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Abstract.  miRNAs (microRNAs) have been validated to play 
fateful roles in the occurrence and development of cancers 
by post-transcriptionally targeting 3'-untranslated regions of 
the downstream gene mRNAs to repress mRNA expression. 
Mounting investigations forcefully document that not only does 
miR-22 biologically impinge on the processes of senescence, 
energy supply, angiogenesis, EMT (epithelial-mesenchymal 
transition), proliferation, migration, invasion, metastasis and 
apoptosis, but also it genetically or epigenetically exerts dual 
(inhibitory/promoting cancer) effects in various cancers via 
CNAs (copy number alterations), SNPs (single nucleotide 
polymorphisms), methylation, acetylation and even more 
momentously hydroxymethylation. Additionally, miR-22 
expression may fluctuate with cancer progression in the 
body fluids of cancer patients and miR‑22 could amplify its 
inhibitory or promoting effects through partaking in positive 
or negative feedback loops and interplaying with many other 
related miRNAs in the cascade of events, making it possible 
for miR-22 to be a promising and complementary or even inde-
pendent cancer biomarker in some cancers and engendering 
profound influences on the early diagnosis, therapeutics, 
supervising curative effects and prognosis.
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1. Introduction

miR-22, primitively cloned from HeLa cells, is an evolution-
arily-conserved gene located in chromosome 17p13, its cDNA 
catalyzed by RNA polymerase II is ~1.3 kb and promoter 
TSS (transcription start site) lacks TATA box (1). Recently, 
increasing numbers of studies have confirmed that miR‑22, 
to a large extent, determines the destiny of many cancers, to 
die soon or survive, by the complicated known or unknown 
mechanisms through targeting and suppressing downstream 
transcription factors. Frequently, since miR-22 in different 
contexts are aberrantly expressed upregulation or downregula-
tion in various cancers, such as prostatic cancer, esophageal 
squamous cell carcinoma, breast cancer, and gastric cancers, 
thus miR-22 shows different effects in these cancers (2-5), 
that is, it served not only as a tumor-suppressive miRNA, 
but also as an oncogenic miRNA to encumber or aggravate 
cancer formation and malignant transformation (3,6). Besides, 
reports also showed that miR‑22 may prominently influence 
cancer biological behaviors, such as proliferation, invasion 
and metastasis (7,8), and it genetically alters expression of 
numerous related genes (9), which unveils the intrinsic mecha-
nisms of miR-22 in regulating cancer formation by means of 

Molecular mechanisms and clinical applications of miR-22 in 
regulating malignant progression in human cancer (Review)

JINGYU WANG1,  YUAN LI2,  MEIMAN DING3,  HONGHE ZHANG4,  XIAOMING XU5  and  JINLONG TANG5

1Department of Pathology, The First Hospital of Jiaxing, Zhejiang; 2Department of Pediatrics,  
The Affiliated Children's Hospital, Zhejiang University School of Medicine, Hangzhou;  

3The Criminal Investigation Detachment of Jiaxing Public Security Bureau;  
4Department of Pathology, Key Laboratory of Disease Proteomics of Zhejiang Province,  

Zhejiang University School of Medicine; 5Department of Pathology, The Second Affiliated Hospital,  
Zhejiang University School of Medicine, Hangzhou, Zhejiang, P.R. China

Received October 30, 2016;  Accepted December 7, 2016

DOI: 10.3892/ijo.2016.3811

Correspondence to: Dr Jinlong Tang, Department of Pathology, 
The Second Affiliated Hospital, Zhejiang University School of 
Medicine, Hangzhou, Zhejiang 310009, P.R. China
E-mail: 21018274@zju.edu.cn

Key words: miR-22, malignant progression, cancer, dual effects



WANG et al:  miR-22 REGULATES HUMAN CANCER346

multi-approaches and multi-layers, indicating the central 
roles of miR-22 in manipulating the occurrence and develop-
ment of different cancers. Since the underlying regulatory 
mechanisms of miR-22 are complicated and remain poorly 
expounded, we concentrated on the potential mechanisms 
and clinical applications of miR-22 in modulating cancer 
progression.

2. miR-22 works as suppressor gene in tumor malignant 
development

miR‑22 inhibits tumor proliferation, invasion and metastasis 
by accelerating cell senescence, inhibiting energy metabo‑
lism and angiogenesis. Considering that tumor progression, 
including proliferation, invasion and metastasis, are intimately 
involved in tumor growth status and energy supply, miR-22 
could interrupt these processes by mediating tumor growth 
status and energy supply. For instance, miR-22 induced p53 
expression and concurrently targeted SIRT1, CDK6 and Sp1 to 
activate pRb signaling pathway, thereby hastening senescence, 
retarding cellular growth, invasion and metastasis in cervical 
cancer and breast cancer, which shows evident anticancer 
effects (8) (Fig. 1).

