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Programmed cell death 4 (PDCD4) is a tumor suppressor gene implicated in many cellular
functions, including transcription, translation, apoptosis, and the modulation of different
signal transduction pathways. The downstream mechanisms of PDCD4 have been
well-discussed, but its upstream regulators have not been systematically summarized.
Noncoding RNAs (ncRNAs) are gene transcripts with no protein-coding potential but
play a pivotal role in the regulation of the pathogenesis of solid tumors, cardiac injury,
and inflamed tissue. In recent studies, many NncRBNAs, especially microRNAs (miRNAS)
and long noncoding RNAs (IncRNAs), were found to interact with PDCD4 to manipulate
its expression through transcriptional regulation and function as oncogenes or tumor
suppressors. For example, miR-21, as a classic oncogene, was identified as the key
regulator of PDCD4 by targeting its 3’-untranslated region (UTR) to promote tumor
proliferation, migration, and invasion in colon, breast, and bladder carcinoma. Therefore,
we reviewed the recently emerging pleiotropic regulation of PDCD4 by ncRNAs in cancer
and inflammatory disorders and aimed to shed light on the mechanisms of associated
diseases, which could be conducive to the development of novel treatment strategies
for PDCD4-induced diseases.
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INTRODUCTION

The Function and Structure of PDCD4

The main functions of Programmed cell death 4 (PDCD4)(NCBI GenelD: 27250) are reflected
in the following two aspects. First, it acts as a suppressor in tumor progression; second, it is an
inflammatory factor that participates in inflammation (1-3). An alteration in PDCD4 expression
is pivotal to the pathogenesis of cancer and inflammation diseases. The expression of PDCD4
is downregulated in many kinds of human cancers, such as breast carcinoma, hepatocellular
carcinoma, oral carcinoma, and ovarian cancer (4-7). The overexpression of PDCD4 induces
apoptosis or cell cycle arrest, inhibits the invasion, proliferation and migration of cancer cells, and
increases the sensitivity of cancer cells to antineoplastic drugs (8-11). In addition, knockdown of
PDCD4 expression by an siRNA or shRNA stimulates invasion and migration in nasopharyngeal
and lung cancer cells (12, 13). In brief, aberrant PDCD4 expression levels are associated with
the progression of multiple diseases. Understanding the regulatory mechanisms of PDCD4
expression and targeting the homeostasis of PDCD4 is beneficial for related treatment. Thus,
therapeutic strategies based on PDCD4 manipulation are promising treatments for cancer or
inflammatory disorders.
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The human gene PDCD4 is located at human chromosome
10924 (14). The PDCD4 protein was identified independently
from different species, including humans, mice, and chickens.
The deduced amino acid sequences are highly conserved among
these species (15). PDCD4 encodes a 469-amino acid peptide
composed of two conserved alpha helical MA3 domains (amino
acids 164-275 and 329-440). These two domains are also
present in eukaryotic translation initiation factors, eIF4G I, and
elF4G II (16). A yeast two-hybrid assay (16), a mammalian
two-hybrid assay and analyses of the PDCD4-eIF4A cocrystal
structure revealed that PDCD4 interacts with eIF4A by its MA-3
domains, limits ribosomal recombination and protein synthesis
and inhibits malignant behaviors (17). eIlF4A1(NCBI GenelD:
1973) is an RNA helicase that catalyzes the unwinding of the
secondary structure at the 5'-untranslated region (UTR) of
mRNAs. PDCD4 binds to two molecules of eIF4A through its
MA3 domains to inhibit translation initiation by preventing
elF4G from binding to eIF4A (18). The PDCD4 protein
contains two nuclear export signals (NESs), suggesting that
the protein might be able to shuttle between the nucleus and
cytoplasm (19). The phosphorylation of PDCD4 by Akt and
S6K1 at Ser67 and Ser457 causes the nuclear translocation of
PDCD4, contributing to its ubiquitination via an E3 ligase p-
transducin repeat-containing protein (8-TRCP) and subsequent
proteasome-dependent degradation (20, 21). It has also been
reported that PDCD4 binds to RNA through its two positively
charged amino acid clusters, RBM1 and RBM2, at the N-terminal
domain [(22); Figure 1].

