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Abstract. MicroRNAs (miRNAs/miRs) are a class of small
non-coding RNAs that maintain the precise balance of various
physiological processes through regulating the function of
target mRNAs. Dysregulation of miRNAs is closely associated
with various types of human cancer. miR-222-3p is considered
a canonical factor affecting the expression and signal trans-
duction of multiple genes involved in tumor occurrence and
progression. miR-222-3p in human biofluids, such as urine and
plasma, may be a potential biomarker for the early diagnosis
of tumors. In addition, miR-222-3p acts as a prognostic factor
for the survival of patients with cancer. The present review
first summarizes and discusses the role of miR-222-3p as a
biomarker for diverse types of cancers, and then focuses on
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its essential roles in tumorigenesis, progression, metastasis
and chemoresistance. Finally, the current understanding of the
regulatory mechanisms of miR-222-3p at the molecular level
are summarized. Overall, the current evidence highlights the
crucial role of miR-222-3p in cancer diagnosis, prognosis and
treatment.
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1. Introduction

MicroRNAs (miRNAs/miRs) are endogenous, 19-23-nucle-
otide-long, non-coding single-stranded RNA molecules that
act as regulators of gene expression by associating with the
multiprotein RNA-induced silencing complex (RISC) (1,2).
RISC silences specific mRNA species by pairing with the
3'-untranslated region (3'-UTR) of the target mRNAs to
impact their expression (3-5). The biogenesis of miRNAs
is composed of multiple steps. First, primary miRNAs are
cleaved into stem-loop precursor structures of ~70 nucleo-
tides, known as precursor-miRNAs (premiRNAs), by the
Drosha enzyme (6,7). Ultimately, premiRNAs are digested to
mature 22-nucleotide-long miRNAs by the RNase I1I enzyme
Dicer (8).

miR-222, a member of the miR-221/222 family, is located
on the X chromosome pl1.3 of the human genome (9).
Mature miR-222 sequences have a hairpin precursor with
different arms called the 5' or 3' arm, which are also known
as -5p or -3p, respectively (10,11). Dysregulated miR-222-3p
expression has been reported in various human diseases,
such as in cataract pathogenesis and chordomas (12-15) and
appears to be a promising biomarker for cancer diagnosis and
prognosis (16-18).
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The development of tumors is a multistep process
that includes continuous proliferation signaling, evading
growth inhibitors and inducing angiogenesis, invasion
and metastasis (19). miRNAs have important roles in the
initiation, development and progression of various types
of cancer, including breast and prostate cancer (20-22). A
growing number of studies have indicated that miR-222-3p
has multiple functions in tumorigenesis (23), cancer cell
proliferation and apoptosis (24), cancer cell invasion and
migration (16,25), therapeutic resistance (26) and the tumor
microenvironment (27,28).

A number of studies have recently manifested the associa-
tion of miR-222-3p dysregulation with cancer initiation and
progression (29-31). Despite recent developments in cancer
diagnosis and treatment, there are still numerous problems
associated with the pathogenesis of cancer progression,
disease recurrence and drug resistance. The present review
thoroughly discusses the clinical value of miR-222-3p in
cancer and whether miR-222-3p acts as an oncogene or a
cancer suppressor by reviewing and summarizing studies
covering cells, cancer tissues and biofluids. A comprehensive
overview of these findings and the implications for molecular
research are provided.

2. Diagnostic and prognostic value of miR-222-3p in cancer

Increasing studies have suggested that miR-222-3p expres-
sion may be a potential predictor of tumor type, tumor grade
and lymph node metastasis in multiple types of human
tumors, such as prostate cancer, uveal melanoma, papillary
thyroid carcinoma and gastric cancer (32-35). Circulating
miR-222-3p, alone or in combination with other miRNAs in
plasma/serum, may act as a candidate biomarker for the early
detection of cancer (12,22,36). Moreover, tumor cell-derived
miR-222-3p serves as a prognostic factor for the survival of
patients with hepatocellular carcinoma and epithelial ovarian
cancer (23,37). The expression pattern of miR-222-3p has been
extensively studied and compared in non-tumor and tumor
tissues of different types of human cancer (Table I).

