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A B S T R A C T

MicroRNAs (miRNAs) as the regulatory short noncoding RNAs are involved in a wide array of cellular and
molecular processes. They negatively regulate gene expression and their dysfunction is correlated with cancer
development through modulation of multiple signaling pathways. Therefore, these molecules could be con-
sidered as novel biomarkers and therapeutic targets for more effective management of human cancers. Recent
studies have demonstrated that the miR-181 family is dysregulated in various tumor tissues and plays a pivotal
role in carcinogenesis. They have been shown to act as oncomirs or tumor suppressors considering their mRNA
targets and to be involved in cell proliferation, apoptosis, autophagy, angiogenesis and drug resistance.
Additionally, these miRNAs have been demonstrated to exert their regulatory effects through modulating
multiple signaling pathways including PI3K/AKT, MAPK, TGF-b, Wnt, NF-κB, Notch pathways. Given that, in
this review, we briefly summarise the recent studies that have focused on the roles of miRNA-181 family as the
multifunctional miRNAs in tumorigenesis and cancer development. These miRNAs may serve as diagnostic and
prognostic biomarkers or therapeutic targets in human cancer gene therapy.

1. Introduction

Cancer is considered as the second leading cause of death world-
wide behind cardiovascular diseases. Approximately 18.1 million (non-
melanoma skin cancer) cancer cases and 9.6 million cancer-related
deaths have been reported in 2018. According to a report by Global
Burden of Disease Cancer Collaboration (analyzing 32 cancer groups
from 195 countries from 2005 to 2015), cancer incidence has been
elevated by 33% and it is responsible for one out of six deaths. They
have reported that elevated cancer mortality would be correlated to
changes in age-specific rates by 4%, population growth by 13% and
population aging by 16%. In 2018, the World Health Organization
(WHO) reported that the number of new cancer cases is expected to
increase by about 70% over the next two decades [1]. The cancer is a
multi-process event during which the genetic material of normal cells

become very susceptible during a prolonged time, which leads to the
transformed phenotype [2]. In fact, cancer is the consequence of un-
checked and abnormal growth and proliferation of cells [3]. Eight
hallmarks have been described for cancer which includes changeability
in keeping growth control signals, infinite lifespan, resistance against
cell death (such as apoptosis), the ability for unlimited division, infused
angiogenesis, invasion, and metastasis, evading/destruction of the im-
mune system and reprogramming of energy metabolism [4].

Although chemotherapy is widely used for cancer treatment, it
could fail due to the activation of drug resistance mechanisms during
the invasion stage of cancer. Chemotherapy could also be associated
with serious side effects [5]. Therefore, novel and alternative ther-
apeutic approaches, are expanding for cancer treatment including the
technique of gene silencing that is utilized to eliminate or reduce the
production of a protein from its corresponding gene. Gene silencing
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inhibits the translation process of the mRNA into protein by intervening
in the gene expression process. The gene silencing methods involve
antisense RNA (oligonucleotides), ribozymes and RNA interference
(RNAi). RNAi, as the mechanism that suppresses gene expression
through targeting mRNA molecules, is a natural process by which cells
regulate the gene expression as well as protect themselves against
transposons and viruses. RNA interference mechanism was primarily
discovered in nematode C. elegans by Andrew Z. Fire and Craig C. Mello
in 1998. The Nobel Prize in Physiology and Medicine (2006) was
awarded to the discovery of RNAi as the new gene silencing strategy
[6–8]. MicroRNAs (miRNAs) are essential players in RNAi mechanisms
in cells and suppress the expression of multiple target mRNAs in the
post-transcriptional level through binding to their 3′UTR region. Over
2500 human miRNAs were recorded in the miRBase database (http://
www.mirbase.org) and more than 60% of the human protein-coding
genes are predicted to have at least one conserved miRNA-binding site.
The involvement of miRNAs in human cancers makes them potent
targets in therapeutic strategies including miRNA replacement therapy.
This method utilizes miRNA mimics or synthetic miRNAs to regulate
gene expression through suppression of target mRNAs [9]. Moreover,
this mechanism is widely used for therapeutic purposes due to the
ability of miRNAs to degrade mRNA targets or silence their translation
to proteins that have critical roles in cell structure and function [8]. It
could also be utilized as a potential therapeutic approach to treat dis-
eases, cancers, and viral infections in the future or as prognostic and
predictive biomarkers [10]. In this review, we have outlined the
miRNA-181 family as the active miRNAs in human cancers and dis-
cussed various signaling pathways in which they are involved.

2. Regulation of miRNA-181 expression

The expression level of miR-181 family is regulated by multiple
mechanisms including epigenetic modification such as DNA methyla-
tion and histone modification, TGF- β signaling and competing en-
dogenous RNA (ceRNA) (See Table 1).

2.1. Epigenetic modification

The EpimiR database (http://bioinfo.hrbmu.edu.cn/EpimiR/) has
provided 19 types of epigenetic modifications such as histone acetyla-
tion, H3K4me3, and H3K27me3, DNA methylation that are correlated
with expression of 617 miRNAs across 7 species such as Mus musculus,
Rattus norvegicus and Homo sapiens from nearly 2000 literature. Some of
these epigenetic modifications affecting miRNA-181 family expression
have been introduced in Table 1.

2.2. TGF- β signaling

TGF-β signaling activity was shown to upregulate miR-181a ex-
pression which in turn induces metastasis in breast cancer especially in
triple-negative breast cancer by downregulation Bim. Recent studies
demonstrated that Smad4-independent and -dependent mechanisms
lead to TGF-β–mediated transcription of miR-181a; however, transcript
processing of miRNA that leads to producing mature miR-181a, occurs
in a Smad4-independent manner. Therefore, there is a need for future
studies to better understand the relative contributions of posttransla-
tional mechanisms versus transcriptional processes in TGF-β mediated
stimulation of miR-181 family activity [11].

2.3. Competing endogenous RNAs (ceRNA)

Long non-coding RNAs (LncRNAs) can also regulate gene expression
via several different mechanisms, mostly they function as competitive
endogenous RNAs (ceRNAs) through sponging miRNA in shared
binding sequences which in turn sequester miRNAs from their targets
[12]. Recent studies have demonstrated that miRNA-181 family ex-
pression levels are also regulated by lncRNAs that serve as ceRNAs.
Long non-coding RNA XIST was shown to sponge miR-181a and sup-
press its expression. Xist mediated downregulation of miR-181a, in
turn, reversed the inhibitory effect of this miRNA on PTEN expression
which subsequently could inhibit hepatocellular carcinoma develop-
ment [13].

LincRNA-p21, a type of long intergenic noncoding RNA that con-
tributes to different biological processes and diseases was also shown to
competitively bind to miR-181, which indirectly leads to over-
expression of PKC-δ and finally induces microglial activation during
inflammation [14]. Additionally, MEG3 and CCAT1 lncRNAs were de-
monstrated to function as ceRNAs for miRNA-181 family and promote
the inflammatory response in diabetic nephropathy and tumorigenesis
of endometrial carcinoma, respectively [15,16].

3. miRNA-181 in cancer

MicroRNAs (miRNAs) are categorized as non-coding RNAs, which
are 21–24 nucleotides in length and act through pairing with target
mRNAs and their degradation. Prior studies have shown that miRNAs
play significant roles in cancer pathogenesis. Depending on tissue and
cell type, miRNAs can act as oncogenes or tumor suppressors in cancer
development. Approximately 50% of human miRNAs are located in
areas known as fragile sites that are associated with a number of can-
cers. Subsequently, dysregulation of these miRNAs in human malig-
nancies could be used as a diagnostic and prognostic marker [17]. Calin
et al. have reported the first evidence about the correlation between
miRNAs and cancer pathogenesis. They have demonstrated that

Table 1
The miRNA-181 family expression regulated different factors.

miR-181 family Mechanisms Species Level Condition Ref.

miR-181a Epigenetics (DNA Methylation) Human Low Cancer metastasis, Colorectal cancer Pubmed 18768788, 22821729
Epigenetics (Histone Acetylation) Human Low ALL Pubmed 19807731
TGF-β signaling Breast cancer [11]

miR-181c Epigenetics (Histone Acetylation) Human Low ALL Pubmed 19807731
Epigenetics (DNA Methylation) Human High Gastric carcinogenesis Pubmed 20080834

Human Low Colorectal cancer Pubmed 21610744
Human Low NSCLC Pubmed21702040
Human Low k-562 cell line Pubmed 22089542
Human Low Prostate cancer Pubmed 22310291
Human Low Neuroblastoma Pubmed 22797059
Human Low Colorectal cancer Pubmed 22821729

Epigenetics (H3K27me) Human High Embryonic stem cells Pubmed23301034
miR-181d Epigenetics (Histone Acetylation) Human Low ALL Pubmed 19807731

H3K27me: histone3 lysine27 methylation.
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miRNA-15 and miRNA-16 are downregulated in chronic lymphocytic
leukemia (CLL) [7].

The members of the miRNA-181 family are both oncogenic and
tumor-suppressive miRNAs. This family includes four members in-
cluding miRNA-181a, miRNA-181b, miRNA-181c, and miRNA-181d.
They are highly conserved miRNAs in almost all vertebrates with im-
portant functions. Human miRNA-181a1 and miRNA-181b1 are in-
tragenic miRNAs located as a cluster on chromosome 1, miRNA-181a2
and miRNA-181b2 are also intragenic and located as a cluster on
chromosome 9, while miRNA-181c and miRNA-181d are intergenic
miRNAs which are located as a cluster on chromosome 19 [18]. Ac-
cording to miRBase, as depicted in Fig. 1, all members of miRNA-181
family are stem-loop sequences which are known as miRNA precursors.
miRNA-181a/b/c/d precursors are capable of producing 5′ and 3’
single-stranded RNA overhangs that will mature to functional miRNA.

Furthermore, recent studies have well-established the promoter re-
gion and the activity of these miRNAs. In natural killer (NK) cells
mir181a/b1 and mir181a/b2 transcription start sites (TSS) have been
mapped to 78.3 kb and 34.0 kb upstream of the mature miRNAs.
Luciferase reporter vector assay demonstrated that important tran-
scription factor-binding sites for miRNA-181a/b1 and miRNA-181a/b2
genes are located in 51–201 nt and 150–301 nt upstream of the major
TSS, respectively. Through this binding sites, TGF-β signaling, in a
SMAD-dependent manner, could trans-activate miRNA-181a/b2 pro-
moter, while miRNA-181a/b1 was upregulated as a consequence of IL-
2, IL-15 and IL-12/IL-18 treatments [19]. miRNA-181c promoter was

further identified to be located at 2 kb upstream of the mature miRNA
sequence overlapping with a 0.5 kb CpG island which contains a CTCF
binding motif. In glioblastoma cell lines, it was shown hypermethyla-
tion of this region could downregulate miRNA-181c expression, while
CTCF interaction with the promoter is able to protect miR-181c from
methylation and increase the expression of this miRNA [20]. Ad-
ditionally, using reporter plasmids, it was shown that miR-181d con-
tains a functional E box element located at −1261 bp upstream of its
transcription start site which c-myc protein could effectively bind to
this region and upregulate miR-181d expression in CRC cells [21].

