cpr.12207
http://www.ncbi.nlm.nih.gov/pubmed/26332146
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1002/ijc.22454
http://www.ncbi.nlm.nih.gov/pubmed/17163415


Life 2021, 11, 984 13 of 14

89. Tan, J.-K.; Tan, E.-L.; Gan, S.-Y. Elucidating the roles of miR-372 in cell proliferation and apoptosis of nasopharyngeal carcinoma
TW01 cells. Exp. Oncol. 2014, 36, 170–173.

90. Seol, H.S.; Akiyama, Y.; Shimada, S.; Lee, H.J.; Kim, T.I.; Chun, S.M. Epigenetic silencing of microRNA-373 to epithelial-
mesenchymal transition in non-small cell lung cancer through IRAK2 and LAMP1 axes. Cancer Lett. 2014, 353, 232–241.
[CrossRef] [PubMed]

91. Gutschner, T.; Hammerle, M.; Pazaitis, N.; Bley, N.; Fiskin, E.; Uckelmann, H. Insulin-like growth factor 2 mRNA-binding protein
1 (IGF2BP1) is an important protumorigenic factor in hepatocellular carcinoma. Hepatology 2014, 59, 1900–1911. [CrossRef]
[PubMed]

92. He, L.; Hannon, G.J. MicroRNAs: small RNAs with a big role in gene regulation. Nat. Rev. Genet. 2004, 5, 522–531. [CrossRef]
[PubMed]

93. Radtke, A.; Cremers, J.F.; Kliesch, S.; Riek, S.; Junker, K.; Mohamed, S.A. Can germ cell neoplasia in situ be diagnosed by
measuring serum levels of microRNA371a-3p? J. Cancer Res. Clin. Oncol. 2017, 143, 2383–2392. [CrossRef] [PubMed]

94. Wu, W.; He, X.; Kong, J.; Ye, B. miR-373 affects human lung cancer cells’ growth and its E-cadherin expression. Oncol Res. 2012,
20, 163–170. [CrossRef] [PubMed]

95. Ding, M.; Lu, X.; Wang, C.; Zhao, Q.; Ge, J.; Xia, Q. The E2F1–miR-520/372/373–SPOP Axis Modulates Progression of Renal
Carcinoma. Cancer Res. 2018, 78, 6771–6784. [CrossRef] [PubMed]

96. Ullmann, P.; Rodriguez, F.; Schmitz, M.; Meurer, S.K.; Qureshi-Baig, K.; Felten, P. The miR-371-373 cluster represses colon cancer
initiation and metastatic colonization by inhibiting the TGFBR2/ID1 signaling Axis. Cancer Res. 2018, 78, 3793–3808. [CrossRef]

97. Gao, Y.; Yu, H.; Liu, Y.; Liu, X.; Zheng, J.; Ma, J. Long Non-Coding RNA HOXA-AS2 Regulates Malignant Glioma Behaviors and
Vasculogenic Mimicry Formation via the miR-373/EGFR Axis. Cell. Physiol. Biochem. 2018, 45, 131–147. [CrossRef]

98. Feng, L.; Ma, Y.; Sun, J.; Shen, Q.; Liu, L.; Lu, H. YY1-miR-372-SQSTM1 regulatory axis in autophagy. Autophagy 2014, 10,
1442–1453. [CrossRef]

99. Yeh, L.-Y.; Liu, C.-J.; Wong, Y.-K.; Chang, C.; Lin, S.-C.; Chang, K.-W. miR-372 inhibits p62 in head and neck squamous cell
carcinoma in vitro and in vivo. Oncotarget 2015, 6, 6062–6075. [CrossRef] [PubMed]

100. Chen, X.; Hao, B.; Han, G.; Liu, Y.; Dai, D.; Li, Y. miR-372 regulates glioma cell proliferation and invasion by directly targeting
PHLPP2. J. Cell. Biochem. 2015, 116, 225–232. [CrossRef]

101. Chen, X.; Sun, M.; Hu, Y.; Zhang, H.; Wang, Z.; Zhou, N. FXYD6 is a new biomarker of cholangiocarcinoma. Oncol Lett. 2014, 7,
393–398. [CrossRef]