Clinical value of miR-222-3p in cancer tissues. Aberrant
miR-222-3p expression is closely associated with the
clinical characteristics of patients with cancer. For instance,
miR-222-3p was found to be overexpressed in papillary thyroid
carcinoma (PTC) compared with in normal thyroid and
benign cancer tissues (38). Additionally, Di Fazio et al (39)
reported that miR-222-3p could be used to distinguish patients
with typical and atypical lung carcinoid. Furthermore,
miR-222-3p combined with a panel of miRNAs (miR-7-5p
and miR-146b-5p) exhibited high sensitivity and specificity
for identifying different subtypes of PTC (40). This panel of
miRNAs could distinguish non-invasive follicular thyroid
neoplasms from papillary-like nuclear features, follicular
adenomas and infiltrative follicular variants of PTC (40-42).
miR-222-3p was reported to be differentially expressed
in some types of cancer, as shown in Table I. For example,
miR-222-3p expression is decreased in prostate cancer, while
it is increased in other types of cancer, including bladder and
breast cancer; however, miR-222-3p expression in ovarian
carcinoma remains controversial (Table I).

Recently, Wang et al (23) investigated the functions of
the clustered miRNAs hsa-miR-221/222-3p in hepatocel-
lular carcinoma (HCC) using a human miRNA tissue atlas,
revealing that these two miRNAs and their target genes had
potential prognostic value for HCC, especially miR-222-3p,
which functioned as a tumor promotor in hepatic tumorigen-
esis (23). The oncogenic function of miR-222-3p has also been
confirmed in non-alcoholic steatohepatitis (NASH)-associated
liver carcinogenesis (43), indicating that miR-222-3p may serve
as an indicator for the development of NASH-derived HCC.

In addition, dysregulated miR-222-3p expression was
found to be closely associated with tumor stage, invasion and
metastasis. In gastric carcinoma, high miR-222-3p expression
was positively associated with advanced clinical stage and
lymph node metastasis (44),and could predict the survival
of patients who were unable to receive chemotherapy after
surgery (45). Rinnerthaler et al (46) reported that miR-222-3p
expression was associated with the progesterone receptor,
and elevated miR-222-3p expression was involved in breast
cancer development, tumor spread, proliferation and drug
resistance. Moreover, miR-222-3p was found to be highly
associated with the tumor stage and lymph node metastasis
in estrogen receptor a (ERa)-negative patients with endo-
metrial cancer (EC), and lower miR-222-3p expression was
detected in ERa-negative EC with lower grades (P=0.0145)
and earlier stages (I vs. II, P=0.05; II vs. III, P=0.0043;
I vs. 11, P=0.0002) (26). By contrast, miR-222-3p upregula-
tion exhibited a positive association with overall survival in
patients with epithelial ovarian cancer (EOC), and its expres-
sion level was negatively associated with tumor growth in an
EOC mouse model (37).

miR-222-3p as a non-invasive diagnostic biomarker in
cancer. miR-222-3p serves as a specific biomarker for
various types of tumors in body fluids, such as serum,
plasma and urine (13,47,48) indicating that miR-222-3p has
the potential to be developed into a non-invasive diagnostic
biomarker for tumors. High expression levels of circulating
miR-222-3p were significantly associated with lymph
node metastasis (P=0.009) and clinical stages (P<0.001)
in gastric cancer in an analysis of 38 plasma samples (49).
Chang et al (50) revealed that miR-222-3p was negatively
associated with clinical staging and lymph node metastasis
status in plasma samples collected from patients with oral
carcinoma, and miR-222-3p may be a useful diagnostic
biomarker for the differentiation of oral squamous cell
carcinoma and oral leukoplakia plaque. Furthermore,
Fredsoe et al (51) developed a three-microRNA ratio model
(miR-222-3p*/miR-24-3p/miR-30c-5p), which provided accu-
rate markers in the differential diagnosis of benign prostatic
hyperplasia and prostate cancer (PCa). Several studies have
found that serum miRNAs could be used to predict the risk
of non-muscle invasive bladder cancer, and risk scores were
generated according to the combination of the three miRNA
ratios (miR-29a-3p/miR-222-3-p, miR-150-5-p/miR-331-3p
and miR-409-3-p/miR-433-5-p) (52,53). Similar results were
obtained in PTC (38,54). As aforementioned, dysregulated
miR-222-3p expression has been observed in numerous types
of human cancer, thus providing powerful rationales for its
application as a non-invasive diagnostic biomarker.
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Table I. Expression pattern of miR-222-3p in different types
of human cancer.

A, Downregulated miR-222-3p expression

Type of cancer (Refs.)
Oral cancer (50)
Ovarian carcinoma (36)
Prostate cancer (51,79-82)
B, Upregulated miR-222-3p expression

Type of cancer (Refs.)
Bladder cancer (53)
Breast cancer (46,56)
Colorectal cancer (18,27,57,71,88)
Endometrial carcinoma (26,66)
Gastric carcinoma (35,4445 49)
Glioblastoma (60)
Hepatocellular carcinoma (23.43)
Lung carcinoma (16,55,77)
Melanoma (33)
Ovarian carcinoma o7
Osteosarcoma (25)
Thyroid carcinoma (38,40)

miR, microRNA.

miR-222-3p as a non-invasive prognostic biomarker in
cancer. As well as having a strong potential in the diagnosis of
cancer, miR-222-3p also serves an important role in predicting
the prognosis of patients with cancer. An increasing number
of studies has demonstrated that dysregulated miR-222-3p
expression can predict the progression and poor prognosis of
patients with cancer, including prostate cancer and papillary
thyroid carcinoma (30,31).