DOWNSTREAM SIGNALS OF PDCD4

PDCD4 are reported to participate into the control of several
cellular signaling pathways. PDCD4 interacts and inhibits eIF4A
and activator protein 1 (AP-1)-dependent transcription in a
concentration-dependent manner through many transcription
factors, including JNK, MAP4K1, c-Myc, E-cadherin, $-catenin,
and Snail. The overexpression of PDCD4 in mouse epidermal
JB6 cells inhibits both basal and 12-O-tetradecanoylphorbol-
13-acetate (TPA)-induced AP-1 transactivation through the
inhibition of c-Jun activation (23). In colon tumor cells, PDCD4
regulates the expression of the JNK upstream kinase MAP4K1 by
c-Mye, resulting in the activation of JNK and c-Jun, to control
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FIGURE 1 | Structure and functional sites of PDCD4. The two conserved
MA-3 domains are in green, the phosphorylation sites are shown in red, and
the RNA-binding site in blue.

the activation of AP-1. A mutation in the c-Myc binding site
of the MAP4K1 promoter could reduce MAP4K1 promoter
activity, and the downregulation of c-Myc can restore MAP4K1
expression and the activation of AP1 in PDCD4-knockdown
colon tumor GEO and HT29 cells (24). In addition, PDCD4
knockdown suppresses E-cadherin expression through elevated
protein levels of Snail, causing the activation of PB-catenin-
dependent transcription and stimulating the expression of c-
Myc and urokinase-type plasminogen activator (u-PAR) (25). u-
PAR is a 55-60 kDa glycosylated receptor for the degradation
of extracellular matrix components by binding to its ligand
and allowing human osteosarcoma cells to penetrate the basal
membrane during invasion (26). Snail is a transcriptional
repressor that binds to E-boxes on the E-cadherin promoter for
transcription inhibition (27). The regulation of Snail by PDCD4
was demonstrated through Akt, and the knockdown of Akt
abolishes PDCD4 knockdown-induced Snail expression in colon
cancer (28). Akt can also activate NF-kB to upregulate Snail
(29). PDCD4 was also found to inhibit carbonic anhydrase type
II (CAII) expression in HEK-293 (human embryonic kidney)
cells. CAII is an important substrate for the synthesis of amino
acids, lipids, and pyrimidine for tumor growth (30). In addition,
PDCD4 could decrease CDK4/6 (cyclin-dependent kinase 4/6)
via the upregulation of p21Wafl/CiPl and repress the CDK1
and cdc2 (cell division cycle 2) promoter in a neuroendocrine
cell line, thus leading to reduced cell proliferation (31). By
manipulating these pathways, PDCD4 ultimately inhibits cell
survival, proliferation, and metastasis (Figure 2).

NCRNAS AS UPSTREAM REGULATORS OF
PDCD4

The downstream mechanisms of PDCD4 have been well-
discussed, but its upstream regulators have not been
systematically summarized. In recent years, most studies
have focused on the regulation of PDCD4 expression by
noncoding RNAs (ncRNAs). In the following review, we will
emphasize the regulation of PDCD4 expression by ncRNAs,
which should provide a reference for upcoming clinical and
laboratory studies on PDCD4 regulation.

Recent reports have revealed that ncRNAs contribute to the
regulation of PDCD4 expression and function. ncRNAs are
RNA molecules that cannot code proteins and were found
to engage in the regulation of multiple cellular activities,
including proliferation, differentiation, apoptosis, stress, and
immune responses (32-36). ncRNAs consist of microRNAs
(miRNAs), long noncoding RNAs (IncRNAs) and circular
RNAs (circRNAs), which regulate specific gene expression
through regulating transcriptional, posttranscriptional, and
posttranslational processes. miRNA are 20-25 nucleotides in
length, and mature miRNAs usually bind to the 3'-UTR of
their target mRNAs through their seed sequences to cause the
degradation of target mRNAs and to block translational protein
synthesis. The seed sequence is usually located 2-7 nucleotides
from the 5'-end of the miRNA and is complementary to a
site in the 3/-UTR of its target mRNA (37). LncRNAs have
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FIGURE 2 | Different ncRNAs regulate PDCD4 in mutiple ways. (i) miRNAs target PDCD4 directly to promote tumor progression via several pathways. Briefly, PDCD4
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decrease of the expression of c-Myc and UPAR. Down-regulated c-Myc subsequently inhibits MAP4K1 expression, thereby inhibiting AP-1 transcription to impede
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function as oncogene and downregulate PDCD4 expression by recruiting EZH2. (i) LncRNAs could also function as tumor suprefessor to sponge miRNAs, which may
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more than 200 nucleotides in length with little protein-coding
potential, which have been defined to regulate gene expression
by transcriptional regulation, genetic imprinting, chromatin
remodeling, posttranscriptional regulation, and translational
regulation (38). In recent years, ncRNAs have been demonstrated
to manipulate the availability of PDCD4 via different ways
(Figure 2), including directly targeting the 3’-UTR of PDCD4 by
a miRNA or epigenetic modification and miRNA sponging on
PDCD4 by a IncRNA. ncRNAs, including miRNAs and IncRNAs,
are key regulators of PDCD4 dosage, and delicately modulate
PDCD4 expression (Table 1).