Glucose is one of the crucial energy sources, and 
angiogenesis conveys energy and nutrient for rapid cancer 
growth beyond the restrictions of original blood supply. 
Congruently, miR-22 could cut off energy metabolism by 
directly silencing GLUT1 (glucose transporter protein type 
1), a protein unidirectionally transferring glucose into the 
cytoplasm to promote energy metabolism, and ACLY (ATP 
citrate lyase), an enzyme accelerating lipid synthesis and 
elevated expression in cancers, restraining cancer prolifera-
tion, migration and invasion and inducing apoptosis, which 
is negatively linked to TNM stage, metastasis, recurrence 
and survival rates of breast, prostate, osteosarcoma, lung and 
cervical cancers (10,11). Moreover, miR-22 has low expres-
sion in colorectal cancer (CRC), and increased expression of 
miR-22 to silence HIF-1α (hypoxia inducible factor 1α) may 
severely repress VEGF (vascular endothelial growth factor) 
expression to block angiogenesis, leading to the disruption of 
cancer progression (12) (Fig. 1).

Considering the above, one of the feasible methods to 
effectively disrupt tumor formation may be by elevating 
miR-22 expression to hasten senescence, cut energy supplies 
and block angiogenesis.

miR‑22 inhibits tumor proliferation, invasion and metastasis 
via repressing tumor cell cycle and promoting apoptosis. It 
is universally known that numerous cancer cells continuously 
enter proliferation and division through G0/G1 checkpoint 
along with reducing apoptosis, eventually causing rapid cancer 
growth and enlargement in size. Recently, extensive evidence 
has demonstrated that miR-22 could repress tumor malignant 
process by inhibition of the cell cycle. For example, miR-22 
may post-transcriptionally target cyclin A2 and CDKN1A 
(cyclin-dependent kinase inhibitor 1A) to arrest the cell cycle 
in G0/G1 phage in CRC and liver cancer, respectively (13,14). 
Besides, augmenting expression of miR-22 in ER (estrogen 
receptor) α-positive endometrioid adenocarcinoma where 
miR-22 expression is usually low could downregulate ERα 

expression to further decrease the expression of cyclin D1 
and member matrix metalloproteinase 2/9 (15). Furthermore, 
carcinogen TPA (12-O-tetradecanoylphorbol-13-acetate)-
induced miR-22 may inversely regulate PKC/ERK pathway 
via dramatically downregulating Max (a transcription factor 
binding to and activate c-Myc) expression, thus resulting 
in G0/G1 arrest in lung, breast and prostate cancer cells 
(16). These findings confirmed that the ultimate effects of 
miR-22 by cell cycle arrest in different ways may lead to the 
attenuation of cancer growth and invasion and the disrup-
tion of tumor malignant progression, indicating that miR-22 
in response to different carcinogens may serve as a tumor 
suppressor miRNA to mitigate or block cancer occurrence 
and development.

Several emerging studies have validated that miR-22 could 
influence tumor proliferation by regulating hormone‑related 
signaling pathway. For instance, the proliferation and migra-
tion of CRC cells and ERα-positive breast cancer cells may be 
attenuated by 1,25(OH)2D3 (the in vivo metabolite of vitamin 
D3)-induced miR-22 and by ectopic introduction of miR-22, 
respectively (17,18), insinuating that the regulation of miR-22 
participating in hormone signal transduction pathway should 
not be ignored as critical underlying mechanism for tumori-
genesis and progression.

Furthermore, miR-22 may also contribute to the cessation 
of cancer aggression through post-transcriptionally regulating 
downstream molecules with respect to cellular migration 
and adhesion, a case in point is that miR-22 in gastric cancer 
may separately silence CD151, a molecule promoting cellular 
migration, and MTDH (metadherin), a molecule involved in 
cellular adhesion, to effectively interfere with cancer cellular 
proliferation and metastatic dissemination (19,20).

Additionally to the above, miR-22 has been reported 
to tightly repress cellular immune escape and proliferation 
and trigger apoptosis by targeting a variety of downstream 
molecules, such as Galectin-9, NET1 (neuro-epithelial trans-
forming gene 1) and PAPST1, in liver cancer, chronic myeloid 
leukemia (CML) and medulloblastoma, respectively (21-23). 
In addition, not only could curcumin-induced miR-22 post-
transcriptionally degrade oncogene Erbb3 in retinoblastoma, 
but also ectopic elevated miR-22 expression could directly 
target Erbb3 or EVI-1, subsequently causing the repression 
of PI3K/Akt cascade, the end result is inhibition of cellular 
proliferation, migration, invasion and metastasis in lung 
cancer and breast cancer, respectively (24-26). Moreover, 
miR-22-mediated silencing of ESR1 and TIAM1 may directly 
repress cancer cellular migration and invasion without exerting 
effects on cellular viability and apoptosis in metastatic ovarian 
cancer (27).

To summarize, miR-22 shows considerable antitumor 
effects via various and synthetic rather than only a single 
mechanism to intervene in multi-step processes of tumorigen-
esis (Fig. 1).