Ulivi et al (55) analyzed the expression levels of miRNAs in
early non-small cell lung cancer (NSCLC) tissues, lung squa-
mous cell carcinoma tissues and circulating blood. Notably,
miR-222-3p was significantly associated with decreased
disease-free survival (DFS) and overall survival (55).
Wang ef al (56) revealed that downregulation of miRNAs
(miR-130b-5p, miR-151a-5p, miR-206 and miR-222-3p) was
closely associated with a poor prognosis after surgery and that
serum miR-222-3p was an independent prognostic factor for a
poor DFS time [hazard ratio (HR), 13.19; 95% CI, 1.06-163.59;
P=0.045] in patients with breast cancer (56). Additionally,
circulating miR-222-3p was significantly associated with the
estrogen level of patients with EC, and elevated miR-222-3p
expression was positively associated with tumor size, indi-
cating that miR-222-3p may serve as a crucial indicator of
prognosis in patients with EC (26).

KRAS and BRAF are poor prognostic indicators used for
colorectal cancer (CRC; frequency of mutation in patients:
KRAS, 38-44.9%; BRAF, 4.2-5%); KRAS and BRAF

mutations were positively associated with a poor prognosis
in patients with CRC (57-59). Therefore, more sensitive
prognostic biomarkers are required for CRC. A panel of 16
miRNAs (including miR-222-3p) associated with improved
5-year DFS time for stage II and III CRC was identi-
fied (57). The signature was identified as an independent
prognostic factor for improved 5-year DFS time by multi-
variate analyses (57). Similar observations were reported in
gastric carcinoma (45) and thyroid cancer (54). Additionally,
elevated serum miR-222-3p expression may significantly
predict a poor probability of 2-year DFS time in patients
with glioblastoma (60). Notably, a novel logistic regression
model, comprising five urinary miRNAs (miR-151a-5p,
miR-204-5p, miR-222-3p, miR-23b-3p and miR-331-3p)
and serum prostate-specific antigen (PSA), was established
successfully by Fredsoe ef al (32) and could predict time to
biochemical recurrence in 215 patients with PCa (univariate
Cox regression analysis HR, 3.12; P<0.001).

To investigate the prognostic value of miR-222-3p in the
survival of patients with various types of cancer, miR-222-3p
expression in human cancers was analyzed from The Cancer
Genome Atlas database (https://tcga-data.nci.nih.gov/tcga/).
The Kaplan-Meier analysis method was used for survival
analysis using GraphPad Prism 7.00 (GraphPad Software,
Inc.). Log-rank P<0.05 was considered to indicate a statistically
significant difference. Considering the mid- and late-stage
crossovers, the weighted method of Cramer-von Mises testing
was used. The patients were divided into two groups according
to the different expression levels of miR-222-3p in each tumor
type, either lower or higher than the mean value.

miR-222-3p expression was significantly associated with
the survival of patients with breast invasive carcinoma, brain
lower grade glioma, clear cell renal carcinomas, glioblastoma
multiforme or kidney renal papillary cell carcinoma (Fig. 1A),
with high miR-222-3p expression predicting a poorer overall
survival compared with low miR-222-3p expression. In
11 other types of cancer (acute myeloblastic leukemia, colon
cancer, cutaneous melanoma, esophageal cancer, EC, gastric
carcinoma, lung adenocarcinoma, ovarian serous cystadenoma,
pancreatic cancer, rectum adenocarcinoma and sarcoma), the
expression levels of miR-222-3p were not significantly associ-
ated with overall survival (Fig. 1B and C). Although higher
miR-222-3p expression seemed to predict longer overall
survival in acute myeloblastic leukemia, there was no signifi-
cant difference between the two groups (P=0.0589; Fig. 1B).
Additionally, higher miR-222-3p expression in cervical and
prostate cancer predicted a longer overall survival (Fig. 1A).
Although these data may be affected by the sample size and
stability of the sequencing method in the miR-222-3p quan-
tification, the aforementioned data suggest that miR-222-3p
expression may exhibit prognostic value only in certain types
of human cancer.