MIRNA-REGULATED PDCD4 PROMOTES
TUMOR PROGRESSION

Most recent studies of PDCD4 have focused on miRNAs, and
now we will focus on regulatory mechanisms in tumors. More
than 30 miRNAs were reported to be direct negative regulators
of PDCD4, and many of them showed enhanced expression in
tumors (40, 60). Furthermore, bioinformatics analyses predict
that more than 80 miRNAs potentially target PDCD4, implying
an essential role for miRNAs in regulating PDCD4 expression
(61). These miRNAs downregulate PDCD4 levels and function
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TABLE 1 | The summary of ncRNA that regulate PDCD4 in different cancers and inflammatory disorders.

Cancer ncRNA Functional responses and targets References
Laryngeal cancer miR-503 miR-508 inhibits apoptosis by directly targeting PDCD4 (39)
miR-744-3p miR-744-3p regulates PDCD4 to reduce AKT and NF-kB activation as well as MMP-9 (40)
expression
Gastric cancer miR-23a/b miR-23a/b promotes tumor growth and suppress apoptosis by targeting PDCD4 (41)
miR-208a-3p miR-208a-3p suppresses cell apoptosis by targeting PDCD4 (42)
miR-93 miR-93 functions as an oncomiR for the downregulation of PDCD4 (43)
miR-196a2 miR-196a2 inhibits apoptosis by directly targeting PDCD4 (44)
Colorectal cancer miR-1260b miR-1260b inhibitor enhances the chemosensitivity 5-FU due to downregulation of PDCD4 (45)
miR-181b Activation of IL-6/STAT3 suppressed PDCD4 by upregulating miR-181b (46)
Cervical cancer miR-150 miR-150 functions as a tumor promoter in reducing chemosensitivity and promoting 47)
invasiveness via targeting PDCD4
Breast cancer miR-421 PDCD4 is a direct target gene of miR-421 (10)
miR-183-5p Inhibition of miR-183-5p could repress the progression of breast cancer through restoring (48)
PDCD4 levels
Melanoma CASC15 CASC15 acts as an oncogene by negatively regulating PDCD4 expression via recruiting EZH2 (49)
and subsequently increasing H3K27me3 level
miR-150 Knockdown of miR-150 enhanced cell apoptosis via direct targeting of PDCD4 (50)
Osteosarcoma miR-433 miR-433 suppresses the expression of PDCD4 (51)
Lung cancer miR-155 miR-155 exerts an onco- genic role in NSCLC by directly targeting PDCD4 (52)
Liver cancer miR-93 miR-93 dramatically promoted HCC invasion and metastasis by EMT via targeting PDCD4 (53)
Glioblastoma miR-503 microRNA-503 increases proliferation of glioblastoma cells and inhibits apoptosis by directly (54)
targeting PDCD4
Osteosarcoma XIST/ INcRNA-XIST acts as a miRNA sponge, impedes miR-21-5p to maintain the expression of (55)
miR-21-5p PDCD4
Colorectal cancer Linc00472/ Linc00472 suppressed proliferation and induced apoptosis through up-regulating PDCD4 by (56)
miR-196a decoying miR-196a
Esophageal carcinoma TUG1 TUG1 suppressed PDCD4 expression by recruiting EZH2 to the promoter region of PDCD4 (57)
and increasing H3K27me3 level in ESCC cells
CASC9 INcRNA CASC9 functions as an oncogene by negatively regulating PDCD4 expression through (58)
recruiting EZH2 and subsequently altering H3K27me3 level
Glioma HOTAIR Suppression of PDCD4 mediated by HOTAIR inhibits glioma cell proliferation and invasion in a (59)