3. miR-22 functions as an oncogene to promote tumor 
proliferation, migration and invasion

Conversely, in some cancers, miR-22 may serve as a crucial 
driver to promote rather than inhibit cancer aggressiveness. 
An example is that IL-1α-stimulated miR-22 may initiate 
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HBV-related liver cancer by suppressing ERα (28), and 
another example is that by directly targeting PTEN (phospha-
tase and tensin homolog, a gene usually regarded as tumor 
suppressor factor), miR-22 in clear cell renal cell carcinoma 
where its expression is frequently downregulated has been 
shown to abolish cancer proliferation, migration and invasion 
but in prostate cancer where its expression is high to stimulate 
(7,29), the most important reason may be explained by a further 
well-performed study in CLL (chronic lymphocytic leukemia) 
that miR-22-targeted PTEN silencing may spontaneously 
activate PI3K/AKT pathway to the downregulated expres-
sion of p27 (-Kip1) and upregulated expression of Survivin, 
CCND2 (Cyclin D2) and MAPK1 (mitogen-activated protein 
kinase 1), thereby resulting in the end telling effects of tumor 
formation (30) (Fig. 2).

Collectively, adequate access to tumorigenesis of miR-22 
in some tumors is achieved by modulating tumor suppressor 
molecules to initiate oncogene-related signal cascade events, 
therefore, in these tumors, repressing miR-22 expression to 
persistently inactivate downstream interactive oncogenic 
molecules may be an effective means of preventing tumor 
proliferation, migration and invasion.

4. The functions of miR-22 participating in the feedback 
loops

Intriguingly, in the form of positive or negative feedback 
loops, numerous miRNAs, such as miR-200, miR-203 and 
miR-183/96/182, play pivotal roles in intimately inhibiting or 
promoting cancer occurrence and development (31-34), and 
so does miR-22. For instance, in cervical cancer and breast 

cancer, miR-22 has been revealed to act as an onco-miRNA 
to directly target PTEN and subsequently initiate PI3K/AKT/
FoxO1 pathway. Nevertheless, the activated AKT unexpect-

Figure 1. miR-22 inhibits tumor malignant progressions. Different stimulators, including TPA, 1,25(OH)2D3 and curcumin, induce miR-22 expression. 
Through targeting various downstream related molecules, such as HIF-1α, GLUT1, ACLY, SIRT1, CDK6, Sp1, CD151, MTDH, Galectin-9, NET1, PAPST1, 
ESR1, TIAM1, Max, Cyclin A2/CDKN1A, Erbb3, EVI-1, PTEN and ERα, miR-22 is capable of directly or indirectly abrogate the process of tumor 
malignancy, including acceleration of senescence and the abruption of angiogenesis, energy metabolism, cell cycle, proliferation, migration, invasion and 
metastasis.

Figure 2. miR-22 services as onco-miRNA to promote tumor malignant 
transformation. IL-1α-induced miR-22 may initiate cancer by silencing ERα, 
and it could as well activate PI3K/AKT pathway to downregulate p27 expres-
sion and upregulate CCND2 and MAPK1 expression by repressing PTEN, 
thus giving rise to tumor aggressiveness.
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edly induces miR-22 expression, eventually forming a positive 
feedback loop and continuously simulate PI3K/AKT/FoxO1 
cascade to promote tumor malignant transformation (6). In 
addition, binding of MYCBP (c-Myc-binding protein) to inac-
tive c-Myc which is capable of repressing miR-22 expression, 
miR-22 forms a strongly positive feedback loop in favor of 
the inhibition of breast cancer growth (35). Moreover, addi-
tional experimental results have hinted that besides straightly 
degrading transcription factor SP1 to retard the migration 
and invasion of gastric cancer (36), miR-22 may as well 
concurrently target and inactive CD147 (an inducible factor 
of extracellular matrix metalloproteinase) and SP1, but both 
SP1 and c-Myc are capable of binding to the promoter region 
of CD147 and subsequently enhancing CD147 expression, and 
simultaneously of miR-22 and inhibiting miR-22 expression, 
which constitutively promotes expression of SP1 and c-Myc 
to upregulate CD147 expression, finally facilitating the prolif-
eration, migration, invasion and metastasis of breast cancer. 
Oppositely, the reverse could be observed as miR-22 expres-
sion was increased (37) (Fig. 3).

Taking the data collectively, miR-22 undertakes the kernel 
role in controlling the proliferation, migration, invasion and 
metastasis of different cancers by closely intertwining with 
multiple tumor suppressor genes or oncogenes of upstream 
or downstream molecules to form positive or negative feed-
back loops. However, since miR-22 has dual (inhibitory or 
promoting) functions in different cancers, especially breast 
cancer, in different experiments, it is therefore necessary to 
further elucidate the underlying mechanisms of miR-22 in 
regulating feedback loops, correspondingly augmenting or 
reducing miR-22 expression in different cancers, particularly 
breast cancer, will be maximally instrumental for amplifying 
its anticancer effects or restricting its accelerated effects.

