Review

Technology in Cancer Research &
Treatment

Depicting the Implication of miR-378a in Yolume 21 I-16

© The Author(s) 2022

Can ce rs Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/15330338221134385
journals.sagepub.com/home/tct

®SAGE
Yuelan Qin, BM'**, Renba Liang, MD, PhD** (), Pingan Lu, BS?,
Lin Lai, MD, PhD', and Xiaodong Zhu, MD, PhD'**

Abstract

MicroRNA-378a (miR-378a), including miR-378a-3p and miR-378a-5p, are encoded in PPARGC/B gene. miR-378a is essential for
tumorigenesis and is an independent prognostic biomarker for various malignant tumors. Aberrant expression of miR-378a
affects several physiological and pathological processes, including proliferation, apoptosis, tumorigenesis, cancer invasion, metas-
tasis, and therapeutic resistance. Interestingly, miR-378a has a dual functional role in either promoting or inhibiting tumorigenesis,
independent of the cancer type. In this review, we comprehensively summarized the role and regulatory mechanisms of miR-378a
in cancer development, hoping to provide a direction for its potential use in cancer therapy.
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Introduction

Micro RNAs (miRNAs) are small non-coding RNAs (19-24
nucleotides) produced from an endogenous transcript having
a local hairpin structure with the help of RNase IIl-type
enzyme.' miRNAs can repress the translation of target proteins
by cleaving or clinging to the 3" untranslated region (UTR) of
the corresponding messenger RNAs (mRNAs).> The first
miRNA was discovered over 20 years ago in mammals.’
Based on their genomic origin, miRNAs are divided into inter-
genic, intronic, and exonic.* They are essential regulators of
various critical biological processes, such as cell differentia-
tion,™® apoptosis,”® proliferation,” cell division,'® protein
secretion,11 and viral infection.'? Recently, several studies
have shown that the aberrant expression of miRNA is tightly
associated with the progression of human diseases, especially
cancers,'? as they can suppress or promote tumor growth by
regulating the target gene mRNA. 4!

The miRNA miR-378a is one such essential tumor-
regulating miRNA. It is located on chromosome 5q32 and
embedded within the first intron of the PPARGCIpS gene,
which encodes the PGC1p protein. miR-378a is divided into
miR-378a-3p  (usually identified as miR-378) and
miR-378a-5p (usually identified as miR-378%), which are the
guide and passenger strands of miR-378a, respectively.'’
Both miR-378a-3p and miR-378a-5p are synchronously tran-
scribed with PGC1p,'®?° although there is an exception.
Recently, it has been demonstrated that the over-expression
(Table 1) or under-expression (Table 2) of miR-378a regulates
the expression of its target genes and affects the proliferation,?’
invasion, and metastasis’®> of cancers. For example, low
miR-378a expression is usually correlated to a significantly
poor overall survival (OS)* in colorectal cancer patients and
associated with significantly decreased OS and disease-free sur-
vival (DFS) in gastric cancer patients.”* However, its expres-
sion and role in different cancers, such as lung®® and cervical
cancers,?® is still controversial. miR-378a was identified as an
onco-RNA in various tumors, including lung cancer,?**>%7-%
ovarian cancer,>*? cervical cancer,®® nasopharyngeal carci-
noma,34 melanoma,® osteosarcoma,>® cholangiocarcinoma,37
acute myeloid leukemia,*® chronic myeloid leukemia,>' and
Burkitt lymphoma.*® In contrast, it acted as an tumor suppressor

in gastric cancer,40 colorectal cancer,41 liver cancer,42 glioblas-
toma,43 prostate cancer,44 breast cancer (BC),45 medulloblas-
toma (MB),*® pituitary adenoma (PA),Y oral squamous cell
carcinomas,48 bladder cancer,49 esophageal carcinoma,’ 9 thab-
domyosarcoma (RMS),>" and retinoblastoma (RB).>
Compared with normal tissues and no lymph node metastasis
cancer tissues, miR-378a was upregulated in cervical cancer
tissues, especially in CIN III and lymph node metastasis cervi-
cal cancer.®® Additionally, a study of 120 cholangiocarcinoma
tissues and adjacent noncancerous tissues found that
miR-378a expression increased with the development of the
TNM (T-tumor, N-nodes, M-metastasis) stages.37 Positive
miR-378a expression is also tightly linked to a low OS in chol-
angiocarcinoma patients.>’” However, in colorectal cancer
patients, miR-378a is downregulated and low miR-378a corre-
lated with poor OS,* suggesting an inhibiting effect of
miR-378a.%* Thus, miR-378a can drive cancer cell prolifera-
tion,zg’53 invasion, and migration”’32 in some tumors, while
inhibiting these processes in other ftumors. 23232545
Further, a study on the radiation response in a glioblastoma
xenograft model found that the overexpression of miR-378a
was associated with enhanced local tumor response to radio-
therapy by increasing the vascular density and perfusion,
thereby prolonging the survival of tumor-bearing hosts and
acting as a novel therapeutic intervention.*> To summarize,
the abnormal expression of miR-378a is crucial for the occur-
rence and development of malignant tumors. Therefore, it is
important to understand the functions of miR-378a in tumor
biology to enhance the efficiency of early screening and diagno-
sis of cancer, strengthen anticancer therapy, and develop novel
targeted methods for tumor therapy. Hence, this review focuses
on the roles and targets of miR-378a in different cancers to elu-
cidate the specific molecular mechanisms of miR-378a during
tumor progression.

Dual Function of miR-378a in Cancer
Development
Growing research studies have elucidated the critical role of

miR-378a in cancer progression, and most studies focused on
the specific targets of miR-378a in tumor cell proliferation,
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Table 1. miR-378a Plays Tumorigenic Roles as an Oncogene.
Role of miR-378a
Expression of MiR-378a in Role of MiR-378a Upregulation Upregulation in
Tumor Sample Type Tumor sample in Vitro Vivo Reference

Lung cancer

oC

CC

Melanoma
Melanoma

NPC

Osteosarcoma
Cholangiocarcinoma

Renal carcinoma

BL

AML

CML

Cancer tissue
and cell

Cell

Cancer tissue
and cell

Cell

Serum

Cell

Cancer tissue
Cell

Cell
Cell

Cell

Cancer tissue

Cancer tissue
and cell

Serum and
cancer
tissue

Cell

Cancer tissue
Cancer tissue
Cell

Cancer tissue
and cell
Cancer tissue
and cell

Serum

Serum
Cell

Cancer
sample
and cell

BMMNCs

Lung cancer tissue with brain
metastasis (BM)-|, BM +1;
A5491

A5497, SK-LU-1}

Lung cancer tissuet; A5491,
H12991, H4601, H52071,
H19751, PC91

SK-MES-1], A549]
NCI-H4601, NCI-H2921

Serum exosomal miR-378a?