PRC2-dependent manner

by binding to the 3’-UTR of PDCD4 mRNA. Among these
miRNAs, studies conducted on miR-21(NCBI GenelD: 406991)
are the most extensive. The human gene miR-21 was one
of the first identified mammalian miRNAs and is located at
chromosome 17q23.2 within the highly conserved gene encoding
TMEM49 (62). Through early lineage tracing studies, miR-
21 was found to be upregulated in various diseases, such as
oropharyngeal cancer (63) and salivary adenoid cystic carcinoma
(64). Asangani et al. performed a bioinformatic search and
uncovered a potentially conserved site for miR-21 within the 3’-
UTR of PDCD4 mRNA and demonstrated that miR-21 inhibited
PDCD4 levels to reduce the ability of invasion, intravasation and
metastasis (65). miR-21 is associated with therapeutic outcome
and poor survival in malignant cancer (66). For instance, miR-
21 is overexpressed in salivary adenoid cystic carcinoma (SACC)
cells, and the suppression of miR-21 with a miR-21 inhibitor in
SACC cells could increase the activity of the PDCD4 promoter
and the expression of PDCD4 protein, suppress p-STAT3 protein
expression, through further feedback, reduce miR-21 expression,
and finally lead to the inhibition of cell invasion and migration

(64). Moreover, further recent studies confirmed the regulation of
PDCD4 by miR-21 in colon, breast, and bladder carcinoma (67).

In colorectal cancer (CRC) cells, activated IL-6/STAT3
signals increased the expression of miR-181, which leaded to
downregulating the expression of PDCD4 and promoting cell
proliferation and metastasis and inhibit the apoptosis of CRC
cells (46). In cervical cancer, overexpressed miR-150 can also
promote the proliferation, migration and invasion of cervical
cancer cells in vitro by directly targeting the expression of PDCD4
(47). miR-155(NCBI GenelD: 406947) decreases PDCD4 levels
by binding to the 3’-UTR of PDCD4. PDCD4 is a functional
target of miR-155 and regulates proliferation or invasion by
targeting PDCD4 in non-small-cell lung cancer (52). In human
hepatocellular carcinoma (HCC), the downregulation of PDCD4
by miR-93 (NCBI GenelD: 407050) promotes HCC cell migration
and invasion via the epithelial-mesenchymal transition (EMT)
pathway (68). In laryngeal squamous cell carcinoma, miR-
744-3p (NCBI GenelD: 100126313) could activate the MMP-9
regulatory axis by provoking the signaling pathway controlled
by NF-kB p65 by suppressing PDCD4 (40). The inhibition of
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miR-1260b induces a decrease in PDCD4 expression, as well
as phosphorylated Akt (p-Akt) and phosphorylated extracellular
signal-regulated kinase (p-ERK) (45). In glioblastoma, miRNA-
503 (NCBI GenelD: 574506), induced by TGF-al, inhibits
apoptosis and increases the proliferation of glioblastoma cells by
directly targeting PDCD4 (54). miR-421 (NCBI GenelD: 693122)
regulates the proliferation, migration, invasion and apoptosis of
breast cancer cells, including MCF-7 and MDA-MB-231 cells,
by targeting PDCD4 (10). miR-433 (NCBI GenelD: 574034) is
significantly overexpressed in osteosarcoma tissues and cell lines.
The transfection of miR-433 mimics into osteosarcoma cell lines
could decrease apoptosis by PDCD4. In contrast, the inhibition
of miR-433 enhanced the apoptosis of tumor cells (51). Similarly,
miR-23a/b (NCBI GenelD: 407010) (41), miR-208a-3p (NCBI
GenelD: 406990) (42), miR-150 (NCBI GenelD: 406942)(47),
miR-96 (NCBI GenelD: 407053) (69), miR-503 (NCBI GenelD:
574506) (39), miRNA-183-5p (NCBI GenelD: 406959) (48), and
miR-196 (NCBI GenelD: 406972) also decrease protein levels by
binding to the 3’-UTR of PDCD4 (44).