102. Tian, R.Q.; Wang, X.H.; Hou, L.J.; Jia, W.H.; Yang, Q.; Li, Y.X. MicroRNA-372 is down-regulated and targets cyclin-dependent
kinase 2 (CDK2) and cyclin A1 in human cervical cancer, which may contribute to tumorigenesis. J. Biol. Chem. 2011, 286,
25556–25563. [CrossRef]

103. Nakano, H.; Miyazawa, T.; Kinoshita, K.; Yamada, Y.; Yoshida, T. Functional screening identifies a microRNA, miR-491 that
induces apoptosis by targeting Bcl-X (L) in colorectal cancer cells. Int. J. Cancer. 2010, 127, 1072–1080. [CrossRef] [PubMed]

104. Cairo, S.; Wang, Y.; de Reynies, A.; Duroure, K.; Dahan, J.; Redon, M.-J. Stem cell-like micro-RNA signature driven by Myc in
aggressive liver cancer. Proc. Natl. Acad. Sci. USA 2010, 107, 20471–20476. [CrossRef] [PubMed]

105. Liu, B.-L.; Sun, K.-X.; Zong, Z.-H.; Chen, S.; Zhao, Y. MicroRNA-372 inhibits endometrial carcinoma development by targeting
the expression of the Ras homolog gene family member C (RhoC). Oncotarget 2015, 7, 6649–6664. [CrossRef] [PubMed]

106. Holliday, R. The inheritance of epigenetic defects. Science 1987, 238, 163–170. [CrossRef] [PubMed]
107. Holliday, R. Epigenetics: An overview. Dev. Genet. 1994, 15, 453–457. [CrossRef]
108. Wu, C.; Morris, J.R. Genes, genetics, and epigenetics: A correspondence. Science 2001, 293, 1103–1105. [CrossRef]
109. Mersfelder, E.L.; Parthun, M.R. The tale beyond the tail: histone core domain modifications and the regulation of chromatin

structure. Nucleic Acids Res. 2006, 34, 2653–2662. [CrossRef] [PubMed]
110. Su, J.; Wang, F.; Cai, Y.; Jin, J. The Functional Analysis of Histone Acetyltransferase MOF in Tumorigenesis. Int. J. Mol. Sci. 2016,

17, 99. [CrossRef] [PubMed]
111. Bernstein, E.; Allis, C.D. Rna meets chromatin. Genes Dev. 2005, 19, 1635–1655. [CrossRef]
112. Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004. [CrossRef] [PubMed]
113. Lovat, F.; Valeri, N.; Croce, C.M. MicroRNAs in the Pathogenesis of Cancer. Semin. Oncol. 2011, 38, 724–733. [CrossRef]
114. Di Leva, G.; Garofalo, M.; Croce, C.M. MicroRNAs in cancer. Annu. Rev. Pathol. 2014, 9, 287–314. [CrossRef]
115. Sharma, S.; Kelly, T.K.; Jones, P.A. Epigenetics in cancer. Carcinogenesis 2010, 31, 27–36. [CrossRef] [PubMed]
116. Sandoval, J.; Esteller, M. Cancer epigenomics: beyond genomics. Curr. Opin. Genet. Dev. 2012, 22, 50–55. [CrossRef]
117. Pfister, S.X.; Ahrabi, S.; Zalmas, L.P.; Sarkar, S.; Aymard, F.; Bachrati, C.Z. SETD2-dependent histone H3K36 trimethylation is

required for homologous recombination repair and genome stability. Cell Rep. 2014, 7, 2006–2018. [CrossRef] [PubMed]
118. Xu, W.; Jiang, K.; Shen, M.; Qian, Y.; Peng, Y. SIRT2 suppresses non-small cell lung cancer growth by targeting JMJD2A. Biol.