The functions of miRNA-181 family in tumorigenesis remain to be
elucidated. Previous studies have shown that miRNA-181 family is in-
volved in diverse cellular functions in normal cells such as proliferation,
growth, survival, cell death, and tumor suppression. They have been
reported to be significantly downregulated in some human solid tumors
including non-small cell lung (NSCL), primary glioblastoma and CLL
[22–25]. On the other hand, they have been shown to be upregulated in
hepatocellular carcinoma (HCC), breast cancer and human gastric
cancer which leads to vascular invasion, lymph node metastasis and
poor survival of patients [11,26–28]. Moreover, miRNA-181 is involved
in the regulation of tumor growth and the immune system by engaging
the signaling pathway factors and/or key inflammatory factors such as
MAPK1, TNF, TLR4, IL6, and IL1a; suggesting that miRNA-181 may act
as an anti-inflammatory agent [29]. It could be concluded that miRNA-
181 family plays various roles in cancer development and progression
and could be considered as a potential therapeutic and diagnostic target

Fig. 1. Structure of stem-loop sequence of miR-181.
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in cancer.

4. miRNA-181 signaling pathways in cancer

miRNAs are involved in almost every intracellular signaling
pathway. Thus, regulation of their expression levels is critical for cells
to have balanced cellular functions. The miRNAs are believed to si-
multaneously target different mRNAs. Thus, the investigation of
miRNAs could be of great value for understanding both their patholo-
gical and physiological roles. Specifically, it is not surprising to see that
miRNA-181 is involved in the regulation of multiple cellular functions.
The miRNA-181 has diverse activities in different cellular processes. It
has been demonstrated that miRNA-181 is involved in various signaling
pathways including MYC, TGF-b, Wnt/β-catenin, and STAT3. These

signaling pathways are involved in autoimmune disorders and cancers
and are associated with the aberrant expression of miRNA-181. Fig. 2 is
depicting several signaling pathways in which miR-181 is involved in
their regulation.

4.1. PI3K/AKT/PTEN/mTOR/RAS signaling pathways; survival factors

PI3K/AKT signaling pathway is frequently activated in human
cancers due to lack of phosphatase and tensin homolog protein (PTEN).
This protein is a tumor suppressor that acts as a lipid phosphatase and
participates in multiple cellular processes including metabolism, cel-
lular architecture, proliferation, and cell survival. PTEN suppresses
PI3K/AKT-mTOR pathway via de-phosphorylation of phosphoinositide-
3, 4, 5-triphosphate [30] and its malfunction contributes to the hy-
peractivity of this pathway. The miRNA-181 regulates the PTEN ex-
pression, especially in apoptosis and proliferation of osteoarthritis (OA)
cancer. Exogenous overexpression of this miRNA was shown to inhibit
the proliferation and induce apoptosis via inhibition of PTEN expres-
sion and to upregulate matrix metallopeptidase-2 (MMP-2), MMP-9,
caspase-3, and PARP expression levels [31].

HCC is the third leading cause of cancer-related deaths in the world.
Hepatitis B virus X protein (HBx) serves a major role in the HCC pro-
gression in HBV positive cells (HepG2.2.15). The miRNA-181a has been
reported to be up-regulated in these cells. HBx and miRNA-181a could
reduce the PTEN expression which leads to the interruption of the
balance between proliferation, apoptosis and cancer development [32].
Generally, inhibition of PTEN could lead to the induction of AKT
phosphorylation and consequently initiation of a metabolic shift. En-
hanced miRNA-181a expression as an oncogene also could lead to

Fig. 2. miR-181 family is involved in the regulation of signaling pathways.

Fig. 3. The role of miR-181 family in the regulation of PI3K/AKT signaling. Factors including RAS signaling, PDPK1, and ST8SIA4 could contribute to overexpression
of PI3K/AKT signaling and lead to proliferation; whereas PTEN is an inhibition factor. The miRNA-181 family regulates these gens.
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transformed metabolic pathways which are often characterizing fea-
tures of cancer cells such as colon cancer. The lactate over-production is
a consequence of miRNA-181 mediated metabolic shift. This increase
could induce the rapid growth of colorectal cancer (CRC) cells via the
PTEN/AKT pathway [33]. Moreover, the upregulation of miRNA-181a
in chemo-resistance T-cell leukemia/lymphoma (T-CLL) could lead to
the proliferation of these cells by engaging the AKT phosphorylation
[34].

Breast cancer cells could migrate to the brain through the blood-
brain barrier (BBB). The miRNA-181c suppresses the expression of
PDPK1 as its target which in turn leads to abnormal localization of actin
and ultimately to the destruction of BBB Expression of PDPK1 promotes
the PI3K signaling pathway and phosphorylates the Akt which are
hyper-activated in cancers [35]. The miRNA-181c can also suppress the
expression of ST8SIA4 as a positive regulator of the PI3K/AKT signaling
pathway. Studies have shown that the downregulation of miRNA-181c
in the CML could lead to the overexpression of ST8SIA4 and hyper-
activation of the PI3K/AKT pathway [36]. The molecular interactions
between long non-coding RNA (lncRNA) XIST and miRNA-181a has
been determined in HCC cells. The miRNA-181a expression is upregu-
lated in HCC tissues which is correlated with metastastic stages of
malignancy. This miRNA was reported to be sponged by Xist lncRNA
which in turn regulates the expression levels of PTEN as the direct
target of miR-181a. Therefore, XIST-mediated downregulation of miR-
181a in HCC cells activates the PI3K/AKT signaling pathway and en-
hances the proliferation and invasion of these cells (Fig. 3) [37].

4.2. MAPK/JNK/ERK signaling pathways; growth factors

Cells respond to any change in their condition which rapidly leads
to the induction of signaling pathways including the Mitogen-Activated
Protein Kinases (MAPK) cascades in response to extracellular stressors.
The serine/threonine kinases as MAPKs have also been assigned to have
a critical role in cellular responses including regulation of differentia-
tion, proliferation, and apoptosis. In mammalian cells, the MAPK sig-
naling pathway contains three different types of kinases including ex-
tracellular signal-regulated kinase (ERKs), p38 and c-Jun N-terminal
kinase (JNK). Generally, this signaling pathway triggers a phosphor-
ylation cascade of proteins including other kinases and cytoplasmic
functional proteins. Therefore, dysregulation of this pathway was
shown to be correlated with the pathogenesis of various diseases in-
cluding diabetes and cancers [38,39]. Prior reports have indicated that
miRNA-181 family could modulate this signaling pathway and their
dysregulation plays important roles in MAPK signaling-mediated car-
cinogenesis. miRNA-181a was shown to be downregulated in metastatic
salivary adenoid cystic carcinoma (SACC) and to inhibit cell prolifera-
tion, invasion, and migration by engaging the Snai2, MAPK1, and
MAP2K1 [40].

Activator protein 1 (AP-1) is a transcription factor that involves in
the MAPK signaling pathway and plays a critical role in the regulation
of cell proliferation, death, and survival in response to environmental
stressors. AP-1 is mainly composed of c-Fos and c-Jun protein sub-units
which function as important regulatory elements in the development of
liver tumors. The c-Jun promotes the growth of tumor cells through the
inhibition of its negative regulators e.g. p16. It also could increase its
positive effects on the cell cycle (e.g. Cyclin D1) and ultimately suppress
the apoptosis in liver cancer cells [38]. miRNA-181a was shown to
increase the activity of AP-1 which is a consequence of MAPK pathway
activation and leads to proliferation and tumorigenesis of HCC [41].
Moreover, miRNA-181b was also demonstrated to directly bind to
MEK1 and enhance the sensitivity of glioblastoma to temozolomide and
increase apoptosis [42]. The miRNA-181d is downregulated by active
MAPK in human pancreatic cancer which could result in the constitu-
tion of malignant phenotype [43].

4.2.1. RAS/MAPK, ERK pathway
The ERK1/2 MAP kinases cascade plays a central role in the sig-

naling of a wide array of extracellular agents operating via different
receptors. The activation of these receptors is transmitted to small Ras
GTPase in most cases, which is present in the plasma membranes. In
about one-third of human cancers, the Ras-ERK cascade is overactivated
[44]. Phospho-ERK is correlated with the levels of KRAS and MAPK
signaling is believed to exert the effects of these regulatory agents.
Studies have shown that downregulation of miRNA-181a in cutaneous
squamous cell carcinoma (CSCC) could lead to tumor growth and re-
duction of apoptosis through overexpression of KRAS proto-oncogene
[45].

Ras proto-oncogenes (including HRAS, NRAS, and KRAS) are in-
volved in homeostatic mechanisms of growth, differentiation, and
programmed cell death in normal cells. The miRNA-181a directly reg-
ulates the activity of the Ras family by binding to 3′ UTR regions of
their mRNAs. This specific binding downregulates the expression of
MAPK1, NRAS, and KRAS in acute myeloid leukemia (AML) cells,
which in turn decreases cell growth and proliferation and enhances the
sensitivity of these cells to chemotherapy agents [46]. Although over-
expression of miRNA-181a/b in the plasma and tumor tissues derived
from oral squamous cell carcinoma (OSCC) has been observed to be
correlated with lymph node metastasis, invasion, and poor survival of
patients, other studies have shown that miRNA-181a is downregulated
in OSCC and via targeting KRAS represses OSCC cell proliferation and
anchorage-independent growth [46]. The miRNA-181a was also shown
to be downregulated in NSCLC and its ectopic overexpression inhibits
cell proliferation, survival, and migration through the downregulation
of KRAS [47]. Moreover, miRNA-181d expression which is highly
downregulated in human glioblastoma could also inhibit cell pro-
liferation and trigger the apoptosis in glioma cells via targeting KRAS
and BCL-2 [42]. Ras association domain family member 6 (RASSF6) is a
tumor suppressor that was illustrated to frequently be hypermethylated
in human cancers and involves in the regulation of the P53, NF-κB, Ras,
and MAPK signaling pathways. RASSF6 was demonstrated to be
downregulated in human gastric cancer and targeted by miRNA-181a.
The overexpression of this miRNA could decrease RASSF6 expression in
GC cell lines and facilitate cell proliferation, invasion and epithelial-to-
mesenchymal transition (EMT); representing miRNA-181a oncogenic
function in GC tumorigenesis [48]. Furthermore, hyper-activation of
miRNA-181a could also lead to inhibition of apoptosis via suppression
of RalA expression in CML. RalA, a small G protein, is a downstream
effector of BCR-ABL and its activation, as a critical step in the Ras
signaling pathway involves in tumorigenesis and invasion of various
solid tumors. BCR-ABL also regulates pro-survival pathways and acti-
vates the Ras signaling cascade [49]. Other studies revealed that
miRNA-181a is capable of suppressing the expression SOS gene in CML.
SOS encodes the Guanine nucleotide exchange factor (GEF) that ad-
ditionally activates the RAS/MAP kinase signaling pathway (Fig. 4)
[50].