5. miR-22 plays a critical role in EMT process in cancer

Surprisingly, increasing findings have documented a fascinating 
and usually ignored mechanism of miR-22 with reference to 
the regulation of EMT, a process expediting cancer invasion 
and metastasis and shifting cells from an epithelial status to 
a mesenchymal status accompanied by morphological loss of 
cohesiveness and an increased motility and genetically the 
downregulated expression of epithelial adhesive molecules, 
including E-cadherin and ZO-1, and upregulated expression of 
mesenchymal molecules, including Zeb1/2, snail1/2, Vimentin, 
Twist (38). As examples, miR-22 is capable of promoting 
cancer proliferation, migration and incursion by potently 
silencing acetylase TIP60, a gene inhibiting cancer formation, 
which is significantly correlated with the worse prognosis of 
patients with breast cancer (39). Notwithstanding, miR-22 
has been reported to markedly attenuate EMT process and 
cancer distant metastasis by directly targeting TIAM1 (T-cell 
lymphoma invasion and metastasis 1), a gene augmenting 
expression of MMP2/9 (member matrix metalloproteinase 
2/9) to exacerbate cancer invasion and metastasis, MMP14 
(member matrix metalloproteinase 14), Snail and SIRT1 in 
CRC, gastric cancer and RCC, respectively (40-42) (Fig. 4). 
Moreover, the downexpression of miR‑22 in folate deficiency 
HCC cells may lead to the upexpression of its target gene Zeb2, 
which may be related to the initiation of EMT process (43).

Given miR-22 could directly target either EMT-associated 
tumor suppressors or oncogenes to induce or debilitate EMT 
progression and metastasis, sustained and targeted upregula-
tion or downregulation of miR-22 in various cancer types 
may forcefully cease the EMT process and distant metastasis, 
thereby displaying optimal therapeutic effects on patients with 
malignant cancers.

6. Molecular regulatory mechanisms of miR-22 at the 
genetic level in regulating tumorigenesis and malignant 
transformation

Strikingly, accumulating findings have revealed the link 
between epigenetic abnormalities and miR-22 (Fig. 5). The 
gene CNAs and SNPs may significantly impact on the modula-
tion of miR-22 to different cancers. As an example, 2/21 cases 
of acute lymphoblastic leukemia patients have miR-22 copy 
number deletions at 17p13.3 (44), and in cervical cancer, the 
failed binding of miR-22 to rs11064 variant GG allelic geno-
type of TNFAIP8 (tumor necrosis factor-α-induced protein 8, a 
target of miR-22) will distinctively result in the overexpression 
of TNFAIP8 and subsequently against apoptosis and facilitate 
unimpeded tumor formation, which is highly pertinent to 
platinum resistance (45), evincing that the persons suffering 
copy number deletions of miR-22 gene or SNP alterations of 
miR-22 target genes may be much more vulnerable to malig-
nant tumors than the normal ones.

Growing number of mechanistic experiments documented 
that miR-22 may control cancer proliferation and growth 
through epigenetically modulating histone acetylation, 
DNA methylation and gene repair. In hepatocellular carci-
noma and Ewing sarcoma, externally induced expression of 
miR-22 has been shown to repress cellular proliferation and 
tumorigenesis via post-transcriptionally silencing histone 
deacetylase HDAC4 (histone deacetylase 4) and KDM3A 
(lysine (K)‑specific demethylase 3A), respectively (46,47). 
Generally, promoter hypermethylation implies the silence 
of gene expressions, inversely, promoter demethylation hints 
at promotion of gene expressions. In androgen receptor-
positive cancer cells of prostate cancer, miR-22 and miR-29 
promoters are frequently hypermethylated which makes their 
expression low. Whereas, cancer cells will obviously undergo 
restrained migration and stimulated apoptosis by upregulated 
miR-22 and miR-29 to separately target LAMC1 (laminin 
γ1, a gene promoting cell migration) and MCL1 (myeloid 
cell leukemia 1, a gene against apoptosis) (9). Additionally, 
AKT-induced miR-22 in CRC HCT116 has been reported to 
directly target MDC1 (mediator of DNA damage checkpoint 
1), giving rise to the aberrant repair of damaged DNA and 
instability of genes, thus, causing probable susceptibility to 
aging and cancer (48).