Lung cancer tissuet

A5491, A549/CDDP|,
Anip9731, Anip973/CDDP|

SKOV31, CAOV3?

SKOV31, A27801, H281],
H252), H254]

A27801, CAOV31, OVCAR3|

Normal tissue|; cancer tissue?

CC tissuet; HeLat, C33A1,
SiHat, CaSKit, End1/E6E7|

Serum of CC patients|; CC
tissue|

C33A], ME-1800]

Melanoma tissuet, lymph node
metastasis?
Melanoma tissuet

5-8F1, 6-10B1, CNE11 CNE21

Osteosarcoma tissuet; Saos21,
U20S1, MG-631, HOS?T

Cholangiocarcinoma tissue?;
QBC9391, RBE?

RCC patientst, patients after
radical nephrectomy]

RCC patients?

ST4861, Ramost,
CA461DG751

AML samples|; bone marrow
mononuclear cells (BMNCs)1

BMMNCs?t

Cell survivalf, migration and
invasion?, angiogenesist

Invasion?

Cell growth?, apoptosis|

Proliferationt, migrationt,
angiogenesis?

Proliferationt, migration?

Proliferationt

CDDP sensitivityT, apoptosist

Proliferationt, migrationt,
invasion?, angiogenesis?

Migration?, invasion?

Growth?, apoptosis|, cell
cycle progressiont, Wnt/
p-catenin pathway?t

Proliferation|

Proliferation|, Migration],
invasiony
Migrationt, invasiont, EMT1

Proliferationt, migrationt,
angiogenesis?

Proliferationt, migration and
invasion?

Proliferation?t

Proliferationt, migration and
invasion?

Growth?

Proliferation?, apoptosis |, drug

resistance to 5-FUT, ability of

stem cell sphere formation?

Growth?,

angiogenesis?

Metastasis?,

angiogenesis?

Growth 1,
metastasis?

Growth]

Metastasis?

Growth]

Growth?t
Angiogenesis?T

Growth?t

22

27

28

29

57

59

60

25

32

62

63

33
65

26

64

35

67

34

71

37

73

74,75
39

38

21

tindicates upregulation (in case of expression level) or promoting (in case of functional consequences).
lindicates downregulation (in case of expression level) or suppressing (in case of functional consequences).

migration, invasion, and regulatory pathways. Here, we sum-
marize the roles and targets of miR-378a in tumorigenesis.
Interestingly, both oncogenic (Table 1) and tumor-suppressive

(Table 2) roles have been reported for miR-378a, implicating
its dual function in cancer progression. By regulating down-
stream target genes, miR-378a promotes (Table 3) or inhibits
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Table 2. miR-378a Plays Inhibiting Roles by Acting as a Tumor Suppressor.

Role of miR-378a

Expression of MiR-378a in Tumor Role of miR-378a Upregulation in

Tumor Sample Type Sample Upregulation in Vitro Vivo Reference
GC Cancer tissue and  GC tissuel; BGC-823], MKN-28|, Invasion|, migration], EMT| — 24
cell MGC-803], SGC-7901], AGS|
Cancer tissue and  GC tissuel; SGC-7901], AGS|, Proliferation|, G2/M phasest — 40
cell MGC-803]
Cancer tissue and  GC tissuel; KATO IIIt, HGC-27], Proliferation|, delay the cell 54
cell SNU-1} cycle
Cancer tissue GC tissue] - - 82
Serum and cancer Serum level of GC patientst, GC tissue] - - 83
tissue
CRC Cancer tissue and CRC tissuel; SW620], SW480], Progression|, invasion| Growth| 3
cell HT29|, HCT116|
Cancer tissue and CRC tissue}; HCT116|, HT29|, Proliferation], cell of GO/G1  Growth| 41
cell DLD-1], LOVOJ, SW620{, phaset and S-phasel,
SW480) cisplatin-induced
apoptosist
Cancer tissue and CRC tissuel; LoVo|, CaCo2/, Proliferation], apoptosist - 35
cell SW1116], SW480), HCT-116J
Cancer tissue and CRC and cell; HT29|, HCT116|, Proliferation], apoptosist — 86
cell SW480|, SW1116], SW620/,
LOVO|
Plasma Plasma level of CRC patient| — — 88
Cancer tissue CRC tissue] Invasion| - o1
Cancer tissue and  CRC tissuel; HT-29), SW620), HT55| — Growth| 92
cell
Cancer tissue and CRC tissuel; LoVol, CaCo2/, Proliferation|, apoptosist, - 93
cell SW1116], SW480(, HCT-116] migration and invasion)],
— - Proliferation|, migration and — o4
invasion|
Liver Cell - Proliferation| Growth] 42
cancer
Cancer tissue and Liver cancer tissuel; HepG2|, HuH7], Growth], migration and Growth], distant 96
cell SMMC-7721), Li-7|, PLC/PRF5], invasion|, PLAGL2/ metastasis]
SK-Hep-1], MHCC97L|, and [-catenin signaling]
MHCC97]
Cancer tissue and HCC tissue|; SMMC-7721, Angiogenesis], NF-xB Angiogenesis] o7
cell MHCC-97H], MHCC-97L/|, signaling|
HCCLM3|
Cancer tissue Liver cancer tissuel Proliferation|, invasion |, - o8
sorafenib-based
chemotherapies?
Cancer tissue and — Migration and invasion| — 1ot
cell
Cancer cell Sorafenib resistance cell| Response to sorafenib? — 102
Cancer tissue HCC tissuel HCC cell viability|, - 103
apoptosisT, migration and
invasion/
Glioma Cancer tissue and  Glioma tissue|; SHG44], A172], Migration and invasion], Growth] 108
cell LN229], LN18], T98| EMT|]
Cancer tissue and  Glioma tissuel; U87], U251/, Migration and invasion| — 109
cell MT330{, SJ-G2|
Cancer tissue and  Glioma tissue; US7MG|, MT-330| Proliferation|, apoptosist, — 1o
cell migration and invasion]
PCa Cancer tissue and PCa tissuel; LNCAP], PC-3MI1E8], Proliferation|, apoptosist, Growth] 44

cell

Cancer tissue

PC-3M|, PC-3M2B4|, dul45]

PCa tissue|

migration and invasion],
cell in G1/S phase?