4.2.2. JNK/MAPK pathway
According to the results of different databases and software

(miRanda, miRNA and TargetScan 6.2) E2F7 (a transcriptional factor)
and cyclin-dependent kinase inhibitor 1B (CDKN1β) are other targets of
miRNA 181a. These proteins have been reported to negatively regulate
cell cycle and to be potential targets of miRNA-181a which is elevated
in several cancers including HCC via promotion of the MAPK/JNK
pathway (Fig. 4) [51].

4.3. Wnt/β-catenin signaling pathways

The Wnt signaling pathway serves essential roles in proliferation,
metastasis, and invasion of cancer cells; especially in their differentia-
tion and self-renewal. The Wnt signaling is classified into β-catenin-
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dependent (canonical) and β-catenin-independent (non-canonical)
pathways. Following the deactivation of β-catenin and, its accumula-
tion in the cytoplasm, this multifunctional protein is transported into
the nucleus to form complexes with co-regulators of transcription fac-
tors including TCF/LEF (T cell factor/lymphocyte enhancer factor) and
ultimately leads to transcription of WNT target genes [52].

It has been demonstrated that Wnt/β-catenin signaling plays a
major role in the pathogenesis of HCC. The miRNA-181 family is in-
volved in maintaining the stemness property of HCC cells, which are
positive for EpCAM (CD326) cell surface marker. Nemo-like kinase
(NLK) as a tumor suppressor and an inhibitor of the Wnt/β-catenin
signaling pathway could be targeted by miRNA-181 in the EpCAM +
AFP + cells, which in turn induces tumor-initiating ability of these
cells. Additionally, GATA6 (GATA binding protein 6) and CDX2
(homeobox transcription factor 2) as the other hepatic transcriptional
regulators of differentiation in the canonical Wnt pathway could be
targeted by miRNA-181 in HCC cells; indicating that miRNA-181 plays
a critical regulatory role in Wnt/β-catenin signaling pathway [53].

Twist1 (a transcription factor) and IL-6 can induce the expression of
miRNA-181 family and let-7 in hepatocellular cancer stem cells (HSCs),
respectively. The miRNA-181 was also shown to directly target NLK,
tissue inhibitor of metalloprotease 3 (TIMP3), RASSF1A, and CASP3 in

these cells which ultimately could lead to increased cellular invasion
and chemo-resistance [26]. However, another study has demonstrated
that Twist1 serves as a direct target of miR-181a and its downregulation
could inhibit the metastasis (migration and invasion/EMT) and reduce
the cisplatin chemo-resistance in tongue squamous cell carcinoma
(TSCC); suggesting that miR-181a-Twist1 pathway plays a fundamental
role in the development of TSCC [54]. On the other hand, interestingly,
a number of molecular components involved in the canonical Wnt
signaling pathway could regulate the expression miRNA-181 family in
HCC cells. It has been reported that the promoter of miRNA-181 con-
tains several binding sites for β-catenin/TCF4 complex. Their interac-
tion could induce transcription of miRNA-181 which in turn promotes
the Wnt signaling via repression of GSK3b signaling and induction of β-
catenin/Tcf4 activity, in a positive feedback regulatory loop [53]. It has
been revealed that the activation of miRNA-181a could lead to cellular
invasion, liver metastasis and cell motility in CRC tumorigenesis. The
miRNA-181a conveys these effects via targeting the Wnt inhibitory
factor-1 (WIF-1) as a tumor suppressor gene. Furthermore, miRNA-181
upregulated the vimentin expression levels as a mesenchymal marker,
while reduced the expression levels of epithelial markers β-catenin and
E-cadherin in CRC cells (Fig. 5) [53,55].

Fig. 4. Involved members of miR-181 family in the regulation of MAPK signaling. RAS signaling leads to overactivation of PI3K/AKT and MAPK signaling pathway.
MAPKs signaling pathway contributes to metastasis, cell cycle and proliferation processes. All of these pathways are regulated via miRNA-181 family.
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4.4. TGF- β signaling pathways; anti-growth factors

The transforming growth factor-β (TGF-β) signaling pathway plays
paradoxical roles in cellular physiology, homeostasis, and differentia-
tion. TGF-β has several functions and can act either as an oncogene or
as a tumor suppressor. It restricts the proliferation of epithelial cells in
the early stages of cancer, whereas it leads to metastasis in the late-
stages of malignancy. TGF- β has been reported to induce the EMT
process in cancer cells, which is important in tissue fibrosis, embry-
ogenesis, metastasis, and chemo-resistance. The EMT process is char-
acterized by the loss of cytoskeletal reorganization and epithelial
morphology in Ref. [56]. Prior studies have indicated that miRNA-181
is involved in the TGF-β-mediated invasion and cell migration. Gen-
erally, the TGF-β signaling pathway includes both canonical and non-
canonical pathways. In the canonical pathway, the TGF-β activates the
SMAD factors-dependent signaling, which in turn is able to activate or
suppress hundreds of target genes. The activation or inhibition of these
genes is the consequence of the interactions between SMADs and
transcription factors. In the non-canonical pathway, the TGF-β acts
through MAPK, NF-κB, and PI3K/AKT pathways [57].

4.4.1. Smad canonical pathway
Exposure to TGF-β was shown to upregulates the miRNA-181a ex-

pression in HCC cells which in turn via targeting the MMPs and Snail
could promote EMT of hepatocytes [58]. The expression of the miRNA-

181a/b/c/d is also induced by Activin/TGF-ß complex in breast cancer
cells and causes increased cellular invasion and migration. Activin is a
member of the TGF-ß family which activates the TGF-ß signaling
pathway [58].

Studies have shown that miRNA-181a expression and phosphory-
lated Smad2 (P-Smad2) are upregulated in relapsed ovarian tumors
compared to the primary tumors with poor outcomes and rapid recur-
rence in epithelial ovarian cancer (EOC) patients. EOC accounts for
around 90% of all ovarian cases. Exogenous overexpression of miRNA-
181a suppresses the function of Smad7 and leads to TGF-ß mediated
EMT in high-grade ovarian tumors. Moreover, miRNA-181a upregula-
tion could also increase ovarian cancer cell migration, survival, and
drug resistance [59].

4.4.2. Non-canonical (non-smad) pathway
Overexpression of miRNA-181a via the PTEN/Akt/FOXO1 pathway

could lead to proliferation, invasion, and suppression of apoptosis in
cervical cancer cells [60]. Furthermore, miRNA-181a upregulation
suppresses the activation of the TGF-β signaling pathway and leads to
the downregulation of its targets (TGFBR1 and TGFBRAP1) and in-
hibition of proliferation in MSC [61]. Studies have indicated that TGF-β
has elevated the miRNA-181a/b expression levels and inhibited MAPK/
ERK signaling activity via targeting RhoA and cofilin during retinal
axon and growth [62].

The miRNA-181a is also upregulated by TGF-β signaling in breast

Fig. 5. Involved miR-181 family members in the regulation of Wnt signaling. Wnt signaling contributes to transcription of WNT target genes in the nucleus that are
involved in metastasis, invasion, cell cycle, drug resistance, and proliferation processes. All of these processes are regulated via miRNA-181 family.
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tumors and hepatocytes. The dysregulated TGF-β signaling pathway is
driven in the late stage of breast cancer metastasis. However, its mo-
lecular mechanisms have not been yet fully illuminated. Upregulation
of miRNA-181a as a “metastamiR” could also lead to metastasis in-
duction through TGF-β signaling in breast cancer (especially in triple-
negative breast cancers (TNBCs) with decreased survival rates of pa-
tients). The aberrant expression of miRNA-181a increases the EMT via
enhanced resistance against anoikis and repression of the Bim pro-
apoptotic factor [11]; indicating that the overexpression of miR-181a is
correlated with TGF-β signaling and metastasis in breast cancer [53].

It has recently been demonstrated that cancer stem cells (CSCs)
serve in crucial processes including cancer initiation, cellular invasion,
and resistance to therapeutic agents. TGF-β signaling plays pivotal roles
in the initiation or stemness of human cancers. TGF-β is involved in the
post-transcriptional upregulation of the miRNA-181 in breast cancer
cells. In undifferentiated conditions, the miRNA-181a enhances the
growth of mammospheres via targeting ataxia telangiectasia mutated
(ATM) gene. ATM functions as a tumor suppressor and an important
checkpoint kinase in the cell cycle progression. ATM phosphorylates
and activates a variety of substrates, including CHK2, p53, and BRCA1
as the important tumor suppressors. Therefore, miRNA-181a mediated
downregulation of ATM could activate tumorigenesis via the formation
of cancer sphere stem cells in breast cancer cells. Up-regulation of
miRNA-181b and HMGA1 is able to downregulate the expression of
ATM and CBX7 through modulating the TGF-β signaling pathway in
breast cancer. Smad4 knockdown could also promote the miRNA-181
expression and subsequently stemness of breast cancer [63].

The miRNA-181a may also trigger the transition of a normal cell
into cancer cells via repression of PGR, DDX3X and TIMP3 expression
[64]. TGFβ-mediated upregulation of miRNA-181b is reported to in-
duce early carcinogenesis in the livers of the C57/BL6 mice model via
suppressive engaging of the TIMP3 [65]. miRNA-181b was also illu-
strated to be significantly upregulated in the serum of liver cirrhosis
cases which make this miRNA as a potential diagnostic biomarker for
this malignancy. TGF-β-mediated upregulation of miRNA-181b could
lead to the enhancement of cell proliferation via targeting the p27 gene
in HSC-T6 rat hepatic stellate cell line (HSCs). CDNK1B is a critical gene
in the cell cycle regulation, which encodes p27 [66]. TGF-β1 also in
NSCLC cells upregulates the expression of miRNA-181b which in turn
reduces E-cadherin expression and eventually promotes cell metastasis
and invasion [67]. Moreover, miRNA-181c could arrest the cell cycle
and suppress the EMT process and migration by engaging the TGF
signaling. Additionally, this miRNA was reported to be downregulated
in high-grade osteosarcoma and glioblastoma (Fig. 6) [68,69].