Extremely absorbing, miR-22 has been shown to participate 
in tumorigenesis via regulating 5-hmC (5-hydroxymethylcyto-
sine), usually called the six base and originating from 5-mC 
(5-methylcytosine) catalyzed by TET (ten-eleven translocation) 
enzymes TET1, TET2 and TET3. 5-hmC of transcription factor 
binding sites commonly initiates gene expression, and the down-
expression of TET often fails to activate gene transcription 
owing to the low level of 5-hmC (49,50). For instance, analysis 
of patients with refractory cytopenia of childhood revealed 
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that the high expression of miR-22 has a closely converse 
relationship with the low expression of TET and 5-hmC (51). 
Furthermore, recent investigations have confirmed in miR‑22 
transgenic mice that by directly targeting TET2, not only is 
miR-22 against methylation of tumor suppressor miR-200 
promoter, causing the downregulation of miR-200 and the 
initiation of EMT process and distant metastasis for breast 
cancer stem cells, which is closely correlated with the poor 
prognosis of patients (52), but also it contributes to the low 
levels of other 5-hmC of downstream genes, leading to self-
renewal and malignant transformation of blood stem cells in 
these mice, which eventually undergo MDS and malignant 
blood diseases. Instead, miR-22 depression may lead to the 
inhibitory proliferation of leukemia cells in mice and human 
(53). Nonetheless, the latest investigation hinted that in AML 
(acute myeloid leukemia) cells, the expression of TET2 has 
a positive rather than negative relation with the expression 
of miR-22, but upregulated TET1 has a negative association 
with the expression of miR-22. Although TET1 is conducive 
to the hypomethylation of miR-22 promoter, it, strangely, 
does not induce miR-22 expression, the primary reason may 
be that both copy number deletions of miR-22 gene and 

Figure 4. Critical role of miR-22 in regulating EMT process. miR-22 may either facilitate or retard EMT process by directly silencing TIP60, TIAM1, MMP14, 
Snail, SIRT1 and Zeb2, respectively.

Figure 5. Genetical or epigenetical mechanisms by which miR-22 regulates tumor malignant progression. miR-22 gene 5-hmc catalyzed by TET1 may lead to 
its increased expression, whereas, either CNAs or hypermethylation of miR-22 promoter may bring about its decreased expression. Moreover, miR-22 could 
restrain miR-200 gene 5-hmc to initiate EMT process by directly degrading TET2. Additionally, miR-22 may fail to inhibit cancer process due to its target 
gene TNFAIP8 SNPs-GG allelic genotype, which results in the upregulation of TNFAIP8. Furthermore, by modulating histone acetylation, DNA methyla-
tion and gene repair-related molecules, MDC, HDAC4, KDM3A, CRTC1, MYCBP and LAMC1, miR-22 could either inhibit or promote tumor malignant 
transformation, including gene instability, proliferation, migration, invasion and metastasis.

Figure 3. Functions of miR-22 participating in the reciprocal feedback loops. 
miR-22 could be regarded as an oncogene due to the positive feedback loop 
between miR-22 and PI3K/Akt to promote tumor malignant transformation. 
Inversely, it could be viewed as a tumor suppressor gene owing to the nega-
tive feedback loop between miR-22 and SP1 and c-MYC, which eventually 
inhibits CD147 expression available to the cessation of malignant transfor-
mation.
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binding of upstream cofactors GFI1/EZH2/SIN3A and TET1, 
especially TET1, to the region of miR-22 promoter result in 
the inhibition of miR-22 expression. However, restoration of 
miR-22 may markedly abate the CREB and MYC pathways 

by directly targeting CRTC1 (CREB-regulated transcription 
coactivator 1) and MYCBP, bringing about the inhibition of 
tumor formation and malignant transformation (54). Briefly, 
these data suggest that miR-22 may directly be controlled 

Figure 6. Collaborating effects of miR-22 with other miRNAs. Cooperating with many other anticancer miRNAs, such as miR-1/7/29/34/145/365, miR-200 
and miR‑9/16, to silence the same target genes Rb/E2F, Wnt‑1 and CDX2, respectively, CDX1‑induced miR‑22 may significantly inhibit cell cycle, proliferation 
and differentiation.

Figure 7. Underlying mechanisms by which miR-22 enhances chemosensitivity to therapeutic drugs in cancers. The elevated expression of miR-22 stimulated 
by anticancer drugs, including paclitaxel, adriamycin and 5-FU, may directly target and activate or inactivate multiple downstream molecules, such as BTG1, 
HMGB1, PTEN, EVI1 and p21, to counteract autophagy, proliferation, migration and invasion and cell cycle and induce apoptosis, thereby enhancing chemo-
sensitivity in different cancers.



INTERNATIONAL JOURNAL OF ONCOLOGY  50:  345-355,  2017 351

by hydroxymethylation, but it does not necessarily mean 
that the hypomethylation of miR-22 promoter leads to the 
upregulation of miR-22, to some extent, many other factors, 
including copy number deletions of miR-22 gene and the 
direct inhibition of miR-22 promoter by hydroxymethylation-
related genes, are prominently correlated with suppressing 
miR-22 expression, miR-22 may turn off the expression of 
downstream suppressor genes with respect to the hydroxy-
methylation-related pathways, thereby playing an oncogenic 
role in the process of tumor initiation and malignant trans-
formation.