Therapeutic resistance is a major risk factor for a poor
prognosis in tumor patients who undergo chemo- and radio-
therapy (61,62). A previous study indicated that miR-222-3p
increased raloxifene resistance through suppressing ERa
expression in EC cells (26). This mechanism is also observed
in the resistance to gemcitabine, a nucleoside analogue with
activity against NSCLC, with acquired gemcitabine resistance
being a major obstacle in NSCLC treatment (63).



4 WANG et al: EMERGING ROLES AND MECHANISMS OF miR-222-3p IN CANCER

=]

Breast invasive carcinoma
109
\L N=494 - h‘::;‘
. -

e
=

|

Survival probability
r
.~

Survival probability

024

P =0.0468

004
4 oo

2000 3000 _ 4000 5000 6000 7000 8000 9000

Time (days)
Cervical cancer

10y,
. - Low
g .| ‘\\--ﬁ CON=133 T
8. N4
S 0.4 I—
2
=5
& 0.2
P =0.0258
o, . - - - . .
Time (days)

Glioblastoma multiforme

N=281 — Low

\\ — High
1\
04 '\
\\ P = 3.2400x10°
02 L

\\\. N“"‘—‘a

e T
11 sto 100 1500 2000 2500 3000 3500 4000
Time (days)

Survival probability

Prostate cancer

10 — - Low
== High

Z oo €
5 N=498
é 06—
&
E 0.4
2
g 02
v

.. P =0.0235

0 1000 2000 3000 4000 5000 8000 7000
Time (days)

Brain lower grade glioma

- - Low
\\\\1 N=253 v

]

- - B - -

g ¢ & £
-
y
¥

P =5.0700x10°
11 1060 2000 3000 4000 5000 6300 7000

Time (days)

Clear cell renal carcinoma

Y:“\\\ — Low

o \\\‘l:\z\i_ High
* T e .

044 —

Survival probability

| P=2.3400x107
L] 1000 2000 3000 4000 5000

Time (days)

Kindey renal papillary cell carcinoma

[ o
o84 ——
T

L

05 D

- Low

N=143
L. = High

Survival probability

|p=0.0351
11 1060 2000 3000 4000 5000 w00

Time (days)

Figure 1. Continued.

3. Functional roles of miR-222-3p in cancer

Tumorigenesis. Aberrant miR-222-3p expression serves a
crucial role in numerous types of human tumors (64), and it
is closely associated with certain aspects of cancer biology,
including tumorigenesis (65-68). Recently, several reports have
indicated that miR-222-3p exhibited an oncogenic function,
including in CRC (18) and EC (69). Moreover, miR-222-3p
expression drives cancer stem cell renewal in CRC, making it a
potential target for therapy (70). Helicobacter pylori infection
acts as a trigger in the carcinogenesis of gastric cancer (71), and
increasing studies (53,72) suggest that H. pylori affects miRNA
expression. Tan et al (53) revealed that miR-222-3p expression
was markedly increased in the cancer group [H. pylori (+)]
compared with in the normal group [H. pylori (-)]. miR-222-3p
associated with H. pylori targets homeodomain-interacting
protein kinases 2 (HIPK2) to promote cell proliferation
and invasion, and to inhibit apoptosis in gastric cancer (72).
Functional experiments demonstrated that miR-222-3p overex-
pression significantly enhanced the proliferative activity while
inhibiting the apoptosis of SGC7901 gastric cancer cells, but

miR-222-3p-knockdown exhibited the opposite effects (35).
Consistent with this finding, an in vivo experiment revealed
that downregulated miR-222-3p expression in AN3CA cells
inhibited EC tumor growth in a mouse xenograft model (26).
By contrast, Fu ef al (37) demonstrated that higher miR-222-3p
expression was associated with improved overall survival in
patients with EOC, and its level was negatively associated
with tumor growth in vivo. Thus, miR-222-3p may govern key
processes during the development of various types of cancer.

Cancer cell proliferation and apoptosis. As a cellular regu-
lator, miR-222-3p affects gene expression via direct binding to
complementary sequences in the 3'-UTR of target mRNAs in
numerous types of cancer cells (73). miR-222-3p determines
the malignancy of cell proliferation or apoptosis in various
types of cancer, including breast cancer and colorectal carci-
noma (74-76). The global regulatory mechanism of miR-222-3p
in determining the fate of cancer cells is shown in Fig. 2.