113

(continued)
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Table 2. (continued).

Expression of MiR-378a in Tumor

Role of miR-378a

Role of miR-378a Upregulation in

Tumor Sample Type Sample Upregulation in Vitro Vivo Reference
Cancer tissue PCa tissuel - - 1s
Cell 22Rvl}, LNCaP}, PC3|, DU145] Proliferation|, glucose - 14
metabolism|
BC Cancer tissue BC tissuel; MDA-231| Migration and invasion| - 435
from mouse
model and BC
cell of human
Cell Tamoxifen-resistant MCF-7 cells|, Growth| and apoptosis? - 116
long-term estrogen-deprived MCF-7
cells|
- - Proliferation| — 18
MB Cancer tissue MB tissuel Proliferation], apoptosis? - 46
PA Cancer tissue PA tissuel Proliferation], migration] — 47
OSCC Cancer tissue OSCC tissuel — — 121
- - Migration and invasion], Metastasis| 48
EMT]
Cancer tissue and OSCC tissuel; Tca8113], CAL-27] Proliferation], apoptosist — 121
cell
Bladder Cancer tissue Bladder cancer tissue| - — 49
cancer
Cancer tissue Bladder cancer tissue] Cell viability|, migration and — 123
invasion/
ESCC Cancer tissue and ESCC tissuel; TE-1], KYSE-150], Proliferation|, migration and — 50
cell Eca-109], TE-8 invasion|
Cancer tissue and ESCC tissuel; EC109], KYSE150] Proliferation|, apoptosist, - 124
cell cells in G1 phase?,
migration and invasion|
Cancer tissue and ESCC tissuel; Ecal09], KYSE150], Proliferation|, invasion| - 126
cell KYSE30/|, KYSE450], KYSE70]
RMS Cancer tissue and RMS tissue|; ARMS RH30), ERMS  Apoptosist, migration] - 5t
cell RD]
RB Cancer tissue RB tissue] Cell viability|, apoptosist Growth] 2

Tindicates upregulation (in case of expression level) or promoting (in case of functional consequences).
lindicates downregulation (in case of expression level) or suppressing (in case of functional consequences).

tumors (Table 4), while it is regulated by its upstream regulators
(Figure 1).

Upregulation of miR-378a Promotes
Malignant Transformation and Progression

Lung Cancer

Lung cancer is a common malignant tumor with a high mortal-
ity rate.’® Despite advances in cancer therapy, the OS rate of
patients with advanced lung cancer is low. The expression of
miR-378a both in tumor tissues and cell lines was significantly
higher than in adjacent normal tissues or cells, and upregulation
of miR-378a promoted the tumor progression.?**>?”-?° Further,
miR-378a was significantly overexpressed in serum exosomes
of non-small cell lung cancer (NSCLC) patients. The aberrant
expression of miR-378a was closely associated with an
advanced TNM stage, positive metastasis, negative therapeutic
response, and poor OS.?>*” miR-378a can promote NSCLC cell

migration, invasion, and tumor angiogenesis.**?’ Moreover,
the circular RNA has-circ-0007059 was identified as an
upstream regulatory factor of miR-378a, which can inhibit the
proliferation and epithelial-mesenchymal transition (EMT) of
A549 and HI1975 cells via inhibiting miR-3782.°% The
IncRNA ACTA2-AS1 suppressed malignancy by decoying
miR-378a-3p, thus enhancing SOX7 expression.”® As for the
downstream regulation, miR-378a works on different targets
and pathways to produce a plethora of effects on lung cancer
progression. Studies on stimulating miR-378a for promoting
lung cancer progression and constructing miR-378a overex-
pression cell lines have shown that miR-378a can strengthen
metastasis by regulating EMT.?” Further, miR-378a targets
RBX1, and miR-378 upregulation boosts NSCLC cell invasion
by downregulating RBX1, but it did not have any major effect
on the angiogenesis signaling pathway. Likewise, HMOX1 was
another target of miR-378a, and the interplay between HMOX1
and miR-378a*’ modulated the miRNA transcriptome and the
3’ UTR of HMOXI1 in tumors. Further experiments in
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Table 3. miR-378a Functions as an Onco-miRNA in Cancers by Regulating the Downstream Targets.

Expression of Downstream Target When

Cancer Type miR-378a is Upregulated Effects of Changes in Target Genes Reference
Lung cancer SOX7]) Promote proliferation, invasion, migration and EMT but inhibited >°
cell apoptosis
RBX1| Promote invasion 27
HMOX1] Promote proliferation, migration and angiopoiesis 2
FOXG1| Promote proliferation and cell cycle distribution at GO/G1 phase 2®
but attenuated cell apoptosis
SCLU| Promote chemoresistance of cisplatin and apoptosis 2
CDK4| Inhibit proliferation 60
CDK6| Inhibit proliferation 60
TUSC2] Promote growth 61
ocC ALCAM?T A marker for better response to antiangiogenic therapy 62
EHD1] A marker for worse response to antiangiogenic therapy 62
SMAD4| Promote proliferation, migration, invasion, and angiogenesis 32
CcC CPEB3| Promote proliferation, migration, invasion and EMT but decrease 64
apoptosis
ATGI2] Promote migration and invasion 33
ST7L] Promote proliferation by regulating the cell cycle process but 65
inhibit apoptosis and Wnt/p-catenin pathway
Melanoma SUFU] Unknown 67
FUS-1| Unknown 67
KLF9| Unknown 67
STAMBP| Unknown o7
HOXDI10| Unknown 67
NPC TOB2| Promote proliferation, migration, invasion in vitro and tumor 71
growth vivo
Osteosarcoma KLF9] Promote proliferation 36
BYSL| Inhibit EMT and invasion 72
Renal cell POLR2A] Promote apoptosis 7
carcinoma RUNX2| Promote apoptosis 7
BL IRAK4] Promote cell growth 39
MNT| Promote cell growth 39
AML ZBTB201 Promote growth and invasion ”
FUS1l Promote proliferation 80
CML FUS1| Promoted proliferation 21

tindicates upregulation; Jindicates downregulation.