Taken together, at the genetic level, on the one hand, 
copy number deletions or hypermethylation of miR-22 gene 
may result in its dysfunction to facilitate tumor uncontrolled 
malignant progression, indicating that miR-22 likely serves 
as a tumor suppressor to design epigenetic drugs in some 
cancers. On the other hand, miR-22 could bring about genomic 
instability to promote tumor malignant transformation via 
manipulating epigenetic modification to turn off the expres-
sion of tumor suppressors, suggesting that miR-22 probably 
functions as an internal engine for some cancers. As so many 
are underlying mechanisms involved in miR-22 participating 
in cancer formation that it is necessary to genetically explore 
and unveil the intricate mechanisms of miR-22 for epigenetic 
therapy in different cancers.

7. miR‑22 influences cancer progression via collaborating 
with other miRNAs

Tantalizingly, increasing evidence has recently corroborated 
that the combined effects of miR-22 complexing with many 
other miRNAs may play a crucial role in controlling cancer 
differentiation, proliferation, migration and invasion in some 
cancers (Fig. 6). Considering several examples, experimental 
validation demonstrated that both CDX1-induced miR-22, 
miR-9 and miR-16 may directly target CDX2 to abrogate cell 
differentiation in CRC (55). In addition, cooperating with 
several other miRNAs, such as miR-1, Let-7, miR-29, miR-34, 
miR-145, and miR-365, miR-22 was found to attenuate Rb/E2F 
signaling pathway by post-transcriptionally silencing Rb to 

remarkably arrest cell cycle and DNA replication, ultimately 
resulting in the restriction of cancer growth (56). Likewise, 
by coordinating with tumor suppressor gene miR-200 and 
directly targeting Wnt-1, an oncogene positively modifying 
Wnt/β-catenin pathway, miR-22 is capable of repressing the 
expression of β-catenin and TCF to potently restrain cancer 
colony-forming, which may be responsible for the anticancer 
effects in gastric cancer (57).

Overall, these findings indicate that it is perhaps a feasible 
way to force expression of the miR-22 combining with many 
other miRNAs regarding the repression of carcinoma-related 
pathways to strengthen anticancer effects in some cancers, 
opening a new window for unearthing the intrinsic under-
lying mechanisms of miR-22 in modulating the cancer 
progression.

8. miR-22 functions as a sensitizer in cancer treatments

Clinically, it is very common that the same chemotherapeutic 
drugs show extraordinarily different therapeutic effects on 
different cancers even on the same cancers owing to chemo-
resistance which is one of the most imperative reasons for 
the failure of treatment, the toughest challenges and seem-
ingly insurmountable obstacles. Utterly inspiring is the 
good news that miR-22 in several cancers, to some extent, 
displays the capability of increasing chemosensitivity to 
different anticarcinogens by directly targeting and activating 
or inactivating various downstream genes (Fig. 7). Findings 
from recent experiments have confirmed that p53‑wild rather 
than p53-mutant type CRC cells display chemoresensitivity 
to paclitaxel partly in that enhanced miR-22 binding to and 
activating PTEN can counteract a cascade of PI3K/Akt 
events and stimulate apoptosis, leading to resensitization to 
paclitaxel (58). Further research revealed that via binding 
to the 5-upstream regions and intron regions of C17orf91, 
a gene in which miR-22 locates, adriamycin-triggered 
p53 in p53-wild-type CRC cells is capable of augmenting 
miR-22 expression to target downstream molecule p21 to 
subsequently cease the cell cycle and induce cell apoptosis, 
ultimately resulting in intensifying the chemosensitivity to 

Table I. Clinical applications of miR-22 in tumor diagnosis, surveillance and prognosis.

Tumor Body fluids/tissues miR‑22 levels Diagnosis Treatment response/prognosis Refs.

ICC Serum ↓ √ N (63)
Hepatocellular carcinoma Serum ↓ √ Poor (46,64)
Lung adenocarcinoma Pleural effusion ↓ √ N (65)
ESCC Serum ↑ √ N (66)
Pancreatic cancer Serum ↑ √ N (67)
Prostatic cancer Serum ↑ √ N (2)
NSCLC Serum ↑ N Poor (68)
Gastric cancer Cancer tissue ↓ N Poor (69)
CRC Cancer tissue ↓ N Poor (70)

ICC, intrahepatic cholangiocarcinoma; ESCC, esophageal squamous cell carcinoma; NSCLC, non-small cell lung cancer; CRC, colorectal 
cancer; ↓, low level; ↑, high level; √, valuable; N, no report.
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adriamycin (59). In addition, there were several interesting 
and important mechanisms, including autophagy pathway 
and apoptosis pathway, with respect to miR-22 in enhancing 
sensitivity to several chemotherapeutics. Through separately 
targeting BTG1 (B-cell translocation gene 1) and HMGB1 
(high-mobility group box 1), miR-22 could inhibit autophagy 
and enhance apoptosis against proliferation, migration and 
invasion, eventually contributing to the reverse chemore-
sistance to 5-FU, cisplatin and doxorubicin in CRC and 
osteosarcoma (60,61).