In addition, it has been reported that overexpression of
miR-222-3p induces alteration of the cell cycle (a high ratio of
G, to S phase) and promotes cell proliferation (26). Conversely,
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Figure 1. Prognostic value of miR-222-3p in human cancer. miR-222-3p expression in different types of human cancer was analyzed from The Cancer Genome
Atlas database. Patients were divided into two groups according to the expression levels of miR-222-3p, either lower or higher than the mean value. The
Kaplan-Meier analysis method was used for survival analysis using the software GraphPad Prism 7. Log-rank P<0.05 was considered to indicate a statistically
significant difference. Considering the mid- and late-stage crossovers, the weighted method of Cramer-von Mises testing was used. (A) Seven types of cancer in
which the overall survival of patients was significantly associated with miR-222-3p expression. (B and C) Eleven types of cancer in which the overall survival
of patients was not significantly associated with miR-222-3p expression. miR, microRNA.
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Figure 2. Emerging roles and mechanisms of miR-222-3p in human cancer. miR-222-3p can directly or indirectly regulate multiple downstream pathways,
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Additionally, miR-222-3p can extensively regulate multiple cell functions, including differentiation, proliferation, apoptosis, invasion, metastasis and
metabolism modulation via targeting gene expression at the post-transcriptional level. Furthermore, miR-222-3p serves an important role as either a tumor
suppressor or an oncogene in different types of cancer. Dysregulated miR-222-3p expression contributes to drug resistance and has been emphasized as a
new drug target. In addition, miR-222-3p expression can be regulated via both transcriptional factors and epigenetic factor-induced mechanisms in cancer
cells. AR, androgen receptor; DOX, doxycycline; EMT, epithelial-mesenchymal transition; E-cad, E-cadherin; ERa, estrogen receptor o; FOXP2, forkhead
box protein P2; GNAI2, G protein a inhibiting activity polypeptide 2; HIPK2, homeodomain-interacting protein kinases 2; HMGAI, high mobility group
AT-hook 1; IncR GASS, long non-coding RNA growth arrest-specific 5; MDM2, murine double minute 2; miR, microRNA; MMP, matrix metalloproteinase;
PI3K, phosphoinositide 3-kinase; PPP2R2A, phosphatase 2A subunit B; PR, progesterone receptor; PTEN, phosphatase and tensin homology deleted on
chromosome ten; SOCS3, suppressor cytokine signaling 3; YAP, Yes-associated protein; 5-FU, 5-fluorouracil.

miR-222-3p-knockdown significantly decreases cell prolif-
eration by upregulating cyclin D1 (26). The upregulation of
miR-222-3p markedly stimulated cell proliferation and repressed
apoptosis by releasing endogenous IL-24 and activating the
phosphatidylinositol 3 (PI3K)/AKT signaling pathway in lung
cancer (77). Further investigation indicated that activation of the
PI3K/AKT signaling pathway directly suppressed high mobility
group AT-hook 1 (HMGALI) expression, with the dysregulation
of phosphatase and tensin homology deleted on chromosome ten
(PTEN) by miR-222-3p (77.78). By contrast, Coarfa et al (17)
identified a panel of 12 miRNAs (including miR-222-3p) with
a proteomic footprint (using reversed-phase proteomic arrays),
and the expression levels of these miRNAs were markedly
decreased in metastatic PCa. This miRNA panel significantly
decreased cell proliferation and targeted key tumor-associated
signaling pathways involving the androgen receptor axis and the
Akt/mTOR signaling pathway (17). Additionally, other studies
revealed that miR-222-3p expression was decreased upon
progression to high-grade PCa (Gleason score 8-10 or PSA level
>20 ng/ml; clinical stage, T3a) (79-81). A similar result was
obtained in a study of PCa by Tong et al (82). Ottley et al (80)
reported that cyclin-dependent kinase inhibitor 1B expression
was accompanied by a decrease in miR-93, miR-222-3p and
miR-18a expression in activin A-treated prostate cancer LNCaP
cells. Furthermore, a previous study observed higher expression

levels of miR-222-3p in androgen-independent LNCaP cells
than in LNCaP cells, indicating its growth-promoting role
in PCa (83). A small molecule inhibitor of murine double
minute 2 (MDM?2), nutlin-3, selectively disrupted the interac-
tion between MDM?2 and p53 (84). Moreover, genome-wide
miRNA expression analysis revealed that the expression
levels of miR-34a-5p, miR-182-5p, miR-203a, miR-222-3p and
miR-432-5p were upregulated following nutlin-3 treatment in
a p53-dependent manner (85). Notably, miR-222-3p overex-
pression promoted apoptosis and suppressed proliferation in
neuroblastoma cells (85).

In cancer cells, different types of mutations may mediate
amplification or reduction of gene expression and lead to
altered protein expression patterns (86). Although miR-222-3p
is hypothesized to regulate specific genes, it may not affect
some of its predicted genes (26). The function of miR-222-3p
mainly affects cell fate-associated signaling pathways.