NCI-H292 cells with stable overexpression of miR-378a indi-
cated that miR-378a enhanced the proliferation, migration,
and angiogenic capabilities of the cells both in vitro and in
vivo by downregulating HMOX1 mRNA and protein expres-
sion. However, when HMOX1 was diminished, miR-378a
could not modulate the cell’s resistance to chemotherapeutic
drugs and oxidative stress. Another study noted a reverse corre-
lation between miR-378a and FOXG1.?® Silencing FOXG] led
to tumor suppression in NSCLC cells by downregulating
miR-378a, thereby inhibiting NSCLC cell proliferation, pro-
moting apoptosis, and increasing the length of the GO/G1
phase in the cell cycle. Hence, all the above studies show a pos-
itive relation between miR-378a and tumorigenesis.

However, some studies have shown the opposite result.
Cisplatin (CDDP)-sensitive patients have high expression of
miR-378a and low expression of small cell lung cancer
(SCLU).” Forced upregulation of miR-378a inhibits neoplasm
growth and SCLU expression and makes cells more sensitive to
CDDP. Overexpression of miR-378a-3p can inhibit cell

proliferation and decrease the expression of proliferation-
related proteins CDK4 and CDKG6. Since IncRNA OIP5-AS1
functioned as a competing endogenous RNA of miR-378a-3p,
overexpressed wild-type OIP5-AS1 increased CDK4 and
CDK6 expression, thereby promoting tumor growth.®® In addi-
tion, SCP inhibits tumorigenesis by upregulating TUSC2 by
targeting miR-378a-5p.%" Thus, the aberrant miR-378a expres-
sion in lung cancer significantly affects tumors. However, the
controversy over whether it is the low or high expression of
miR-378a that increases lung cancer progression is yet to be
resolved.

Gynecological Cancer

Ovarian cancer (OC) and cervical cancer (CC) are the most
common gynecological tumors. In OC and CC, miR-378a is
overexpressed both in the tumor tissues and cancer cell
lines.*"**> Among recurrent OC patients treated with bevacizu-
mab, higher miR-378a correlated to longer PFS. miR-378a and
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Table 4. miR-378a Functions as a Suppressor in Various Cancers by Regulating the Downstream Targets.
Cancer Expression of Downstream Target
Type When miR-378a is Upregulated Effects of Changes in Target Genes Reference
GC BMP2| Inhibit migration, invasion and EMT 24
MAPK1] Inhibit proliferation, migration, invasion and cell cycle progression 84
VEGF| Unknown 85
CRC MED19] Inhibit proliferation, migration, invasion and EMT, decrease cells in S phase °"
and increase cells in GO phase
IGFIR| Unknown 80
CDC40] Inhibit cell growth 4
Vimentin| Unknown 2
BRAF| Inhibit proliferation and induce apoptosis >
SDAD1] Inhibit proliferation, migration and invasion 93
KISS11 Inhibit proliferation, migration and invasion %
Liver VEGFR| Unknown %8
cancer PDGFRp| Unknown o8
C-Raf] Unknown o8
FUS| Unknown 100
VEGF| Inhibit migration, invasion and proliferation 101
IGFIR] Promote sorafenib sensitivity 102
Glioma IRG1| Inhibit metastasis and EMT 108
TSPANI17] Inhibit proliferation migration, invasion and decreased apoptosis 1o
SUFU| Increase cell survival, tumor growth and angiogenesis 12
FUS-1] Increase cell survival, tumor growth and angiogenesis 12
PCa GLUT1| Inhibit glycolytic metabolism and decrease cell survival 14
KLK21 Unknown 13
KLK41 Unknown 13
MAPK| Inhibit proliferation, invasion and migration, induce apoptosis and cause cell **
cycle arrest
BC YY1l Unknown 17
DCTPP1| Inhibit proliferation, induce apoptosis and activate DNA Repair mediated ~ ''®
signaling pathway in vitro, repress tumorigenesis in vivo
RUNXI1/ Inhibit migration 45
SUFU| Decrease apoptosis, increase chemotherapy-resistant 19
KLK4] Unknown 120
MB UHRF1] Inhibit proliferation and apoptosis 46
PA RNF31| Inhibit proliferation and migration 47
OSCC KLK4] Inhibit migration and invasion 48
GLUT1| Inhibit glycolysis and cell proliferation 122
NCAPG]| Inhibit proliferation and decrease apoptosis 123
ESCC Rab10] Inhibit proliferation, invasion and migration 125
GLUT1| Inhibit proliferation, invasion and induce apoptosis 126
SPHK1] Inhibit proliferation and invasion 127
RMS IGFIR| Unknown !
RB FOXG1| Inhibit proliferation and promote apoptosis 2

tindicates upregulation; |indicates downregulation

its downstream targets ALCAM and EHDI1 can be used as
markers for anti-angiogenic therapy.®> In OC tissues and
cells, it has been shown that circATRNLI is under-expressed
while miR-378a is overexpressed.*> Further study revealed
that circATRNLI1 could adhere to miR-378a while miR-378a
directly acts on SMAD4. High circATRNLI1 expression also
reduces miR-378a, which, in turn, inhibits SMAD4 expression,
resulting in the suppression of angiogenesis, cell proliferation,
invasion, and migration, both in vitro and in vivo. Hence, in
OC, circATRNLLI acts as a miR-378a sponge, thereby acceler-
ating SMAD4 signaling and attenuating angiogenesis and
metastasis.>?

miR-378a is also a target of circ-LOPD2. circ-LOPD2
expression is high in both OC tissue and cells and is responsible
for promoting OC cell proliferation.®> Several studies have
revealed that circ-RNAs worked as molecule sponges of
miR-378a to regulate cancer development.