Chem. 2015, 396, 929–936. [CrossRef] [PubMed]
119. An, J.; Xu, J.; Li, J.; Jia, S.; Li, X.; Lu, Y. HistoneH3 demethylase JMJD2A promotes growth of liver cancercells through up-regulating

miR372. Oncotarget 2017, 8, 49093–49109. [CrossRef]
120. Chen, Y.; Gao, W.; Luo, J.; Tian, R.; Sun, H.; Zou, S. Methyl-CpG binding protein MBD2 is implicated in methylation-mediated

suppression of miR-373 in hilar cholangiocarcinoma. Oncol Rep. 2011, 25, 443–451. [CrossRef]

http://doi.org/10.1016/j.canlet.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25063738
http://doi.org/10.1002/hep.26997
http://www.ncbi.nlm.nih.gov/pubmed/24395596
http://doi.org/10.1038/nrg1379
http://www.ncbi.nlm.nih.gov/pubmed/15211354
http://doi.org/10.1007/s00432-017-2490-7
http://www.ncbi.nlm.nih.gov/pubmed/28819887
http://doi.org/10.3727/096504012X13522227232354
http://www.ncbi.nlm.nih.gov/pubmed/23461063
http://doi.org/10.1158/0008-5472.CAN-18-1662
http://www.ncbi.nlm.nih.gov/pubmed/30348808
http://doi.org/10.1158/0008-5472.CAN-17-3003
http://doi.org/10.1159/000486253
http://doi.org/10.4161/auto.29486
http://doi.org/10.18632/oncotarget.3340
http://www.ncbi.nlm.nih.gov/pubmed/25714028
http://doi.org/10.1002/jcb.24949
http://doi.org/10.3892/ol.2013.1727
http://doi.org/10.1074/jbc.M111.221564
http://doi.org/10.1002/ijc.25143
http://www.ncbi.nlm.nih.gov/pubmed/20039318
http://doi.org/10.1073/pnas.1009009107
http://www.ncbi.nlm.nih.gov/pubmed/21059911
http://doi.org/10.18632/oncotarget.6544
http://www.ncbi.nlm.nih.gov/pubmed/26673619
http://doi.org/10.1126/science.3310230
http://www.ncbi.nlm.nih.gov/pubmed/3310230
http://doi.org/10.1002/dvg.1020150602
http://doi.org/10.1126/science.293.5532.1103
http://doi.org/10.1093/nar/gkl338
http://www.ncbi.nlm.nih.gov/pubmed/16714444
http://doi.org/10.3390/ijms17010099
http://www.ncbi.nlm.nih.gov/pubmed/26784169
http://doi.org/10.1101/gad.1324305
http://doi.org/10.1038/sigtrans.2015.4
http://www.ncbi.nlm.nih.gov/pubmed/29263891
http://doi.org/10.1053/j.seminoncol.2011.08.006
http://doi.org/10.1146/annurev-pathol-012513-104715
http://doi.org/10.1093/carcin/bgp220
http://www.ncbi.nlm.nih.gov/pubmed/19752007
http://doi.org/10.1016/j.gde.2012.02.008
http://doi.org/10.1016/j.celrep.2014.05.026
http://www.ncbi.nlm.nih.gov/pubmed/24931610
http://doi.org/10.1515/hsz-2014-0284
http://www.ncbi.nlm.nih.gov/pubmed/25719312
http://doi.org/10.18632/oncotarget.17095
http://doi.org/10.3892/or.2010.1089


Life 2021, 11, 984 14 of 14

121. Chen, Y.; Luo, J.; Tian, R.; Sun, H.; Zou, S. miR-373 negatively regulates methyl-CpGbinding domain protein 2 (MBD2) in hilar
cholangiocarcinoma. Dig. Dis. Sci. 2011, 56, 1693–1701. [CrossRef]

122. Lujambio, A.; Ropero, S.; Ballestar, E.; Fraga, M.F.; Cerrato, C.; Setien, F. Genetic unmasking of an epigenetically silenced
microRNA in human cancer cells. Cancer Res. 2007, 67, 1424–1429. [CrossRef]

123. Anfossi, S.; Babayan, A.; Pantel, K.; Calin, G.A. Clinical utility of circulating non-coding RNAs- an update. Nat. Rev. Clin. Oncol.
2018, 15, 541–563. [CrossRef]