Cancer cell invasion and migration. Aberrant miRNA expres-
sion has been reported in metastatic cancers, which universally
display an aggressive pathophysiology (20). Consistent with
this finding, miR-222-3p has been shown to be essential
for the invasion and metastasis of different types of cancer,
including osteosarcoma, endometrial carcinoma and prostate
cancer (25,26,87) (Fig. 2).
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Guo et al (25) revealed that forced miR-222-3p expression
decreased the expression levels of tissue inhibitor of metallo-
proteinases 3 (TIMP3) in osteosarcoma cells. TIMP3 inhibits
the transfer of endogenous proteases via regulating matrix
metalloproteinases 2 and 9 (MMP-2 and MMP-9), which are
involved in mediating cancer progression (87). Moreover,
transfection of MG-63 and U-20S cells with miR-222-3p
inhibitors significantly increased the migration and invasion of
these osteosarcoma cells, suggesting that miR-222-3p may act
as a cancer suppressor (25). miR-222-3p is highly expressed
in ER-negative EC, and overexpression of miR-222-3p signifi-
cantly promotes the migration and invasion of EC cells by
targeting ERa (27). Tan et al (35) revealed that the protein
HIPK?2 was decreased in gastric cancer tissues [H. pylori (+)
group] compared with in normal gastric tissues. Further anal-
ysis indicated that miR-222-3p could enhance the migration of
gastric cancer cells by binding to the 3'-UTR of HIPK2 (35).
Tricho-rhino-pharyngeal syndrome type 1 (TRPS1)/zinc finger
E-box binding homeobox 1 (ZEBI) signaling is positively
associated with tumor cell migration and invasion (13). TRPS1
can enhance the expression levels of E-cadherin and vimentin
by upregulating miR-222-3p expression (13). Additionally,
miR-222-3p targets E-cadherin-mediated ZEBI1-induced
epithelial-mesenchymal transition (EMT), thereby promoting
chordoma progression (13).

Chemoresistance and new drug targets. The resistance of
tumors to various anticancer drugs is an important factor
that increases the invasiveness and metastasis of tumor
cells (88,89), which depend on escaping apoptosis and
increasing drug efflux (24,90). Dysregulated miR-222-3p
expression may contribute to drug resistance by regulating
gene expression (37), the cell cycle and apoptosis (26,37).
Therefore, miR-222-3p is commonly perceived to be respon-
sive to cancer treatment and has been emphasized as a new
drug target (91) (Fig. 2).

miR-222-3p induces cisplatin resistance in EOC cells by
targeting the 3'-UTR of G protein a inhibiting activity poly-
peptide 2 (37). Additionally, several studies (26,34,37) revealed
that the upregulation of miR-222-3p expression promoted cell
survival in cisplatin-treated ovarian cancer cells. In addition,
miR-222-3p increased raloxifene resistance via suppressing
ERa expression in EC cells (26). Increased miR-222-3p
expression directly targeted the 3'-UTR of claudin-2 mRNA
to decrease apoptosis and induce CRC resistance to 5-fluo-
rouracil (92). Transfection of miR-222-3p inhibitor into
doxycycline (DOX)-resistant colon cancer cells (LoVo/ADR
cells) decreased the expression levels of apoptotic proteins,
such as poly (ADP-ribose) polymerase (PARP) and caspase
3, and significantly increased the expression levels of typical
antiapoptotic proteins (BAX, cleaved PARP and cleaved
caspase 3) (24). These results indicate that miR-222-3p may be
a promising therapeutic target for overcoming chemotherapy
resistance in human cancer.

Regulatory effect of miR-222-3p on the tumor
microenvironment. The tumor microenvironment serves
an important role in cancer initiation, progression and
metastasis (93). The primary components of the tumor micro-
environment are fibroblasts, immune cells, endothelial cells,

extracellular matrix and cytokines (94,95). Among them,
immune cells serve vital roles in enhancing cancer progres-
sion by secreting numerous proinflammatory factors (96).
According to previous studies (97-100), miR-222-3p can
modulate the function of immune cells, such as natural killer
(NK) cells and cancer-associated fibroblasts, and serve an
important role in the tumor microenvironment.

Ying et al (97) revealed that upregulated miR-222-3p
expression activated the JAK/STAT signaling pathway
by inhibiting suppressor of cytokine signaling 3 (SOCS3)
expression, thereby decreasing the polarization of ovarian
cancer-associated M2-like macrophages. Decreased expres-
sion levels of apoptosis-inducing ligand tumor necrosis factor
and CDI107a associated with liver NK cells impaired degranu-
lation, which may contribute to the persistence of chronic
hepatitis C virus (HCV) infection (101). Therefore, chronic
HCYV infection has different effects on the function of NK cell
subsets in intrahepatic and peripheral blood chambers (101). In
addition, strong inflammatory signals suppress the degranula-
tion of NK cells, increasing the risk of disease progression in
several types of patients (102,103). These results indicate that
miR-222-3p may be an important factor that can regulate the
NK cell activity involved in HCV-associated HCC.