As for CC, miR-378a acts as an oncogene since high
miR-378a expression significantly enhances cancer migration
and invasion in vitro, and metastasis in vivo, while downregu-
lating miR-378a produces the opposite effect in vitro.>® The
IncRNA LINC00641 inhibits CC progression by diminishing
miR-378a-3p. Further, knockout of CPEB3, a downstream
target of miR-378a-3p, can reverse the effects induced by
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Figure 1. The regulatory factors upstream of miR-378a and the downstream target genes regulated by miR-378a in human cancer. miR-378a can
be targeted and regulated by IncRNAs and circRNAs, thereby affecting its downstream gene expression and playing an important role in tumors.

LINC00641 overexpression.”* Likewise, ATGI12 targets
miR-378a and their expression is inversely correlated, thereby
promoting tumor cell progression.>® Moreover, overexpressed
miR-378a facilitates cell cycle progression, reduces apoptosis,
and promotes cell growth by attenuating ST7L expression.
miR-378a upregulation also activates the Wnt/B-catenin
pathway to regulate tumor progression.®

However, miR-378a-3p is lower in the serum and tissues of
CC patients than in the serum and tissues of healthy control sub-
jects and normal tissues, leading to the poor prognosis of
patients with CC.% In this study, high miR-378a-3p expression
reduced the proliferation and migration of CC cells both in vitro
and in vivo. In short, miR-378a functions as an onco-miRNA by
being regulated by circ-RNAs and then regulating its down-
stream targets and pathways, which is crucial in the malignancy
of gynecological tumors. However, due to some inconsistent
results, more studies are needed to elucidate the exact function
of miR-378a in gynecological tumors.

Melanoma

Melanoma is the most aggressive type of skin cancer with high
mortality.°® The miRNA miR-378a shows the highest upregu-
lation in advanced melanoma patients and those with lymph
node metastasis>> and miR-378a-5p is upregulated in metastatic
melanoma patients, especially those resistant to targeted

therapy. High miR-378a-5p expression enhances cell invasion,
migration, and activates EMT in melanoma cells, and promotes
angiogenesis. Further, several studies implementing various
approaches have demonstrated that miR-378a-5p plays a carci-
nogenic role by regulating downstream targets such as SUFU,
FUS-1, KLF9, STAMBP, and HOXD10.°” However, when
miR-378a targets the 3’ UTR of FOXN3, it mitigates the stim-
ulation of miR-378a for proliferation, migration, and invasion.
Moreover, FOXN3 interacts with B-catenin to downregulate the
Wht/p-catenin signaling proteins,® and this pathway is crucial
for cell proliferation, self-regeneration, differentiation, and
tissue homeostasis.®®"°

Other Cancers

Apart from the positive function of miR-378a in the tumors
mentioned above, similar results have been reported in naso-
pharyngeal carcinoma (NPC), osteosarcoma, cholangiocarci-
noma, renal carcinoma, Burkitt lymphoma (BL), acute
lymphoblastic leukemia (AML), and chronic lymphoblastic
leukemia (CML). In NPC, miR-378a is upregulated in NPC
tissues and cell lines.>* Elevating the expression of miR-378a
dramatically promotes the capability of NPC to proliferate,
migrate, and invade in vitro, as well as grow in vivo by restrain-
ing the expression of the TOB2 transducer. TOB2 is a potential
tumor suppressor which inhibits cell proliferation by arresting
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the progression of the GO/G1 phase cells to the S phase.”’ In
osteosarcoma cells and patient-derived tumor specimens, over-
expression of miR-378a promotes osteosarcoma cell prolifera-
tion by diminishing the levels of KLF9. Forced upregulation
of KLF9 extraneously reverses the tumor proliferation-
promoting effect of miR-378a.*® miR-378a-3p upregulation
can repress cell invasion and suppress EMT by suppressing
BYSL.”

Elevated miR-378a exerts a similar promoting effect in chol-
angiocarcinoma, which is significantly associated with an
advanced TNM stage, positive lymph node metastasis, and
short OS, and a miR-378a knockout inhibits cell proliferation,
migration, and invasion.’” Similarly, miR-378a was identified
as a diagnostic biomarker when renal carcinoma cancer
tissues and cells showed increased proliferation,”>’® and
increased miR-378a inhibited POLR2A and RUNX2 expres-
sion and subsequently promoted cell apoptosis.’’

In BL, miR-378a-3p can facilitate tumor growth by targeting
IRAK4 and MNT.* miR-378a dysregulation is also detected in
non-solid tumors, such as AML and CML. The upregulation of
miR-378a is positively correlated with poor survival in AML
patients.*® The 5’ flanking region of miR-378a is hypomethy-
lated in AML. Thus, miR-378a can be reactivated by demethy-
lation after 5-aza-dC treatment, but this is unlikely to provide
helpful prognostic ~information in AML patients.”®
Knockdown of LINC00641 inhibited cell malignancy and pro-
moted apoptosis by downregulating miR-378a by promoting
ZBTB20 expression in AML.”® Besides, lower FUS-1 expres-
sion, whose expression inversely correlates with miR-378a, is
linked to the poor prognosis of AML patients.*® In CML,
enhanced expression of miR-378a in leukemia cell line K562
facilitates cell proliferation, clonality, and drug resistance to
5-FU, boosts expression of stem cell self-renewal markers
OCT4 and c-Myc, and suppresses apoptosis.’’ As in AML,
FUS-1 was also identified as a target of miR-378a in CML,
but its role has not been elucidated yet.>' Together, miR-378a
overexpression exerts a stimulative effect on tumors mentioned
above by regulating its different targets.

Downregulation of miR-378a in Several Malignancies
Suggestive of its Antitumorigenic Roles

Unlike the cancers overexpressing miR-378a, it is worth noting
that miR-378a is downregulated in many cancers. An inverse
relationship between miR-378a expression and tumors progres-
sion has been reported in various carcinomas, including gastric
cancer (GC), colorectal cancer (CRC), liver cancer, glioma,
prostate cancer (PCa), BC, MB, pituitary cancer, oral squamous
carcinoma (OSCC), bladder cancer, esophageal carcinoma
(ESCC), RMS, and RB.