Moreover, miR-22 may profoundly enhance chemosen-
sitivity to anticancer drugs by intimately working with many 
other miRNAs. In clear cell ovarian cancer, PI3K/Akt/mTOR 
pathway was predominately repressed due to the combined 
effects through directly targeting both FGFR3 (fibroblast 
growth factor receptor 3) and mTOR by miR-100 and simulta-
neously targeting EVI1 by miR-22, allowing for the subsequent 
inhibition of proliferation, growth and survival, which, in 
the end, increases chemosensitivity to anticancer drug evero-
limus (62).

Taken together, these data hint that miR-22 may notably 
enhance chemosensitivity or reverse chemoresistance to 
corresponding cancer drugs by a variety of underlying mecha-
nisms, and that multiple anticancer drugs with predominately 
therapeutic effects may further maximize their advantages or 
minimize disadvantages via augmenting miR-22 expression 
to exert the inhibition of cancer proliferation, migration and 
invasion. Therefore, to obtain the optimal treatment effects 
for miR-22 as an adjuvant therapeutic intervention in the near 
future, illuminating the potential mechanisms of miR-22 in 
regulating chemosensitivity or chemoresistance will be benefi-
cial for patients with various cancers in precision medicine.

9. miR-22 is an independent biomarker for cancer diagnosis, 
surveillance and prognosis

Early diagnosis is one of the primary challenges of cancers 
and would be beneficial for effectively prolonging the 
survival time and improving the patient life quality. As 
miR-22 expression is different in different cancers and plays 
a central role in cancer cell proliferation, migration, invasion 
and metastasis, it is reflected in cancer diagnosis, monitoring, 
and prognosis. For instance, the low expression of miR-22 
in the serum of patients with ICC (intrahepatic cholangio-
carcinoma) and hepatocellular cancer with hepatitis C virus 
and the malignant pleural effusion of patients with lung 
adenocarcinoma may well be promising as an independent 
early diagnostic biomarker for these cancers (63-65). On 
the contrary, the sustained high expression of miR-22 in the 
serum of patients with esophageal squamous cell carcinoma, 
pancreatic cancer and metastatic prostatic cancer may well 
be a reliable serum biomarker for cancer diagnosis, along 
with the desirable diagnosis of sensitivity and specificity 
(2,66,67) (Table I).

Additionally, the alteration of miR-22 expression in body 
fluids may, to a certain extent, directly mirror the therapeutic 
effects. The elevated expression of miR-22 in the serum of 
NSCLC (non-small cell lung cancer) is conspicuously associ-
ated with the cancer aggression and the unresponsiveness to the 
chemotherapeutic drug pemetrexed (68), implying that miR-22 

may be a telling serum predictor for monitoring the chemo-
therapeutic effects in NSCLC. Instead, the reduced expression 
of miR-22 frequently portend poor prognosis in patients with 
certain cancers. An example of this is that the downregulated 
miR-22 expression shows shorter overall survival time and is 
more likely to have a tendency of distant metastasis in cancer 
tissues than normal adjacent tissues in patients with hepatocel-
lular carcinoma, gastric cancer and CRC (46,69,70) (Table I).

Collectively, as for some cancers, monitoring the fluctua-
tion of miR‑22 expression in the serum or body fluids or the 
cancer tissues may be of great latent significance for cancer 
diagnosis, particularly early diagnosis, assessing therapeutic 
effects and prognosis, therefore, it is very promising that 
miR-22 may be eventually utilized as a predictive cancer 
biomarker for early accurate diagnosis, monitoring treatment 
responses in real-time and prognosis of outcomes and as an 
effective strategy for supplementary or even principal treat-
ment in special cancers.

10. Conclusions and prospects

Numerous studies have revealed that miR-22 functions as 
either a tumor suppressor miRNA or an onco-miRNA to 
inhibit or promote tumor formation and malignant transfor-
mation from genetic to post-transcription level via intricate 
mechanisms, in which miR-22 could stimulate or turn off 
different cascades of events concerning pathways by directly 
or indirectly interacting with upstream or downstream 
molecules/pathways, either synergistically or antagonisti-
cally. Also, as the formation of miR-22-related positive or 
negative feedback loops extraordinarily amplify the inhibi-
tory or promoting effects of miR-22 in a variety of cancers, 
therefore, miR-22 and countless related molecules constitute 
complex signaling networks where miR-22 is at the core 
of events (Table II). Indicating that miR-22 may serve as a 
hopeful therapeutic target for precision treatments in diverse 
cancers to inhibit proliferation, migration, invasion and 
metastasis, thus weakening or reversing chemoresistance 
to anticancer drugs. Besides, miR-22 expression in cancer 
cells and body fluids may fluctuate in different cancers and 
different growth stages in the same cancer, which makes it 
possible for miR-22 to be a potential and complementary or 
even independent biomarker in cancer diagnosis, monitoring 
treatment effects and prognosis.