4.5. Notch signaling pathways

The Notch signaling pathway contributes to many processes in-
cluding proliferation, differentiation, apoptosis and cell fate. As an
oncogenic pathway, it is hyper-activated in several human cancers in-
cluding T cell acute lymphoblastic leukemia (T-ALL), CLL, NSCLC and
breast cancer. In contrary to its oncogenic role, Notch signaling is
downregulated as a tumor suppressor in HCC, HNSCC, and B-ALL.
Notch1, Notch2, Notch3, and Notch4 have different epidermal growth
factor-like (EGF-like) repeats [70,71]. Notch4 activation could suppress
VEGF-mediated angiogenesis and endothelial sprouting through over-
expression of β1 -Integrin [72]. Upregulated levels of miRNA-181a/b
could elevate the development of human NK cells via inhibition of NLK
(a repressive target of Notch signaling) and promotion of IFN-γ pro-
duction [73]. The miRNA-181a contributes to the maintenance of
Notch 1 oncogenic activity; this is the reason for the miRNA-181a to be
hyperactive in T-ALL cells [74]. It has been revealed that the expression
of miRNA-181c could be reduced with the upregulation of NOTCH2/4
and KRAS as oncogenes in some of the gastrointestinal cell lines [75].
Loss of miRNA-181c expression induces Notch2 signaling in pediatric
high-grade Gliomas (pHGGs) and elevates the proliferation, invasion,

and self-renewal abilities (Fig. 7) [76].

4.6. NF-κB signaling pathways; inflammation

Nuclear factor-kappa B (NF-κB) signaling is a pathological me-
chanism in inflammation and septic shock. NF-κB is involved in the
transcription of numerous genes with crucial roles in the pathophy-
siology. Suppression of NF-κB restores systemic hypotension, vascular
derangement, and repression of multiple pro-inflammatory genes. The
NF-κB transcription factor family consists of five members including
NF–B1, NF–B2, C-Rel, RelA, and RelB [77].

Moreover, miRNA-181 family including miRNA-181b could sup-
press the glioma cell EMT and proliferation as a tumor suppressor
miRNA; this also accurses by engaging the KPNA4 (importin-α3) and
NF-κB signaling pathway [24].

The miRNA-181a negatively controls the NF-κB signaling (via NF-κB
and CARD11) and diminishes cell survival and proliferation in activated
B cell-distinct subgroups of diffuse large B-cell lymphoma (ABC-DLBCL)
[78]. Downregulation of the miRNA-181c contributes to increased
proliferation of hematopoietic progenitor cells and TNFα regulation in
Fanconi anemia patients [79]. The miRNA-181c was also illustrated to
be downregulated by hypoxia in primary microglia and its exogenous
overexpression could inhibit neuronal apoptosis via deactivation of
TLR4 and NF-κB signaling through lowering the production of pro-in-
flammatory mediators, such as iNOS, IL-1β, and TNF-α [80]. In addi-
tion, high expression levels of miRNA-181a were reported to be cor-
related with the downregulation of IL1B and TLR4 as the boosters of
cell proliferation and to be associated with a better outcome of patients
with AML [81].

Dendritic cells (DC) could be stimulated by both endogenous da-
mage-associated molecular patterns (DAMPs) such as high mobility
group box-1 protein (HMGB1) and exogenous pathogen-associated
molecular patterns (PAMPs) such as LPS (lipopolysaccharide).
Overexpression of the miRNA-181a may regulate the HMGB1 in DC
maturation by engaging the TNF-α and IL1 [29,82]. This miRNA de-
creases the proliferation and metabolic activity of AML cells via reg-
ulating CD4 and HMGB1 expression [82]. Upregulation of miRNA-181b
could also induce apoptosis and increase the drug sensitivity of AML
cells via targeting the myeloid cell leukemia-1 (Mcl-1) and HMGB1
genes [83].

Various factor-like IL6, Lin28, NF-κB, and let-7 are involved in the
initiation of the epigenetic process leading to the conversion of a non-
transformed cell into cancer cells. It has been identified that miRNA-
181a plays an important role in the initiation of this process in the
differentiation of MK (megakaryocytic) cells [84]. IL6 was demon-
strated to activate the STAT3 transcription factor, which directly leads
to the activation of miRNA-181b and miR-21. Subsequently, these
miRNAs downregulate the expression of cylindromatosis (CYLD) and
PTEN tumor suppressors, respectively, resulting in hyperactivity of NF-
κB which is required to maintain the transformed cell state. During the
cell transformation, STAT3 expression is strongly enhanced in colon
adenocarcinomas [85]. Furthermore, it was shown that miRNA-181b
can similarly increase the activity of NF-κB via targeting CYLD, inhibit
apoptosis induction and enhance the resistance of pancreatic cancer
cells to gemcitabine [86].

The silent information regulator 1 (SIRT1) serves as an anti-aging
molecule via the regulation of cellular processes such as stress re-
sponses, inflammation, and replicative senescence through deacetyla-
tion of its target including NF-κB, FOXO, and p53. The expression levels
of SIRT1were reported to be much higher in mouse embryonic stem
cells (mESCs) compared to differentiated tissues. miR-181a/b was re-
ported to suppress SIRT1 expression in differentiated tissues which may
be of therapeutic value against cancers [87]. However, studies have
revealed that miRNA-181a which suppresses SIRT1 expression is up-
regulated in chondrosarcoma; suggesting that miRNA-181a may con-
tribute to defending host cells from tumor progression [88].
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Furthermore, in a positive feedback loop, activation of NF-κB signaling
mediated by IL-1β may increase miRNA-181a expression which in turn
could sustain the activity of this signaling pathway in part via mod-
ulating zinc finger protein 440 (ZNF440) signaling; resulting to en-
hancement of inflammatory and cell death markers as well as

suppression of type II collagen expression which ultimately promote
cartilage degenerative effects in human OA chondrocytes (Fig. 8) [89].

4.7. Cell cycle and growth

Most mature cells reside in the quiescent state and normally don't
enter the cell cycle. Reversion of these cells into the cell division cycle
requires the inactivation of the retinoblastoma (RB) protein and in-
itiation of transcription from the genes which are required for DNA
synthesis during S phase or chromosome segregation during M phase
(mitosis) [90]. The tumor suppressor miRNAs could arrest the cell cycle
by reducing the components of the cell cycle. On the contrary, the
oncogenic miRNAs could facilitate entry into cell cycle and develop-
ment through transcriptional repressors or CDK inhibitors related to
retinoblastoma family [90]. The miRNA-181b was shown to promotes
cell growth and invasion in ovarian cancer via targeting large tumor
suppressor kinase 2 (LATS2) which function as a negative regulator of
the cell cycle through blocking G1 to S and G2 to M transition [91].
However, miRNA-181b is also downregulated in human gastric cancer
and suppresses cell proliferation, migration, and glycolysis via targeting
the hexokinase 2 gene (HK2) [92]. HK2 was shown to play a pivotal
role in G1/S checkpoint activation [93]. O6-methyl guanine DNA me-
thyltransferase (MGMT) which is unmethylated in glioblastoma in-
creases cell survival and resistance to temozolomide. Over-expression of
miRNA-181d could suppress MGMT expression and makes glioblastoma
cell vulnerable to temozolomide [24]. Furthermore, the upregulation of
miR-181 in glioblastoma cells was demonstrated to downregulate CCL8
expression leading to inhibition of cell growth and the G1 phase cell
cycle arrest [94].

The miRNA-181b was shown to be downregulated in human gastric

Fig. 6. Involved miR-181 family members in the regulation of TGF-β signaling. TGF-β signaling triggers the other signaling pathways including Akt/PI3K, MAPK, and
NF-κB and leads to metastasis, proliferation, and EMT. These pathways play important roles in EMT.

Fig. 7. Involved miR-181 family members in the regulation of Notch signaling.
Notch signaling contributes to angiogenesis and EMT. miRNA-181 family could
lead to increased Notch signaling via inhibition of NLK.
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cancer tissues and cell lines. Ectopic overexpression of miRNA-181b via
targeting the cAMP-responsive element-binding protein 1 (CREB1)
could suppress proliferation and colony formation of gastric adeno-
carcinoma cells. CREB1 regulates the expression of many types of on-
cogenes including cell cycle-related genes [95]. The miRNA-181a over-
expression in T-ALL is correlated with the downregulation of EGR1
expression and elevated cell proliferation and G1/S transition [96]. The
miRNA-181 is downregulated in cervical cancer (CC) tissues and its
upregulation suppresses cell proliferation via targeting the Yin Yang 1.
Yin Yang 1 is an oncogene and a transcription factor, which leads to the
transition of the G0/G1 phase [97]. The miRNA-181a/b additionally
triggers proliferation and metastasis of neuroblastoma cells via tar-
geting the abl interactor1 (ABI1) which controls Abl activation and
negatively regulates cell invasion (Fig. 10) [98].

4.7.1. P53 signaling pathways
P53 is an important tumor suppressor that is activated in response

to cellular stresses which in turn leads to cell-cycle arrest and activation
of DNA repair systems or induces programmed cell death (apoptosis), in
case of failed response to cell damage [99]. A cell regulates the P53
signaling pathways via complex processes including the exploitation of
miRNA-181 mediated P53 gene regulation. Moreover, massively par-
allel sequencing has helped to understand the contribution of p53 in the
expression of miRNAs such as miRAN-181. However, further

investigations are required to get a better grasp of the ongoing me-
chanism of action in this kind of regulation network [100]. Tsang and
colleagues have explored the involvement of non-coding RNAs in auto-
regulatory loops that are classified into type I and II circuits (or feed-
back and feedforward loops). In feedback loops (type I circuit), both
microRNA and its target co-positively are regulated; this type is im-
portant in steady levels of proteins and homeostasis. In feedforward
loops (type II circuit), microRNA with a target positivity form a feed-
back loop i.e. microRNA negatively regulated its target whereas its
target indirectly or directly inhibits the transcription of the microRNA
which mostly contributes to the strengthening of differentiation com-
mands (Fig. 9) [101].