Gastric Cancer

GC has a high incidence worldwide and severely affects the
quality of life.®' Several studies have explored the underlying

molecular alterations of miR-378a mediating tumorigenesis
and GC development. A marked reduction of miR-378a was
detected in GC tissues and cells compared to their controls.**
Underexpression of miR-378a led to poor prognosis and malig-
nant clinicopathologic features in GC patients. Circulating
miR-378a level is considered the best biomarker for GC detec-
tion since it has a higher sensitivity and specificity than that of
the serum levels of CEA and CA199.5*% Low miR-378a
expression in GC patients is also associated with an advanced
TNM stage, poor tumor differentiation, high lymph node metas-
tasis rate, and poor OS and DFS. Further, GC cells are arrested
in the GO/G1 or G2/M phase after miR-378 overexpression.*’

miR-378a regulates various targets to exert its function as a
tumor suppressor. For example, miR-378a targets BMP2,
which has a high expression in GC patients with a shorter OS
and DFS. Reverse-validation experiment confirmed that
miR-378a overexpression inhibits invasion, migration, and
EMT of GC by modulating BMP2, suggesting that components
of the miR-378a/BMP2 axis might be potential therapeutic
targets of GC.** Additionally, two other targets of miR-378a
in GC—MAPKI1 and VEGF—are closely associated with
cancer malignancy. miR-378 inhibits MAPK1 in GC.%
Depletion of MAPK1 by RNA interference in MC-803 cells
reduces cell growth, increases apoptosis, and suppresses cell
migration and invasion, which corresponded to the tumor-
inhibiting effects caused by miR-378a restoration.
Furthermore, miR-378a can directly bind to GAPLINC and
reduce its expression, thereby repressing MAPK 1 expression.>*
Upregulated miR-378a suppresses MAPK1 expression, cell
proliferation, and cell cycle progression in GC cells, while
these effects are reversed by increasing the expression of the
IncRNA GAPLINC. Another miR-378 target in GC is
VEGF,® as confirmed by the evidence that VEGF is downregu-
lated by exogenously overexpressed miR-378.*° Together,
these findings suggest that miR-378 regulates GC development
and can act as a promising biomarker for the treatment of GC
patients.

Colorectal Cancer

Decreased miR-378a expression significantly correlates with
shorter OS in CRC patients.”>*® Hence, miR-378a is a potential
biomarker for the early detection and diagnosis of patients with
CRC.>*%7#8 Interestingly, miR-378a might also function as a
novel biomarker to predict the efficacy of vaccines against
CRC.*¥ The overexpression of miR-378a in CRC repressed
cell growth,?® induced apoptosis,®® and inhibited migration
and invasion by restraining EMT.> Studies also showed that
miR-378a mitigated the malignant phenotypes of CRC cells
by inhibiting the Wnt/ B-catenin pathway.”’

Two IncRNAs were found to regulate miR-378a-3p.
SP1-activated LINC00339 decreased miR-378a-3p but
enhanced MED19 expression, contributing to cell proliferation,
cell cycle progression, migration, and invasion in CRC cells.”’
Further, the IncRNA CYTOR decreased miR-378a-5p and led
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to the increase in SERPINEI1, which inhibited L-OHP resis-
tance and EMT.*?

Several other genes are the downstream targets of miR-378a,
including IGF1R, CDC40, vimentin, BRAF, SDADI, and
KISSI. IGFIR protein expression significantly negatively cor-
related with miR-378a in CRC tissues.®® Further, luciferase
reporter assays confirmed CDC40 as a direct target of
miR-378a.*' miR-378a represses cell growth and G1/S transi-
tion in CRC cells, and consistent with the inhibitory effect of
miR-378a on tumor growth, CDC40 knockdown reduces prolif-
eration and represses cell cycle progression by regulating G1/S
and G2/M phases and pre-mRNA splicing.

High miR-378a expression restrains CRC cell growth and
invasion and downregulates vimentin while silencing
miR-378a produces the inverse effects.”> miR-378 diametri-
cally targets the 3’ UTR of vimentin to inhibit tumor progres-
sion. Similarly, BRAF>> and SDADI®® were significantly
reduced by miR-378a-5p overexpression in CRC. SDADI1
expression increased upon blocking miR-378a, suggesting
that miR-378a and SDAD1 have a direct but negative regula-
tory relationship. Further, the expression of KiSS1 is enhanced
in CRC cells with miR-378a elevation, leading to decreased
prolifgezration, migration, and invasion abilities of the cancer
cells.

Liver Cancer

Low expression of miR-378a">" is related to a poor prognosis

of liver cancer.”” Enhanced miR-378a expression inhibits the
proliferation and invasion’® but increases the apoptosis®® in
liver cancer. Moreover, miR-378a elevated the sensitivity of
sorafenib treatment by targeting VEGFR, PDGFRp, and
c-Raf.%®

miR-378a also enhances hepatocellular carcinoma (HCC)
development by downregulating FUS expression,'™ while
miR-378a-5p targets VEGF.'”! Moreover, miR-378a targets
TRAF1 and weakens NF-kB signaling, consequently downregu-
lating VEGF.”” IGFIR was also identified as a novel target of
miR-378a in sorafenib-resistant HCC cells, with high miR-378a
expression activating the PI3K/AKT and the Ras/RaffMAP
kinase pathways to mediate cell survival'® and IGFIR knockout
significantly restrained the miR-378a-mediated sorafenib resis-
tance. miR-378a also suppresses HCC tumorigenesis by downre-
gulating PD-L1 and STAT3 expression.'”® Moreover, the
overexpressed miR-378a suppressed HCC cell proliferation by
arresting G2/M  and inhibited tumor growth in vivo.*
Interestingly, in HCC, circCRIM1 acts as an upstream regulator
of miR-378a that upregulates SKP2 by acting as a sponge for
miR-378a and facilitates cell proliferation, angiogenesis, and the
transition from the G1 to the S phase in the cell cycle.'®