However, there will be still many problems to be settled 
in the future due to the intricate and intrinsic mechanisms of 
miR-22 regulating cancer formation. For instance, the same 
cancer has different expression of miR-22 at the different 
growth steps, in which step does miR-22 play a primary or 
secondary role? Or inhibitory or promoting role or both? How 
does it interact with many other molecules? In particular, it is 
seemly paradoxical that miR-22 may show distinctively oppo-
site effects (inhibition or promotion) on the biological behavior 
of different cancers by post-transcriptionally targeting the 
same transcription factors, such as PTEN. Therefore, further 
excavating the underlying mechanisms of miR-22 with many 
other molecules in manipulating tumor malignant progression 
may, to some degree, be very valuable for cancer diagnosis, 
treatment, and prognosis in precision medicine in the coming 
years.
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Table II. Molecular mechanisms of miR-22 regulating tumor progression.

Tumor miR-22 level Target genes Pathways Effect Refs.

GC ↓ MMP14 Snail EMT - (19,20,36,41,57)
  MTDH Wnt/β‑catenin/
  CD151 Wnt-1 TCF
  SP1 
PC ↑ or ↓ PTEN Max PI3K/AKT + or - (7,9,11,16)
  LAMC1 MAPK/ERK
  ACLY PKC/ERK
BC N or ↓ TIP60 GLUT1 EMT + or - (6,8,10,16,26,35,37,39,52)
  CD147 SIRT1 pRB pathway
  CDK6 Sp1 PI3K/Akt
  Erbb3 EVI-1 ER pathway
  ERα MYCBP PKC/ERK
  PTEN Max
  TET2
RCC ↓ SIRT1 PTEN Apoptosis - (29,42)
   EMT
Liver cancer ↓ Galectin-9 Apoptosis - (13,21,28,43)
  CCNA2 Cell cycle
  CDKN1A
  ERα HDAC4
  Zeb2
CRC ↓ MDC1 PI3K/AKT + or - (12,13,40,48,55,58,59,60)
  CCNA2 BTG1 Cell cycle
  TIAM1 CDX2 Autophagy
  HIF-1α p21 Apoptosis
  PTEN Hypoxia
Lung cancer ↓ or ↑ Erbb3 Max PKC/ERK - (11,16,25)
  ACLY
AML ↓ CRTC1 CREB/MYC - (35,54)
  MYCBP
CLL ↑ PTEN PI3K/AKT/FOXO1 + (30)
MDS ↑ TET2 5-hmc + (53)
CML  NET1 Cell cycle - (22)
Osteosarcoma ↓ HMGB1 Autophagy - (11,61)
  ACLY
EEC ↓ ERα ER pathway - (15)
Medulloblastoma  ↓ PAPST1 Cell proliferation - (23)
   Apoptosis
Ewing sarcoma ↓ KDM3A Histone demethylation - (47)
Cervical cancer ↓ or ↑ TNFAIP8 Apoptosis + or - (6,8,11,45)
  SIRT1 CDK6 pRB pathway
  Sp1 PTEN PI3K/AKT
  ACLY
Retinoblastoma ↓ Erbb3 Cell proliferation  - (24)
Ovarian cancer ↓ TIAM1 ESR1 EVI1 PI3K/Akt/ mTOR - (27,62)

GC, gastric cancer; PC, prostate cancer; BC, breast cancer; RCC, renal cell carcinoma; ESCC, esophageal squamous cell carcinoma; CLL, 
chronic lymphocytic leukemia; CRC, colorectal cancer; CML, chronic myeloid leukemia; EEC, endometrial endometrioid carcinoma; PC, pros-
tate cancer; MDS, myelodysplastic syndrome; MMP14, member matrix metalloproteinase 14; MDC1, mediator of DNA damage checkpoint 
1; CCNA2, cyclin A2; MTDH, metadherin; PTEN, phosphatase and tensin homolog; NET1, neuro-epithelial transforming gene 1; HMGB1, 
high-mobility group box 1; PAPST1, 3'-phosphoadenosine-5'-phosphosulfate transporter 1; KDM3A, histone K demethylase 3A; NSCLC, 
non-small cell lung cancer; CDKN1A, cyclin-dependent kinase inhibitor 1A; TIAM1, T-cell lymphoma invasion and metastasis 1; TNFAIP8, 
tumor necrosis factor-α-induced protein 8; CDX2, caudal-type homeobox 2; Erbb3, erythoblastic leukemia viral oncogene homolog 3; EVI-1, 
ecotropic virus integration-1; MYCBP, c-Myc-binding protein; HDAC4, histone deacetylase 4; TET2, ten-eleven translocation 2; LAMC1, 
laminin γ1; CRTC1, CREB-regulated transcription coactivator 1; ↓, low level; ↑, high level; N, no change; +, promotion, -, inhibition.
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