The relationship between p53 and miRNA-181 is defined as a type II
circuit (Fig. 8) in which they have inhibitory effects on each other. This
negative effect can be utilized as a predictor of the action levels of
miRNA-181 in different diseases including autoimmune diseases, neo-
plastic, NSCLC, SQCC, lupus, and also in glioblastoma cell lines in-
cluding U87MG and A549 cells. It has been shown that downregulation
of miRNA-181a is associated with the subsequent accumulation of p53
in all of the aforementioned cancer types [102–106]. This relationship
between expression levels of miRNA-181 and endogenous p53 is also
observable in MCF-7 and multiple myeloma (MM) cells that express low
levels of p53 protein [107,108]. In breast cancer cells with down-
regulated miRNA-181 levels, interestingly the stimulation of the

Fig. 8. Involved miR-181 family members in the regulation of NF-κB signaling. Factors including LPS, TNF-α, and IL1 are pro-inflammatory molecules, are capable of
inducing the inflammatory signaling. miRNA-181 family is involved in this pathway.
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estrogen also increases the p53 expression levels; suggesting that the
expression of this tumor suppressor could be triggered via estrogen
signaling [109]. Deregulated p53/MDM2 pathway has been reported to
be involved in migration and invasion of malignant cells including
glioblastoma cell lines. Besides, the upregulation of miRNA-181b di-
rectly inhibits the MDM2 expression as the mediator of the p53 sig-
naling pathway and subsequently sensitizes glioma cells to teniposide
treatment [24].

Regulators of miRNAs processing complex have already been
identified. The tumor suppressors like p73, p63, and p53 are also in-
volved in this process as transcription factors via the p53/p63/p73
machinery. The p73 could increase the activity of Ago-1/2 which in
turn enhances the processing of miRNAs such as miRNA-181d by en-
gaging Bcl-2, TGFbR1, ERK2, AID, ERa, Tcl-1. Increased expression of
miRNA-181 will trigger tumor suppressive mechanisms capable of in-
hibiting EMT, CSC proliferation, metastasis, and tumorigenesis [110].
Additionally, studies have indicated that the miRNA-181 is among the
p53-miRs which participate in miRNA processing complexes. The
miRNA processing machinery could be a direct target for more than five
components of p53 related proteins or p53 transcriptional targets in-
cluding ILF3, Lin-28, Lin-28B, mLIN-41, RAN, and KHSRP. It has been
demonstrated that the p53-miRs such as miRNA-181c suppress the lin-
28B as its target. The p53 mediated suppression of lin-28B expression
enhances the processing of the let-7 as a tumor suppressor miRNA. ILF-
3 is also a target of the miRNA-181b/c. Generally, miRNA-181 helps
p53 protein to promote apoptosis and growth arrest [110].

The miRNAs including miRNA-181a/b [111] are also involved in
the tight regulation of several cell cycle inhibitors such as Cip/Kip (p27
(Kip1), p57 (Kip2) and p21 (Cip1)) or INK4 families. The miRNA-181
controls the expression of p27Kip1Tas a tumor suppressor that is re-
sponsible for cell cycle blockade in the G0/G1 phase [90]. The ex-
pression of this inhibitor is dysregulated in hepatocellular carcinoma,
breast, glioblastoma, lung, pancreatic, prostate, colorectal cancers, and
human promyelocytic leukemia. Deregulated expression of p27Kip1
disables the cells to arrest the cell cycle. Moreover, the high levels of the
miRNA-181 family expression may be involved in the malignant phe-
notype of myeloid lineage [90,112]. It is well established that over-
expression of the miRNA-181b downregulates CTDSPL expression in
uveal melanoma which in turn enhances RB phosphorylation and ac-
cumulation of the E2F1 factor. These expression changes ultimately
result in the G1/S transition and promote cell cycle progression in these
cells [113]. The miRNA-181b has been further shown to be upregulated
in colon cancer by the loss of p53 expression and its expression is
strongly correlated with the patient's response to the 5-fluorouracil-

based antimetabolite S-1 [114].
Kruppel-like factor 6 (KLF6) (a tumor suppressor) suppresses the

proliferation through overexpression of the cell-cycle inhibitor
CDKN1A (p21Waf 1/Cip1) which is achieved via interaction with cyclin
D1 as a checkpoint in a p53-independent pathway. Repressing of KLF6
expression by miRNA-181a inhibited the apoptosis and enhanced mi-
gration, colony formation, and proliferation of the gastric cancer cells;
suggesting that while this miRNA acts as an oncomir in gastric cancer
which is capable of inhibiting the expression of KLF6 tumor suppressor
[27]. On the other hand, miRNA-181a elevates the expression levels of
cyclin D1, CDK4, and Bcl-2 by engaging the KLF6 in clear cell renal cell
carcinoma [115]. Cyclin D1 and miRNA-181a are both reported to be
upregulated in colon cancer, which leads to elevated cell growth [33].
ZBTB33 (Kaiso), a member of the BTB/POZ family that was reported to
interact with p53 is highly expressed in non-small cell lung, prostate,
colorectal, triple-negative breast, and pancreatic cancers. miR-181a
could downregulate ZBTB33 expression and inhibit the proliferation,
EMT, and invasion of glioma cells [116]. In NSCLC cells, miR-181a,
which regulates the expression of CDC73, was shown to be upregulated
as the consequence of P53 overexpression. Therefore, miR-181a may
involve in G1 phase cell cycle regulation via targeting CDC73 [117].

The RASSF1A gene (a tumor suppressor) encodes RASSF1A protein
which its expression is suppressed in several cancer types including
gastric cancer and NSCLC. This tumor suppressor induces self-ubiqui-
tination and degradation of MDM2 as the negative regulator of p53. The
studies have shown that miR-181a is overexpressed in gastric cancer
and may result in gastric carcinogenesis. miR-181a targets RASSF1A
mRNA and consequently induces G1/S transition and cell proliferation
through upregulation of Bcl-2, cyclin A2 and CDC25A expression. It
also inhibits cell apoptosis via downregulation of the Bax protein ex-
pression in gastric cancer [118]. The miRNA-181a as an oncomir re-
presses the ATM expression in gastric cancer cells. ATM activates and
stabilizes p53 after DNA damage and is responsible for the regulation of
cell cycle, and apoptosis (Fig. 10) [119].

4.7.2. Apoptosis signaling pathways and growth
Mitochondria are pivotal cellular organelles for the implementation

of programmed cell death (apoptosis). The Bcl-2 family of anti/pro-
apoptotic proteins interacts with mitochondria to control apoptosis.
Among the miRNA-181 family members, only the miRNA-181c could
inter the mitochondrion and the rest of them act in the cytoplasm. The
miRNA-181c could translocate into the mitochondria and regulates
their genome expression through suppressing the translation of COX1
mRNA to protein which ultimately leads to mitochondrial dysfunction

Fig. 9. Types of regulations related to the expression of miRNA.
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in the rat ventricular myocytes [120].
Piceatannol induced-overexpression of miRNA-181a was shown to

inhibit the proliferation and invasion by targeting Bcl-2 as an anti-
apoptotic gene in melanoma cells [121]. Furthermore, miRNA-181
contributes to mitochondrial dysfunction through targeting Bcl-2-L11/
Bim and, Mcl-1, as the members of the Bcl-2 family (Bim, Mcl-1).
Downregulation of this miRNA leads to inhibition of apoptosis in as-
trocytes [122]. The miRNA-181a enhances osteosarcoma cell pro-
liferation and invasion via the downregulation of p21 and TIMP-3 and
upregulation of MMP9. This miRNA also suppresses apoptosis through
overexpression of Bcl-2 in these cells [123]. The miRNA-181a is also
downregulated in low-invasive breast cancer cells and its ectopic
overexpression could increase adriamycin-induced apoptosis via tar-
geting the Bcl-2 [124]. Studies have revealed that expression levels of
miRNA-181 are downregulated in the NSCLC which may be correlated
with increased cell proliferation, migration. Overexpression of this
miRNA could promote apoptosis A549 cells via downregulation of Bcl-2
expression [125]. In other studies, it has been indicated that miRNA-
181a transfection could modulate the RAS/MAPK signaling pathway,
which in turn reduces cell proliferation and enhances the chemosensi-
tivity of AML cells via targeting Bcl-2 as an anti-apoptotic gene [46].
However, overexpression of miRNA-181a in cervical cancer is involved
in increased resistance against radiation therapy via targeting the
protein kinase C delta (PRKCD) which is considered as a pro-apoptotic
gene [126]. This miRNA was additionally reported to be significantly
hyperactivated in human cervical squamous cell carcinoma and to
suppress the apoptosis through downregulation of PRKCD [126]. The
expression levels of MEG2 (protein tyrosine phosphatase, non-receptor
type 9) as a tumor suppressor gene is inversely correlated with miRNA-
181a levels; indicating the regulatory effect of this miRNA on MEG2
expression miR-181a inhibition rescues the MEG2 suppression and
decreases GC cell proliferation and migration [127]. Moreover, LncRNA
MEG3 mediated downregulation of miR-181a could also constrain cell

proliferation, migration, invasion, and enhance apoptosis in GC cells. In
fact, MEG3 through its competing endogenous RNA (LceRNA) function
suppresser miRNA-181 activity which lead to the upregulation of Bcl-2
and aforesaid effects [128]. However, in NSCLC cells, the upregulation
of miRNA-181a enhances cisplatin induced apoptosis via modulating
intrinsic apoptotic pathway [129]. In addition, miRNA-181b, IL6/
STAT3, and PDCD4 signaling pathways are related to carcinogeneses of
CRC. Programmed cell death protein 4 (PDCD4) which acts as a tumor
suppressor in a wide array of human cancer, is remarkably down-
regulated in CRC patients. While the molecular mechanism behind this
observation is not completely elucidated, in silico studies have shown
that miRNA-181b may target PDCD4 mRNA and downregulates its
expression [130]. Furthermore, the expression of miRNA-181b was
shown to be upregulated in cervical cancer which leads to enhancement
of proliferation and apoptosis inhibition by suppressing the adenylyl
cyclase 9 (AC9) expression. AC9 and miRNA-181b exert contradictory
effects on cell proliferation and apoptosis [131]. On the contrary, this
miRNA is downregulated in the pancreatic ductal adenocarcinoma and
its exogenous overexpression could make the cells more vulnerable to
gemcitabine via targeting Bcl-2 [132]. The expression of this miRNA
has been shown to be downregulated in both multi-drug resistant gas-
tric and lung cancer cell lines and its ectopic overexpression via tar-
geting Bcl-2 increased vincristine and cisplatin-induced apoptosis
[83,133]. The miRNA-181c has been reported to be significantly
downregulated in ovarian cancer tissues with or without lymph node
metastasis. It is suggested that miRNA-181c replacement may suppress
ovarian cancer cell proliferation and metastasis and induce the G1 cell
cycle arrest via targeting PRKCD [134]. The miRNA-181 a/b/c (as
tumor suppressors) are downregulated in glioblastoma cells which
leads to overexpression of Bcl-2 and subsequently elevates cell growth
and invasion, as well as inhibits cell apoptosis [24]. In spite of this,
overexpression of miRNA-181b was shown to suppress the expression of
anti-apoptosis HMGB1 and Mcl-1 genes and increase drug-sensitive

Fig. 10. Involvement of miR-181 family members in the regulation of cell cycle and P53 signaling.
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induced apoptosis of AML cells (Fig. 11) [83].