Glioma

Even with the advancement of therapeutic strategies, glioma
still shows a poor prognosis due to its high tumor aggressive-
ness and unlimited proliferation.'®>'% Serval clinical studies

in glioma have shown that miR-378a is remarkably decreased
in cancer tissue and can potentially act as a diagnostic bio-
marker.'%”"1% Glioma patients with lower miR-378a expression
showed poorer OS, and miR-378a overexpression restrained
cell migration and invasion.'” Downregulated miR-378a
increased the target IRG1 expression, which enhanced glioma
cell growth, invasion, migration, and EMT.'®® Another study
showed that TSPAN17 was a direct target of miR-378a and cor-
related with poor prognosis in glioblastoma patients.
Overexpressed miR-378a weakened TSPANI17 expression,
consequently promoting apoptosis and reducing proliferation,
migration, and invasion. These effects were attenuated in
rescue experiments increasing TSPAN17 expression.''”
Interestingly, interfilamentous vimentin can also mediate
miR-378a self-renewal by regulating SOX2 transcription
factor expression.''! Further, miR-378a promotes cell survival,
tumor growth, and angiogenesis by targeting SUFU and FUS-1
expression.

Prostate Cancer

miR-378a is notably underexpressed in PCa tissues.** The
reduction of miR-378a levels resulted in higher Gleason
score, larger diameter tumors, and elevated serum
prostate-specific antigen in PCa.''*''* miR-378a improved
risk stratification based on the Gleason score or tumor stage
and led to a higher risk of recurrence in patients with low
miR-378a levels. Thus, miR-378a is a promising independent
predictor of short-term recurrence in patients at high and very
high risk of recurrence.'"?

CircRNA PDHX boosts PCa progression by sponging
miR-378a."'> MiR-378a also inhibits prostate cell proliferation
and glucose metabolism by repressing GLUTI.''* Forced
miR-378a overexpression represses prostate cancer cell migra-
tion and invasion but promotes cell apoptosis in vitro.** Further,
studies have shown that KLK2, KLK4,' 13 and MAPK1 are the
targets of miR-378a in PCa, and the ectopic expression of
MAPKI rescues miR-378a-inhibited cell migration and inva-
sion capacity.**

Breast Cancer

Even in BC, miR-378a shows a low expression and correlates
with the unfavorable prognosis of BC patients upon tamoxifen
treatment.''® GOLTIA is regulated by miR-378a and is critical
for the mechanisms underlying BC endocrine resistance.''® The
mo6A-mediated increase in LINC00958 expression enhanced
tumorigenesis through the miR-378a/YY1 pathway.''’
Further, DCTPP1 is modulated by miR-378a, and decreased
miR-378a expression elevates the DCTPP1 level, which facili-
tates cell proliferation by activating DNA repair signaling.''®
RUNXI1 is significantly increased upon inhibition of
miR-378a expression, which also enhances the invasion and
migration of the triple-negative breast cancer (TNBC) cells.
Further, the regulation of RUNXI is mediated by the
PPARGC1B/miR-378a/RUNXI regulatory pathway.*> It has
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also been revealed that IncRNA GASS5 and miR-378a bind to
each other, and the target of miR-378a-5p, SUFU, promotes
GAS5-induced apoptosis of TNBC cells. This implicates that
GASS5 stimulates apoptosis in TNBC cells by regulating
miR-378a-5p/SUFU signaling.''® Moreover, although no sig-
nificant effect of miR-378a was found on KLK4 expression,
both miR-378a and KLLK4 represent unfavorable prognostic
markers in TNBC patients.'*

Other Cancers

In addition to the above-mentioned tumors, decreased miR-378a
expression has also been reported in other cancers. miR-378a is
significantly reduced in MB. miR-378a negatively regulates
UHRF1 expression in MB by binding to the 3’ UTR of its tran-
script.*® Therefore, miR-378a overexpression inhibits UHRF1,
but increased expression of UHRF1 reverses the miR-
378a-induced suppression of cell proliferation and promo-
tion of apoptosis.

In PA, RNF31 is highly expressed, and its expression is neg-
atively regulated by miR-378a.*” Knocking out RNF31 inhibits
the proliferation and migration of the pituitary tumor cell line
GH3. Similarly, miR-378a plays an inhibitory role in oral squ-
amous cell carcinoma (OSCC). miR-378a is downregulated'*'
in OSCC and also targets KLK4.** Overexpressed KLK4
reverses the miR-378a-induced suppression of migration and
invasion by enhancing MMP-9, MMP-2, and N-cadherin
expression while decreasing E-cadherin levels. CircRNA-
100290 can also rescue the miR-378a-induced suppression of
GLUTI by functioning as a competing endogenous RNA
(ceRNA), thereby accelerating cell proliferation and glycolysis
in OSCC.'** NCAPG, a target of miR-378a in OSCC, promotes
cell proliferation and cell cycle progression but inhibits apopto-
sis by activating the GSK-3p/p-catenin signaling in OSCC.'*

In bladder cancer, miR-378a is downregulated and can act as an
independent prognostic factor for the OS and recurrence.*’
LINC00958, an upstream regulator of miR-378, promotes the pro-
liferation and metastasis of bladder cancer cells by increasing
IGF1R, a downstream target of miR-378a, by sponging
miR-378a."%* miR-378a is lower in esophageal squamous cell car-
cinoma (ESCC) cells and tissues than in normal cells and adjacent
tissues. Low miR-378a expression leads to an unfavorable progno-
sis and shorter OS in ESCC patients. Further, low miR-378a levels
elevate cell proliferation, migration, and invasion.”® However,
miR-378a overexpression exerts the opposite effect by inhibiting
Rab10.'"*> Mechanistically, the IncRNAs SLC2A1-AS1 and
LINC00514 are essential in ESCC progression by acting as
miR-378a sponges. SLC2A1-AS1 inhibits miR-378a-5p by regu-
lating glycolysis, thereby restoring GLUTI expression and
enhancing ESCC.'?® LINC00514, acting as a ceRNA, upregulates
SPHK1 by sponging miR-378a-5p and activates adipogenesis-
related pathways, thereby promoting the proliferation and invasion
of ESCC cells.'?’