4. Regulation of miR-222-3p in human cancer

miR-222-3p serves various roles in the initiation, progres-
sion, metastasis and treatment response of cancer, and its
expression can be dysregulated by multiple factors in human
cancer (104-106). For example, the Chinese medicinal herb
andrographolide was reported to inhibit hematoma tumor
growth by altering the miRNA profile (107). Mechanistically,
miR-222-3p expression can be regulated via both transcriptional
factors and epigenetic factor-induced mechanisms in cancer
cells (70,108,109) (Fig. 2). Additionally, Ignacio et al (110)
elucidated that several miRNA (including miR-222-3p)
changes caused by ethanol were reversed by social activity and
caused a number of novel epigenetic mechanisms; for example,
prenatal alcohol exposure imposed a long-lasting effect on
neuronal and, ultimately, behavioral function in adolescents.
miR-222-3p expression was significantly decreased after
activin A treatment in LNCaP cells (83). Recently, miR-222-3p
was found to be positively regulated by HMGA 1, an architectural
transcription factor that participates in the biological progression
of different types of human cancer, including uveal melanoma
and lung cancer (33,109). Moreover, HMGA1 overexpression
exacerbated tumor progression by activating miR-222-3p
via the PI3K/Akt/MMP-9 signaling pathway in uveal mela-
noma (33). Consistent with this finding, DOX-mediated IL-24
expression markedly decreased HMGA1 mRNA and protein
expression by downregulating miR-222-3p expression, which
resulted in a substantial increase in phosphatase 2A subunit
B expression and a concomitant decrease in phosphorylated
AKTT308/S473 expression (109). In addition, small inter-
fering (si)RNA-mediated knockdown of HMGA1 significantly
decreased AKT T308/S473 protein expression and markedly
decreased cell migration and invasion by targeting miR-222-3p
in lung cancer (109), suggesting that HMGA1 siRNA or
miR-222-3p inhibitor may be used as effective treatments for
lung cancer. Paquet-Fifield er al (70) revealed that activation of
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claudin-2 resulted in increased miR-222-3p expression, which
activated the Yes-associated protein and promoted CRC cell
self-renewal. In addition, the long non-coding RNA growth
arrest-specific 5 (GASS) activated the PTEN/AKT signaling
pathway as a competing endogenous RNA of miR-222-3p in
PTC (34). Coincidently, Liu ez al (18) demonstrated that IncRNA
GASS5 dramatically increased PTEN expression by decoying
miR-222-3p, thus inhibiting CRC cell migration and invasion,
and promoting cell autophagy.

5. Exosomes and miR-222-3p in human cancer

Exosomes are membranous extracellular vesicles, with a diam-
eter of 30-100 nm, that are critical mediators of intercellular
communications (111,112). miRNAs, which may act as post-
transcriptional regulators of gene expression, have also been
identified in exosomes (113). There is differential expression
between cancer and normal exosomes with specific onco-
genic and tumor suppressive miRNAs, which may provide
diagnostic or prognostic potential of circulating exosomal
miRNAs in cancer (114). Notably, Ostenfeld er al (27) isolated
cancer-derived epithelial cell adhesion molecule-posi-
tive-exosomes from the serum and plasma of patients with
CRC, and revealed that increased exosomal miR-222-3p may
be an effective marker in the early stage of CRC. Higher
miR-222-3p expression was also observed in serum-derived
exosomes from patients with EOC compared with in healthy
individuals (97). The aforementioned studies suggest that
miR-222-3p, alone or in combination with a panel of other
miRNAs, may serve as a non-invasive biomarker in cancer
diagnosis. Ryu et al (105) reported that a panel of five candi-
date miRNAs (miR-320e, miR-4454, miR-222-3p, miR-21-5p
and miR-25-3p) predicted poor survival outcomes in patients
with extranodal NK/T-cell lymphoma (ENKTL), indicating
the prognostic value of serum-derived exosomal miRNA
profiles in patients with ENKTL. Circulating exosomal
miR-342-5p, miR-222-3p and miR-574-5p have been reported
to be the diagnostic and prognostic markers for early-stage
lung adenocarcinoma (108,115). Jiang et al (31) revealed that
significantly upregulated expression levels of miR-146b-5p
and miR-222-3p from plasma exosomes may be potential
biomarkers for lymph node metastasis in papillary thyroid
carcinoma. Via high-throughput microarrays, the dysregu-
lated miRNAs in paired serum samples from patients with
breast cancer before and after surgery were screened, and
miR-222-3p was identified as an independent prognostic factor
for DFS (HR, 13.19; 95% CI, 1.06-163.59; P=0.045) (56). In
addition, increased exosomal miR-222-3p expression tended
to predict a worse prognosis in patients with NSCLC and
exosomal miR-222-3p expression in serum may be used as
a potential prognostic biomarker for predicting gemcitabine
sensitivity in patients with NSCLC (16). Wei et al (16) revealed
that gemcitabine-resistant cells contributed to the development
of NSCLC tumor malignancy via exosome-mediated transfer
of miR-222-3p. Moreover, exosome-derived miR-222-3p
enhanced the migration and invasion of gemcitabine-resis-
tant cells by directly targeting the promoter of SOCS3 in
NSCLC (16). Therefore, gemcitabine-resistant A549 lung
cancer cells could transmit their malignant phenotype to
gemcitabine-sensitive A549 parental cells via exosome-derived