4.7.3. Autophagy signaling and growth
Macroautophagy (autophagy hereafter) is a catabolic mechanism

that is involved in response to stress conditions including misfolded
protein accumulation, starvation, and hypoxia. Abnormalities in au-
tophagy signaling were associated with the pathogenesis of neurode-
generative diseases and cancers; indicating the importance of the con-
trolling of autophagy in these conditions. Recently, studies have
indicated that miRNA-181 could modulate autophagy activity and play
a key role in this pathway. Studies revealed that miRNA-181a was
shown to be upregulated in HCC tumors, which is correlated with low
levels of autophagy activation. Functional analyses demonstrated that
miRNA-181a via targeting autophagy-related 5 (ATG5) gene acts as a
negative regulator of this biological process and reduces apoptosis of
HCC cells [135]. Furthermore, overexpression of the miRNA-181a was
demonstrated to suppress autophagy via inhibition of ATG5 and sen-
sitize gastric cancer cells to cisplatin [136]. However, on the contrary,
miRNA-181 exogenous overexpression in cisplatin-resistant NSCLC
could increase ATG5 protein expression levels through modulating
PTEN/PI3K/AKT/mTOR pathway, whereas downregulation of this
miRNA inhibited cell apoptosis and elevated cell growth and metastasis
[137].

It was also demonstrated that the overexpression of miRNA-181a
attenuates the rapamycin- and starvation-induced autophagy in breast
cancer MCF-7 cell line, HCC Huh-7 cell line, and CML K562 cell line. It
has also been revealed that the upregulation of miRNA-181a could
decrease autophagy-related 5 protein (ATG5) expression levels in these
cells (Fig. 11) [138].

4.8. VEGF signaling pathways

Vascular endothelial growth factor (VEGF) pathway is usually re-
lated to the promoting of the angiogenesis and hypoxia development in
the tumors. In this process as the other aspect of carcinogenesis,
miRNAs including miRNA-181a play fundamental regulatory roles.
Previous studies have indicated that hypoxia and hypoxia-inducible
factor (HIF-1a) (as transcription factors) could increase the CXCR4, and
MMP levels as well as miRNA-181a expression which in turn upregu-
lates VEGF mRNA and protein expression in chondrosarcoma cell line
JJ and clear cell renal cell carcinoma (ccRCC); Suggesting the miRNA-
181a involvement in chondrosarcoma angiogenesis [139,140]. Ad-
ditionally, miRNA-181a expression level is downregulated in aggressive
colon and breast cancers which is correlated with increased levels of
MMP-14; a matrix metalloproteinase that plays essential roles in inva-
sion and metastasis of malignant cells. Overexpression of miRNA-181a
could reduce the in vivo invasion and angiogenesis of these cancer cells
via targeting MMP-14 and subsequent decreased activation of pro-
MMP-2 [141]. Overexpression of miRNA-181a also could lead to an-
giogenesis by engaging SRC/VEGF signaling in colorectal cancer. SRC
kinase signaling inhibitor 1 (SRCIN1) suppressed by miR-181a and led
to transform SRC an inactive to an active conformation and secrete
endothelial growth factor and angiogenesis (Fig. 12) [142].

4.9. Crossing pathways

Prior studies have indicated that miRNA-181a/b inhibits the DENN/
MADD mRNA levels in murine and human fibroblasts and sensitizes
them to the TNF induced apoptosis. Differentially expressed in normal
versus neoplastic/MAPK activating death domain (DENN/MADD)
adaptor protein, as an anti-apoptotic molecule interacts with TNFR1

Fig. 11. Involved miR-181 family members in the regulation of cell cycle, Apoptosis, and Autophagy signaling.
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and plays a pro-survival role in the cancers. DENN/MADD activates the
pro-survival NFκB signaling and recruits TNFR1 to MAP kinases by
which modulates the TNF-α cell death signaling [143].

The oncogenic miRNA-181a also binds to the E2F7 and CDKN1β as
the negative controllers of the cell cycle and reduces their protein ex-
pression in HepG2 cells. Moreover, miRNA-181a upregulates the AP-1,
SMAD2/3/4, and HIF1a expression and probably through increased
expression of Bone morphogenetic protein receptor type 2 (BMPR2)
activates MAPK, NFκB, and SMAD signaling pathways. GATA6 as the
regulator of hepatic cell differentiation is also downregulated by miR-
181a [51]. Previous investigations have indicated that the upregulation
of miRNA-181a diminishes the trabecular meshwork (TM) cell apop-
tosis induced by H2O2 treatment through inhibition of the JNK and NF-
κB signaling pathways [144]. The -LPS-TLR4 (toll-like receptors)-
miRNA-181a pathway also plays a pivotal role in pancreatic cancer
invasion. Treatment of these cells with lipopolysaccharide (LPS) as the
TLR4 agonist upregulates miRNA-181a expression and elevates the in-
vasion and migration of pancreatic cancer cells. However, LPS treat-
ment also inhibits the expression of two tumor suppressors namely
MAP2K4 and PTEN as the direct targets of miRNA-181 [42,55].

It has been additionally reported that the overexpression of SOX2
increases the metastasis of breast cancer cells via upregulation of
miRNA-181a expression. This miRNA, in turn, reduces the expression of
TUSC3 (suppressor candidate 3) as its direct target and ultimately in-
creases the proliferation and migration of breast cancer; indicating that
SOX2 exerts its migratory effect via miRNA-181a upregulation [145].

The MiR-181a/b/c/d subunits are expressed in low levels in the
glioblastoma cells. The overexpression of these miRNAs via targeting
Rap1B and downregulation of N-cadherin, Cdc42, and RhoA leads to
suppression of Rap1B-mediated cytoskeleton remodeling which in turn
inhibits the invasive proliferation of GBM cells and sensitizes these cells
to temozolomide (Fig. 13) [146].

Table 2 introduces the therapeutic endeavors about all of the cancer
types and targets that the miRNA-181 family is involved in their reg-
ulation.

5. miRNA-181 in the other cellular processes

The miRNA-181a/b/c/d contributes to different cellular processes

including hematopoietic lineage differentiation, myoblast differentia-
tion, EC (endothelial cell) activation and cardiovascular inflammation
in responses to metabolic stress, infection and autoimmunity, and T-cell
sensitivity (Table 3). The miR-181 was seen to be highly expressed in
the lung and brain tissues and to be detectable in the spleen and bone
marrow. miRNA-181 high expression levels were also determined in the
thymus and the primary lymphoid organ, which mostly contains T
lymphocytes. The members of miRNA-181 family are one of the
miRNAs that are specifically expressed in hematopoietic cells and
modulate hematopoietic lineage differentiation. These miRNAs are
preferentially expressed in the B-lymphoid cells of mice [148].

Pieces of evidence have further suggested that the miRNA-181 fa-
mily plays an important role in EC (endothelial cell) activation, vas-
cular inflammation and immune cell differentiation. These effects are
exerted by control of critical signaling pathways including downstream
NF-κB signaling under physiological and pathological stimuli especially
in inflammatory bowel disease, rheumatoid arthritis, and diabetes
[149]. The miRNA-181a/b regulates the expression of EC-specific
markers, improves therapeutic neovascularization, and elevates nitric
oxide production [149]. The miRNA-181 is overexpressed during
mammalian myoblast differentiation and involves in the formation of
the muscle phenotype via repression of the homeobox protein Hox-A11
(an inhibitor of the differentiation process) and overexpression of the
myogenin and muscle marker proteins (MHC, MCK) [149]. miRNA-
181a also reduces the expression of Prospero homeobox 1 (Prox1) as a
transcription factor by binding to its 3′-UTR region. During vascular
development and neo-lymphangiogenesis, the expression of Prox1 and
miRNA-181a are observed to be reciprocal in different tissues. In em-
bryonic blood EC, higher expression of miRNA-181a inhibits the ac-
quisition of lymphatic endothelial cells (LECs) via the silencing of the
expression of Prox1. This protein-coding gene has a key role in response
to inflammation and its downregulation could repress the LEC-specific
genes including VEGFR-3 and inhibit vascular development in em-
bryonic LECs. Furthermore, signaling from bone morphogenetic protein
2 (BMP2), as a member of the TGF-β family, could inhibit Prox-1 ex-
pression and lymphatic differentiation [149]. In addition, miRNA-181
was also shown to play a fundamental role in the modulation of in-
flammation via regulating dendritic cell (DC) function. In fact, these
cells are activated with oxidized LDL (ox-LDL) which in turn facilitates
inflammatory responses in atherosclerosis. The ox-LDL contributes to
DC maturation and induce the expression of miR-181a. In a negative
feedback way, miR-181a suppresses ox-LDL-stimulated immune in-
flammation responses via targeting c-Fos in dendritic cells [150].

miR-181a also regulates T cell sensitivity, partly, via lowering the
expression levels of several phosphatases and threshold of TCR sig-
naling. In other words, higher expression levels of miR-181a is asso-
ciated with greater T cell sensitivity in immature T cells and this miRNA
function as a regulator of T cell sensitivity and selection during T cell
development [150,151]. However, miR-181a downregulation is re-
sponsible for the production of overly reactive T cells during positive
selection; indicating the elimination of high-affinity T cells by this
miRNA [150].

It has been suggested that miRNA-181b via targeting importin-α3
plays a central regulatory role in the inhibition of downstream NF-κB
signaling in the vascular endothelium. Importin-α3 is a key protein that
is involved in the translocation of NF-κB from the cytoplasm into the
nucleus. The miRNA-181b expression is decreased in response to the
stimulation of pro-inflammatory cytokines such as LPS or TNF-α in the
EC cells. However, transfection of these cells with miRNA-181b mimics
could reduce the expression levels of NF-κB responsive genes including
E-selectin, VCAM-1 and gene encoding IPOA3 (importin-α3), and in-
hibit leukocyte adhesion to activated EC monolayers. Additionally, in
apolipoprotein E-deficient mice, the overexpression of miRNA-181b
was also shown to inhibit NF-κB signaling via targeting IPOA3 and
suppress the vascular inflammation through modulation of pro-in-
flammatory gene expression [149]. Therefore, restoring miRNA-181b

Fig. 12. Involved miR-181 family members in the regulation of VEGF signaling.
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expression could be considered as a potential strategy for anti-in-
flammatory therapy [149]. MiR-181b is also able to suppress the ex-
pression of Neuropilin-1 (NRP1) that plays important roles in angio-
genesis, cell survival, and migration as a transmembrane glycoprotein
in chick embryos. The arsenic injection was shown to induce EA.
hy926 cell migration and tube formation and downregulate miR-181b
expression, while mir-181b overexpression reversed the effect induced
by Arsenic via targeting NRP1 expression [152]. MiR-181b also could
repress class switch recombination (CSR) in activated B cells via tar-
geting AID (activation-induced cytidine deaminase) which plays an
essential role in CSR initiation. Therefore, miRNA-181 via targeting AID
may play an inhibitory role in B cell malignant transformation [153].