In a RMS-derived cell line, miR-378a upregulation inhibited
IGF1R expression and impacted phosphorylated-Akt protein
levels.”! Moreover, ectopic expression of miR-378a modulated

apoptosis, cell migration, cytoskeleton organization, and the
expression of the muscle markers MyoD1, MyoR, desmin,
and MyHC in RMS. DNA demethylation by 5-aza-2
-deoxycytidine (5-aza-dC) also elevates miR-378a levels
which correlate with increased apoptosis, cell viability reduc-
tion, and cell cycle arrest in G2-phase.”’ In RB, upregulated
miR-378a-3p inhibits cell proliferation by targeting FOXG1.>?

The Role of miR-378a in Anti-Cancer Therapeutic
Resistance

Unfortunately, cancer cells cumulatively get resistant to miscel-
laneous anti-tumor therapies, leading to disease recurrence and
metastasis. Hence, understanding the internal molecular mech-
anism of cancer drug resistance is essential for finding new ther-
apeutic approaches. Given that miR-378 is involved in various
biological processes, the abnormal expression of miR-378a
might be responsible for the anti-cancer resistance. For
instance, miR-378a expression is preternatural in chemotherapy
resistance in esophageal cancer cells.'*® Many studies have also
shown miR-378a as a promising candidate for anti-tumor treat-
ment. In lung cancer, elevated miR-378a recovered CDDP che-
mosensitivity by targeting SCLU and downregulating Bcl-2,
pCas-3, p-Erk1/2, and p-Akt? In ovarian cancer, low
miR-378a expression can elevate the efficacy of bevacizumab
treatment in patients with recurrent ovarian cancer, thereby
lengthening PFS. Further, multivariate analysis showed
miR-378a level as an efficient predictor of PFS after anti-
angiogenic therapy.®*

In CRC cells with upregulated miR-378a, sensitivity to
cetuximab was restored in all BRAF mutants and half of
KRAS mutants, and lauric acid improved the sensitization of
Cetuximab in KRAS/BRAF mutated CRC cells by regaining
miR-378a expression.'** Moreover, EPA-induced upregulation
of miR-378 led to the significant restoration of sensitivity to
cetuximab in the KRAS-mutant cells.'*’In glioma, the inhibi-
tory effect of curcumin was enhanced in miR-378a-expressing
stable U87 cells.* Likewise, increased miR-378a expression
enhances radiation response by promoting radiation-induced
TGD in glioblastoma cells.'”” However, reduced miR-378a
expression was found in sorafenib-resistant HCC cells than in
the sorafenib-sensitive group. Further, LXR stimulated
miRNA-378a-3p transcription and hence can be used as a
potential combinable treatment strategy with sorafenib to sup-
press HCC progression.'®> Metformin also induces miR-378a
to downregulate CDK1, leading to suppression of cell prolifer-
ation and induction of the G2/M cell cycle arrest in HCC.*
Moreover, the biologically active component isolated from
the fungus Ganoderma lucidum can also overcome the drug
resistance conferred by miR-378."%!

Conclusion

Cancer is the leading cause of death worldwide. The high mor-
tality rate of cancers can be ascribed to its inefficient early
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detection, inherent or acquired therapeutic resistance, and poor
predictive power of conventional screening techniques and clin-
icopathological parameters. Hence, searching for novel molec-
ular targets is necessary to solve this problem.

The miRNA miR-378a is a promising biomarker and thera-
peutic target for cancers. As discussed in this paper, miR-378a
expression is aberrant in more than 23 cancers and is responsi-
ble for affecting the cell’s capability to proliferate, invade,
metastasize, and resist multiple anti-tumor treatment regimens.
However, there is still some controversy and ambiguity over its
expression and roles in some cancers. miR-378a plays a dual
role in tumors and can produce different impacts on different
tumors based on whether it is overexpressed or under-
expressed. The fact that it acts as an onco-miRNA makes it
an attractive therapeutic target in lung cancer,?>*>"2° CC,*
OC,30'32 NPC,34 melalnomal,35 osteosarcoma,36 cholangiocarci-
noma,37 AML,38 CML,21 renal carcinoma,73'76 and BL.*°
However, it acts as a tumor suppressor in GC,84 CRC ,41 liver
cancer,” glioma,*® PCa,** BC,** MB,** PA* 0scC,*®
bladder cancer,49 ESCC,’ 0 RMS,>! and RB.>? Notably, the
expression and role of miR-378a are still controversial in malig-
nant tumors, including lung cancer®® and CC.?® All these effects
may be due to the different expression of the two strands of
miR-378a and it is also due to the different specific expression
of miR-378a in tissues and cells of different tumors. Further, the
differences and limitations in the source of cell and tissue
samples might be the key influencing factors.

The expression of circulating miR-378a can be used for
cancer screening and diagnosis.>*2**!* The identification of
the signaling pathways involved in cell proliferation,** migra-
tion,* invasion,*® and apoptosis*' also provides evidence for
the different functions of miR-378a. miR-378a has also
shown value as a therapy sensitizer” and drug target.?>'3!
All the results mentioned above might be due to the regulation
of miR-378a by various factors, such as circRNA and IncRNA,
and the interaction between miR-378a and its targets that con-
stitute complex regulatory networks. Depending on the cellular
environment, miR-378a might have various biological func-
tions and clinical applications and can even be expressed differ-
ently and have varied roles in different tumors.

Because of the dual function of miR-378a in cancer develop-
ment and whether targeting miR-378a is an effective and feasi-
ble approach for individual tumor patient-based treatment, more
detailed investigations and understanding of the mechanisms
underlying how miR-378a regulates tumor progression and
therapy resistance are required in the future. Different analysis
methods and intervention strategies for the role of the miRNA
in different cancers are essential. Further, considering that
miR-378a can effectively regulate the response of cancer cells
to chemotherapy®>'?® and radiotherapy,” a combination of
miR-378a targeted therapy and chemotherapy or radiotherapy
might achieve better therapeutic effects in some cancer types.

Thus, in this review, we provide insights into the rationale
underlying the dual functions of miRNAs in tumor onset and
progression. We show that miR-378 is critical for key biological
and pathological processes via its complex network regulation

mechanism in human cancers. In the future, miR-378 has
great potential to become a clinically effective approach for
cancer diagnosis and prognosis by refining cancer types and
subtypes and an effective therapeutic strategy against cancer.
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