miR-222-3p (16). In addition, HCV infection can present as an
acute manifestation and can cause various complications, such
as chronic hepatitis, liver fibrosis, cirrhosis and HCC (98,99).
Santangelo et al (100) recently revealed that HCV-derived
exosomes suppressed NK cell activity, and this is associated
with high miR-222-3p expression.

6. Discussion

In studies of several types of tumors, the expression levels and
function of miR-222-3p exhibited opposite results (Table I).
These findings may be due to the inconsistent quality of the
studies. For example, the use of miR-222-3p inhibitors and
mimics should be further confirmed in functional verification
studies. There are no high-quality controls for negative and
positive products, which strongly affects the consistency of
the data. In future miR-222-3p studies, the guidelines recom-
mended for miRNA studies should be applied (116-118).
Although the biological functions and mechanisms of
miR-222-3p have been extensively studied (Fig. 2), further
studies on its clinical application are required. miR-222-3p is
widely involved in the regulation of numerous cellular, physi-
ological and pathological processes. Additionally, miR-222-3p
expression is aberrant during cancer progression (34,109). Thus,
miR-222-3p may be used as a potential biomarker to predict
cancer malignancy. Notably, it may be possible to develop an
innovative strategy to treat various types of cancer by targeting
miR-222-3p. miR-222-3p can directly or indirectly regulate
multiple downstream molecules, which are involved in multiple
tumor signaling pathways, including PI3K/AKT, PTEN,
JAK/STAT, TRPS1/ZEB1 and EMT, between which crosstalks
usually exist, thus constituting a complex signaling network.
Additionally, miR-222-3p is extensively involved in cancer cell
differentiation, proliferation, apoptosis, invasion, metastasis and
metabolism modulation via targeting gene expression at the
post-transcriptional level. Furthermore, miR-222-3p functions
as either a tumor suppressor or an oncogene in different types of
tumors, indicating its potential as a new target for cancer treat-
ment. Despite miR-222-3p being extensively involved in cancer
progression, numerous potential target mRNAs of miR-222-3p
remain to be identified, and its functions and mechanisms
in tumor metabolism and tumor immunity require to be
further investigated. Overall, an improved understanding of
miR-222-3p and its mechanism of action may provide research
ideas for potentially developing a novel therapeutic intervention
for cancer treatment and an increased overall survival rate.

Notably, some studies have focused on exosomal
miR-222-3p (16,97,100), which has shown potential for tumor
diagnosis and treatment. Although several clinical trials inves-
tigating the role of miRNA-based therapy for cancer have
been initiated and may lead to novel therapeutic interventions
in the future (119-121), prospects for the clinical application
of miRNAs in cancer therapy are vague, indicating that more
preclinical studies, especially those on toxicity and safety,
should be conducted.

7. Conclusions

It is well known that miRNAs are involved in the develop-
ment of cancer and may function as promising biomarkers for
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early detection, diagnosis and prognosis. The present review
highlighted the scientific discoveries of miR-222-3p in human
cancer research and outlined the advances and challenges of
miR-222-3p as a diagnostic tool for cancer, as well as providing
biological and clinical insights on this topic. miR-222-3p func-
tions as an oncogene in some tumors and as a tumor suppressor
in others, suggesting that the function of miR-222-3p is tumor-
and cellular context-dependent. Its biological functions are
involved in the occurrence, progression, metastasis and drug
resistance of cancer, indicating its potential as a new target for
cancer treatment.
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