124. Xi, X.; Li, T.; Huang, Y.; Sun, J.; Zhu, Y.; Yang, Y. RNA Biomarkers: Frontier of Precision Medicine for Cancer. Non-Coding RNA
2017, 3, 9. [CrossRef]

125. Ramalho-Carvalho, J.; Fromm, B.; Henrique, R.; Jerónimo, C. Deciphering the function of non-coding RNAs in prostate cancer.
Cancer Metastasis Rev. 2016, 35, 235–262. [CrossRef] [PubMed]

126. Murray, M.J.; Halsall, D.J.; Hook, C.E.; Williams, D.M.; Nicholson, J.C.; Coleman, N.; Sweet, W.; Duh, Y.-J.; Greenfield, L.;
Tarco, E.; et al. Identification of MicroRNAs From the miR-371∼373 and miR-302 Clusters as Potential Serum Biomarkers of
Malignant Germ Cell Tumors. Am. J. Clin. Pathol. 2011, 135, 119–125. [CrossRef] [PubMed]

127. Belge, G.; Dieckmann, K.P.; Spiekermann, M.; Balks, T.; Bullerdiek, J. Serum levels of microRNAs miR-371-3: A novel class of
serum biomarkers for testicular germ cell tumors? Eur. Urol. 2012, 61, 1068–1069. [CrossRef] [PubMed]

128. Syring, I.; Bartels, J.; Holdenrieder, S.; Kristiansen, G.; Muller, S.C.; Ellinger, J. Circulating serum miRNA (miR-367-3p, miR-371a-
3p, miR-372-3p and miR-373-3p) as biomarkers in patients with testicular germ cell cancer. J. Urol. 2015, 193, 331–337. [CrossRef]
[PubMed]

129. Domínguez-Vigil, I.G.; Moreno-Martínez, A.K.; Wang, J.Y.; Roehrl, M.H.A.; Barrera-Saldaña, H.A. The dawn of the liquid biopsy
in the fight against cancer. Oncotarget 2017, 9, 2912–2922. [CrossRef]

130. Dieckmann, K.P.; Radtke, A.; Spiekermann, M.; Balks, T.; Matthies, C.; Becker, P. Serum levels of microRNA miR-371a-3p: a
sensitive and specific new biomarker for germ cell tumours. Eur. Urol. 2017, 71, 213–220. [CrossRef]

131. Henrique, R.; Jeronimo, C. Testicular Germ Cell Tumors Go Epigenetics: Will miR-371a-3p Replace Classical Serum Biomarkers?
Eur. Urol. 2017, 71, 221–222. [CrossRef]

http://doi.org/10.1007/s10620-010-1481-1
http://doi.org/10.1158/0008-5472.CAN-06-4218
http://doi.org/10.1038/s41571-018-0035-x
http://doi.org/10.3390/ncrna3010009
http://doi.org/10.1007/s10555-016-9628-y
http://www.ncbi.nlm.nih.gov/pubmed/27221068
http://doi.org/10.1309/AJCPOE11KEYZCJHT
http://www.ncbi.nlm.nih.gov/pubmed/21173133
http://doi.org/10.1016/j.eururo.2012.02.037
http://www.ncbi.nlm.nih.gov/pubmed/22386195
http://doi.org/10.1016/j.juro.2014.07.010
http://www.ncbi.nlm.nih.gov/pubmed/25046619
http://doi.org/10.18632/oncotarget.23131
http://doi.org/10.1016/j.eururo.2016.07.029
http://doi.org/10.1016/j.eururo.2016.08.013

	Background 
	miRNAs Biogenesis 
	miR-371–373 Gene Cluster 
	Functions of miR-371–373 in Tumorigenesis 
	Expression Status of miR-371–373 in Different Cancer Cells 
	Role of miR-371–373 on Cancer Stem Cells 
	miR-371–373 Serves as Oncogenes in Human Cancers 
	miR-371–373 Serves as Tumor Suppressors in Human Cancers 
	miR-371–373 Targets Cell Cycle-Related Genes 
	miR-371–373 Gene Cluster as an Epigenetic Regulator in Cancer 
	miR-371–373 as the Target of New Chemotherapeutic Drugs 

	Conclusions and Perspectives 
	References