MiR-181c was demonstrated to be translocated into mitochondria of
cardiac myocytes and contributes to mitochondrial function via tar-
geting mt-COX1 (mitochondrial cytochrome c oxidase subunit1) [154].
The overexpression of cardiac miR-181c suppresses bone morphoge-
netic protein receptor type II (BMPR2) expression which leads to ven-
tricular pathogenesis during septal formation in the heart [155]. Ad-
ditionally, MiR-181c could act as a negative regulator and modulate the
activation of CD4+ T cells [150]. miRNA-181d also targets LIF (leu-
kemia inhibitory factor) and regulates the acute stress response in
thymocytes [156].

Studies have shown that miRNA-181a/b cluster could disrupt the
function of multiple protein tyrosine phosphatases including DUSP6/5,

PTPN22, and SHP-2 that are expressed in natural killer T cells.
Upregulation of miRNA-181a/b or deletion of PTEN as a critical reg-
ulator of cell proliferation could trigger AKT signaling which in turn
leads to the upregulation of MYC, GSK3b, mTOR, and FoxO signaling
activities [157,158]. Moreover, miR-181a/b-1 as a central regulator of
the PI3K pathway, plays an important role in the development of in-
variant natural killer T (iNKT) cells and T cell homeostasis and its de-
pletion in mice is responsible for the absence of mature NKT cells in the
thymus and periphery [159] MiR-181 family was also demonstrated to
function as the important regulators in monocytes inflammation during
obesity via modulating TLR/NF-κB signaling. In other words, reduced
levels of miRNA-181 family are correlated with hyperactivity of the
TLR/NF-κB pathway, which finally could lead to systemic inflammatory
response syndrome [156].

Furthermore, it was shown that treatment of cholangiocytes and
hepatocytes via TNF-α increases expression of miR-181a/b which in
turn downregulates PCAF (p300/CBP-associated factor), a co-activator
that promotes inflammatory gene transcription including MIP-2 and IL-
8, as its direct target. Suggesting a negative feedback regulation that
may involve in fine-tuning of epithelial inflammatory processes [160].

6. In vivo targeting of the miR-181 family

Recent studies have demonstrated that microRNAs function as

Fig. 13. Involved miR-181 family members in the regulation of the crossing pathways.
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Table 2
Examples of miRNA-181 family involvement in cancers.

Type Cancer Target Function Ref.

miR-181a Down-regulation

Chondrocytes cancer Promote PTEN Anti-apoptosis, Cell proliferation [31]
Salivary adenoid cystic
carcinoma

MAPK-Snai2 Cell proliferation, metastasis [40]

Acute myeloid leukemia KRAS, NRAS, MAPK1 Cell proliferation,
chemoresistance

[46]

Oral squamous cell carcinoma Kras Cell proliferation [42]
Non-small cell lung Kras Cell proliferation, migration [47]
Cutaneous squamous cell
carcinoma

Kras Cell proliferation, anti-apoptosis [45]

Chronic myelocytic leukemia SOS Promote RAS//MAPK [50]
Tongue squamous cell carcinoma Promote Twist Invasion, migration and reduce

chemoresistance
[54]

Mesenchymal stem cells IDO, IL-6, VEGF, TGFBR1,
TGFBRAP1

Cell proliferation,
immunosuppressive

[61]

Endometrial cancer PGR, DDX3X and TIMP3 Endometrial transition [64]
Human NK cells (miR-181a/b) Promote NLK and Notch Development inhibition of

human NK
[73]

ABC-DLBCL Promote NF-kB signaling
by NFKB, CARD11

Survival, cell proliferation [78]

Acute myeloid leukemia Promote IL1B, TLR4,
CEBPA and NPM1
mutations

The inflammatory, induce
treatment,

[81]

DC maturation Promote HMGB1, LPS Promote NF-kB via TNF-α, IL1 [29,82]
Acute myeloid leukemia CD4, HMGB1 Promote proliferation [82]
Stem cells (miR-181a/b) Promote SIRT1 Promote inflammatory [87]
Chondrosarcoma (miRNA-181a/
d)

Promote SIRT1 Promote proliferation [88]

Breast cancer Induce p53 expression Estrogen stimulation [109]
Non-small cell lung cancer,
prostate, colorectal, triple-
negative breast and pancreatic
cancer

Induce ZBTB33 Promote proliferation, EMT [116]

Non-small cell lung Repressor P53, induce
CDC73

Transition G1 to S [117]

Cervical cancer (miR-181) Induce Yin Yang 1 Promote proliferation, transition
G1 to S

[97]

Melanoma Promote Bcl-2 family Anti-apoptosis, chemosensitivy [121]
Astrocytes (miR-181) Promote Bcl-2 family Mitochondrial dysfunction, Anti-

apoptosis
[122]

Low-invasive breast cancer Promote Bcl-2 Anti-apoptosis, chemosensitivity [124]
Non-small cell lung Promote Bcl-2, Bax Promote proliferation,

migration, Anti-apoptosis
[125,129]

Acute myeloid leukemia Promote Bcl-2 Anti-apoptosis, chemoresistance [46]
Glioblastomas (miR-181a,b,c) Promote Bcl-2 Anti-apoptosis, resistance to

radiotherapy,
[24]

Chronic lymphocytic leukemia
(miRNA-181a/b)

Promote Bcl-2, MCL-1,
XIAP

Anti-apoptosis, chemoresistance [83]

Aggressive colon and breast
cancers

Promote MMP-14 Induced angiogenesis and
migration

[141]

Up-regulation

Hepatocellular carcinoma cell HBx, XIST Proliferation reduced XIST and
PTEN by HBx

[32,37]

Colorectal cancer Inhibit PTEN Metabolic shift, cell proliferation [33]
T-cell leukemia/lymphoma AKT Promote cell proliferation,

chemoresistance
[34]

Liver cancer p16, Cyclin D1 Suppress inhibitions, increase
cell cycle, suppress apoptosis

[38]

Oral squamous cell carcinoma
(miR-181a,b)

– Lymph node metastasis, poor
prognosis

[46]

Gastric cancer Inhibit RASSF6 Proliferation, invasion, EMT [48]
Hepatocellular carcinoma cell E2F7, CDKN1β Promote cell cycle via MAPK/

JNK
[51]

HCC (EpCAM + AFP+)
(miR-181 family)

Inhibit NLK, GATA6,
CDX2

Differentiation [53]

Colorectal cancer lack of WIF-1 Growth, migration [53]
Hepatocellular cancer stem cells Inhibit NLK, TIMP3,

RASSF1A via Twist
Invasion [26]

Hepatocellular carcinoma cell Inhibit GSK3b, β-catenin/
Tcf4 expression

Wnt/β-catenin [53]

MMPs and Snail EMT [58]

(continued on next page)
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Table 2 (continued)

Type Cancer Target Function Ref.

Cirrhosis and Hepatocellular
carcinoma cell
Ovarian cancer Promote pSmad2,

suppress Smad7
EMT, Increased migration,
survival, drug resistance

[59]

Cervical cancer PTEN/Akt/FOXO1 proliferation, invasion, suppress
apoptosis

[60]

Retinal axon and growth
(miRNA-181a/b)

Inhibited MAPK/ERK and
RhoA, cofilin

During retinal axon specification
and growth

[62]

Triple-negative breast cancers
(miR-181a,b)

Inhibit proapoptotic Bim,
ATM, CBX7

Enhancing HMGA1, resistance to
anoikis, EMT,
decreased survival

[11,63]

T-acute lymphoblastic leukemia Promote NOTCH Cell proliferation [74]
Osteoarthritis Promote NF-Κb, ZNF440 Enhancing inflammatory,

inhibited type II collagen
[89]

Hepatocellular cancer, breast,
leukemia, glioblastoma, lung
pancreatic, prostate, human
colorectal (miRNA-181a/b)

Inhibit p27Kip1 Promote cell cycle [90]

Gastric cancer Inhibit CDKN1A (p21Waf
1/Cip1), KLF6

Promote cell cycle, migration,
colony formation and repressed
the apoptosis

[27]

Clear cell renal cell carcinoma Promote cyclin D1, CDK4,
Bcl-2 and inhibit KLF6

Promote cell cycle [115]

Colon cancer Promote cyclin D1 Promote cell cycle/growth [33]
Gastric cancer Inhibit RASSF1A,

upregulated Bcl-2, cyclin
A2, CDC25A expression

Transition G1 to S, proliferation
and inhibit apoptosis

[95,118]

Neuroblastoma (miRNA-181a/b) Inhibit ABI1, induce
MYCN

Proliferation, metastasis [98]

Gastric cancer Inhibit ATM Inhibit DNA repair, cell cycle
checkpoint, apoptosis

[119]

T-acute lymphoblastic leukemia Inhibit EGR1 Promote proliferation, cell cycle
from G1 to S phase

[96]

Osteosarcoma Promote Bcl-2, MMP-9,
Inhibit p21,
metalloproteinases-3

Promote proliferation, invasion,
anti-apoptosis

[123]

Cervical cancer Inhibit PRKCD Anti-apoptosis, resistance to
radiotherapy, chemoresistance

[126]

Cutaneous squamous cell
carcinoma

Inhibit PRKCD Anti-apoptosis, chemoresistance [126]

Gastric cancer Inhibit MEG2, MEG3 Promote proliferation [127,128]
Hepatocellular carcinoma cell Inhibit ATG5 Inhibit autophagy [135]
Gastric cancer Inhibit ATG5 Inhibit autophagy, sensitizes to

cisplatin
[136]

Beast, hepatocellular cancer,
chronic myelocytic leukemia

Inhibit ATG5 Inhibit autophagy,
chemoresistance

[138]

Chondrosarcoma and clear cell
renal cell carcinoma

HIF-1a secreted VEGF,
CXCR4, MMPs,

Induced angiogenesis [139,140]

HCC of HepG2 cell line BMPR2 (AP-1, SMAD2/3/
4, HIF1a)

Improves proliferation, lack
differentiation

[51]

Trabecular meshwork Inhibit JNK, NF-κB Anti-apoptosis [144]
Pancreatic cancer Induced LPS-TLR4 Induced invasion/migration [42]
Colorectal cancer Induced SRC/VEGF Induced angiogenesis [142]
Breast cancers Inhibit TUSC3 Induced migration, proliferation [145]

Unknown

Chronic myelocytic leukemia RalA, SOS1 Anti-apoptosis, invasion [50]

miR-181b Down-regulation

Glioma Promote MEK1 Anti-apoptosis, chemoresistance [42]
Glioblastoma Promote NF-κB, KPNA4

(importin-α3)
Promote proliferation, EMT [24]

Acute myeloid leukemia Mcl-1, HMGB1 Promote proliferation,
chemosensitive

[83]

Gastric cancers Promote HK2 Promote proliferation,
migration, glycolysis

[92]

Glioma Induced MDM2 Inhibition p53 [24]
Gastric adenocarcinomas Promote CREB1 Promote proliferation, colony

formation
[95]

Pancreatic ductal
adenocarcinoma

Promote Bcl-2 Anti-apoptosis, chemoresistance [132]

Gastric and Lung cancer Promote Bcl-2 [83]

(continued on next page)
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Table 2 (continued)

Type Cancer Target Function Ref.

Anti-apoptosis and multidrug-
resistant

Up-regulation

Triple-negative breast cancers Promote HMGA1 and
downregulation CBX7,
ATM

Anti-apoptosis, migration [63]

Hepatocellular carcinoma cell Promote TGF-β1, TIMP3 Enhanced MMP2, 9 and promote
growth, survival, migration

[59]

Cirrhosis, hepatic stellate cells Promote TGF-β1 and
inhibition of p27

Enhanced cell cycle [66]

Non-small cell lung TGF-β1 Enhanced EMT, repress E-
cadherin

[67]

Colon adenocarcinomas Promote STAT3 and NF-κB Inflammatory [85]
Pancreatic cancer Inhibit CYLD Anti-apoptosis, drug-resistance [86]
Ovarian cancer Inhibit LATS2 Growth, invasion [91]
Uveal melanoma Inhibit CTDSPL G1/S transition and promotes S

phase
[113]

Colon cancer Loss of p53 Increased drug-sensitive to the 5-
fluorouracil-based
antimetabolite S-1

[114]

Colorectal cancer carcinogenesis Inhibit PDCD4 Anti-apoptosis [130]
Cervical cancer Inhibit AC9 Cell proliferation, anti-apoptosis [131]

miR-181c Down-regulation

Brain cancer cells metastasis Hyperactive PDPK 1 Promote PI3K/Akt, metastasis [35]
Chronic myelocytic leukemia ST8SIA4 Promote PI3K/Akt, proliferation,

chemosensitive
[36]

Osteosarcoma, Glioblastoma TGF-β Promote TGF and EMT,
chemosensitive

[68,69]

Some of the gastric carcinoma
cell lines

NOTCH2/4, KRAS Cell proliferation/growth [75]

Pediatric High-Grade Gliomas
(pHGGs)

Induce Notch2 Cell proliferation, invasion, and
self-renewal abilities

[76]

Primary Microglia Induce hypoxia, iNOS,
TLR4 and NF-κB

Inflammatory [80]

Fanconi anemia (lymphoblastoid
cell lines)

TNF-α Regulation and proliferation of
hematopoietic progenitor cells

[79]

Lymph node metastasis, Ovarian
cancer

PRKCD Cell proliferation, metastasis [134]

Up-regulation

Mitochondrial dysfunctions in
ventricular myocytes of rat

Inhibited COXIV Mitochondrial dysfunctions [120]

miR-181d Down-regulation

Pancreatic cancer Promote MAPK Cell proliferation, constitute a
malignant phenotype

[43]

Glioma Induced KRAS, BCL-2 Cell proliferation/growth [42]
Glioblastoma MGMT Cell proliferation, invasion [24]

miRNA-181a/
b/c/d
subunits

Glioblastoma Rap1B Inhibition of the mediated
cytoskeleton remodeling,
chemosensitivity

[46]

miRNA-181a/
c subunits

Chronic myelocytic leukemia Mcl-1, RALA, SOS1,
PIK3R3, PBX3, HSP90B1,
NMT2, RAD21

Induction of apoptosis, G2-phase
arrest & chemoresistant/
sensitivity

[147]

miRNA-181 Non–small cell lung cancer ATG5 & PTEN/PI3K/AKT/
mTOR

Inhibited autophagy, Increased
of chemoresistant

[137]
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components of the molecular circuitry that modulate mouse hemato-
poiesis. Overexpression of miRNA-181 in hematopoietic progenitor/
stem cells could lead to an enhanced population of B-lineage cells in
both adult mice and tissue-culture differentiation assays; indicating the
regulatory role of thymus-specific miR-181 in hematopoietic tissue. The
mature miR-181 expression was shown to be detectable in un-
differentiated progenitor cells of bone marrow and up-regulated in
differentiated B lymphocytes. To uncover the effects of ectopic ex-
pression of miR-181 on hematopoietic lineage differentiation, the he-
matopoietic progenitor cells from mouse bone marrow were infected
with viral vectors that expressed miR-181. The ectopic expression of the
hematopoietic miR-181 altered lineage differentiation and lead to
doubling of cells in the B lymphoid lineage with no change in the T-
lymphoid lineage. Because of its impressive in vitro effect on lineage
differentiation, the researcher also examined miRNA-181 effects in
vivo. The obtained results also reveal that miR-181 is preferentially
expressed in B-lymphoid cells of mouse bone marrow and its ectopic
expression is able to increase the fraction of B-lineage cells in vitro and
in vivo. Therefore, miR-181 acts as a positive regulator of the B-cell
differentiation through the regulation of different gene expression in-
cluding CD8+ and CD19+ [148].

Researchers found that in the mouse model of cerebral stroke, miR-
181 expression is reduced in the ischemic penumbra that contains
living cells, while it is overregulated in the core, where cells die. miR-
181a high levels are associated with GRP78 (glucose-regulated protein,
also known as BiP and HSP5a) chaperone protein downregulation and
enhanced levels of this miRNA could intensify cerebral ischemia injury
in vivo; indicating that miR-181 knockdown or knockout could be a
protective strategy against brain stroke [161].

As mentioned before, via the chick chorioallantoic membrane
(CAM) invasion assay, miRNA-181a expression also was shown to re-
duce breast cancer angiogenesis and invasion in vivo through targeting
and downregulation of MMP-14; suggesting the miRNA-181 therapeutic
value as an anti-metastasis agent [141].

In another study, the obtained results identified that miR-181b
functions as a crucial regulator of downstream NF-κB signaling and
could inhibit vascular inflammation and EC activation in vivo by tar-
geting of importin-α3, an essential protein required for NF-κB nuclear
translocation. The findings of this study demonstrate that miR-181b
suppression in a mouse model of endotoxemia intensified NF-κB activity
and subsequently leukocyte influx, inflammation and lung injury. It was
shown that miRNA181b is upregulated in sepsis patients compared to
control intensive care unit (ICU) subjects; suggesting that miR-181b
could serve as a new target for anti-inflammatory therapy [162].

Moreover, further in vivo experiments have confirmed that miR-

181b plays an important role in drug resistance and could sensitize
glioma cells to temozolomide via targeting Bcl-2 in a nude mouse
subcutaneous xenograft glioma model [163].

miR-181a and miR-181b were also demonstrated to be dysregulated
in multiple sclerosis (MS) patients and to be involved in MS patho-
genesis and its animal models. Overexpression of miR-181a/b could
downregulate the expression of the proinflammatory gene in macro-
phages through suppression of Th1 generation in CD4+ T cells and also
induce Treg differentiation; introducing miR-181a/b as a therapeutic
option to control autoimmune neuroinflammation in MS [164].

Additionally, in the other research, a nanovector protocol has been
developed to inhibit in vivo cardio-specific expression of miR-181 fa-
mily through systemic delivery of the miR-sponge construct in rat
models; suggesting that combining miR-sponge and nanovector de-
livery systems resulting in tissue-specific miRNA inhibition could be an
effective therapeutic method especially in heart diseases [165]. It was
previously mentioned that the activity of miR-181 family could alter
myoblast mitochondrial function by affecting its gene expression. Fur-
thermore, in vivo investigation in mouse model demonstrated that miR-
181c through targeting mt-COX1 and miR-181a/b via suppressing cy-
tosolic PTEN could modulate cardiac function, especially in response to
ischemia-reperfusion injury. Data indicated that miR-181 family has a
divergence role that could be important under conditions related to
heart disease in the case of diagnostics and future therapies [166].

Researchers further have determined that lincRNAp21 serves as an
endogenous miRNA sponge for the miR-181 family which indirectly
induces microglial activation through upregulation of PKC-δ expression
during inflammation in vivo models of neuroinflammation [14].

7. Conclusion and future perspective

Various studies have shown that any aberration in the expression of
the miRNAs can be utilized as a hallmark of cancer. The miRNAs including
miRNA-181 family can play onco-suppressive or onco-inductive roles in
cancers through involving in numerous signaling pathways. The miRNA-
181 family can affect various downstream targets in different signaling
pathways with essential roles in cancer prevention or progression. On the
other hand, the miR-181 could be considered as a therapeutic target for
the treatment of various diseases including cancer. Their therapeutic ap-
plication could be applied alone or in combination with other drugs. These
therapeutic strategies may increase the sensitivity of cancer cells to che-
motherapeutic agents. Generally, the expression of miRNAs is associated
with the progression of the tumor, response to therapy and chemo-re-
sistance. Therefore, they could be deemed as biomarkers for diagnostic,
prognostic and therapeutic applications.

Table 3
miRNA-181 family function in non-cancerous cellular systems.

miR-181 type Target Function Ref

miRNA-181 Downstream NF-κB signaling EC activation, vascular inflammation, and immune cell differentiation [149]
miR-181a Hox-A11 Myoblast differentiation [149]

Prox1 Inhibition of the acquisition of LECs [149]
c-Fos DC maturation and suppression of ox-LDL-stimulated immune inflammation [150]
TCR signaling T cell sensitivity [150,151]

miR-181b IPOA3 (importin-α3) Inhibition of downstream NF-κB signaling and leukocyte adhesion to activated EC monolayers [149]
NRP1 Inhibition of angiogenesis and metastasis [152]
AID Repression of CSR in activated B cells [153]

miR-181c mt-COX1 Modulation of mitochondrial genome [154]
BMPR2 Ventricular pathogenesis [154]
CD4+ T cells CD4+ T regulation [150]

miR-181d LIF Thymocytes regulation [156]
miRNA-181 Downregulates TLR/NF-κB pathway Inhibition of systemic inflammatory response syndrome [156]
miR-181a/b DUSP6/5, PTPN22, SHP-2 NK T cells regulation [157,158]

iNKT Maturation of NKT and T cell homeostasis [159]
Targeting PCAF Epithelial inflammatory processes [160]
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