MIRNA-MEDIATED PDCD4
DOWNREGULATION PROTECTS AGAINST
INFLAMMATION

In addition to carcinogenesis, the regulation of PDCD4 by
miRNAs also plays an important role in various inflammatory
responses. Das et al. demonstrated that the miR-21/PDCD4
axis plays a key role in the process of turning on an anti-
inflammatory phenotype in efferocytosis-the digestion and
elimination of dead or dying cells by phagocytes. Elevated
miR-21 in LPS-activated macrophages promotes efferocytosis
and silences the target gene PDCD4, which in turn results
in the elevated production of anti-inflammatory IL-10 and
accounts for a net anti-inflammatory phenotype (70). The miR-
21/PDCD#4 axis also regulates mesenchymal stem cells (MSCs)
to secrete stanniocalcin 1 (STC1) and other neuroprotective
factors to inhibit retinal ganglion cell (RGC) apoptosis and
microglial activation and promote RGC survival in a mouse
model of acute glaucoma (71). The increased miR-21 expression
level following spinal cord injury (SCI) may enhance neurite
outgrowth to promote the repair of injured spinal cords by
inhibiting the expression of PDCD4 (72). miR-16 targets and
inhibits PDCD4 expression in atherosclerosis to suppress the
activation of inflammatory macrophages through mitogen-
activated protein kinase (MAPK) and NF-kB signaling, and
suppresse the expression of proinflammatory factors, including
interleukin (IL)-6 and tumor necrosis factor-o (TNF-a), whereas
it enhanced the expression of the anti-inflammatory factor IL-
10. Thus, the miR-16-PDCD4 axis suppresses the activation of
inflammatory macrophages in atherosclerosis (73). In another
study, the overexpression of miR-499 (NCBI GenelD: 574501)
protected cardiomyocytes against LPS-induced apoptosis by
inhibiting PDCD4. However, the experiment was performed
in rats, and the experimental results may not be directly
extrapolated to humans (74). Increased miRNA expression has
also been reported in diseases caused by inflammation, including

colitis and atherosclerosis. In these cases, triggering a regulatory
response through miRNA would be beneficial. These findings
suggest that the regulation of PDCD4 by miRNAs, in addition
to its negative effects on tumors, can also play a positive role in
other diseases.

LNCRNAS ACT AS ONCOGENES TO
REGULATE PDCD4 BY EPIGENETIC
MODIFICATION

LncRNAs have also been identified as critical regulators in a
variety of cancer types [4], including epigenetic modification,
transcriptional regulation, RNA decay, and miRNA sponging.
Bioinformatic analysis revealed that the promoter region of
PDCD4 was enriched in the repressive marker histone H3 lysine
27 trimethylation (H3 K27me3) and enhancer of zeste homolog
2 (EZH2) binding sites, demonstrating that PDCD4 expression
is under the regulation of epigenetic modification (58). EZH2,
an important catalytic subunit of polycomb repressive complex
2 (PRC2), is a histone methyltransferase that epigenetically
represses target gene expression by promoting H3 K27me3 (57).
Cancer susceptibility candidate 15 (CASC15) (NCBI GenelD:
401237), also named linc00340, is located on chromosome
6p22.3 and was initially identified as a highly active IncRNA
(75). The expression of CASC15 is upregulated in melanoma,
hepatocellular carcinoma and gastric cancer. It acts as an
oncogene in cancer progression and phenotype switching.
In melanoma, CASC15 may recruit EZH2, and EZH2 could
subsequently directly bind to the promoter of PDCD4 in
melanoma cells and inhibit PDCD4 expression (49). Wu et al.
found that CASC9 (NCBI GenelID: 101805492) knockdown
decreased the enrichment of EZH2 and H3K27me3 in the
PDCD4 promoter region, which resulted in the upregulation of
PDCD4 (58). Downregulation of the IncRNA HOTAIR (NCBI
GenelD: 100124700) was demonstrated to activate the expression
of PDCD4 at the transcriptional level in glioma stem cells by
reducing the recruitment of downstream molecules, including
EZH2 and LSD1 (76). The IncRNA taurine upregulated gene
1 (TUG1) (NCBI GenelD: 55000) was also demonstrated to
suppress PDCD4 by recruiting EZH2 in esophageal squamous
cell carcinoma (ESCC) through epigenetic modification (57, 59).

LNCRNAS ACT AS TUMOR
SUPPRESSORS TO REGULATE PDCD4
THROUGH MIRNA SPONGING

The regulation of PDCD4 by IncRNAs is also promoted by
another mechanism by which the dysregulated IncRNAs could
sponge special miRNAs to suppress their target genes, such
as PDCD4, through a competing endogenous RNA (ceRNA)
mechanism. The ceRNA hypothesis accounts for the fact that
specific RNAs are able to attenuate miRNA activity through
sequestration and elevate miRNA target gene expression. The
hypothesis potentially accounts for the function of a substantial
proportion of the thousands of yet uncharacterized IncRNAs
(77). LncRNAs block the effects of miRNAs via the competition
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for the seed sites of miRNAs with their target mRNAs. For
instance, the IncRNA maternally expressed gene 3 (MEG3)
(NCBI GenelD: 55384) is located at chromosome 14q32 and
could enhance the sensitivity of colorectal cancer (CRC) cells
to oxaliplatin via the upregulation of PDCD4 by sponging
miR-141 and overcoming oxaliplatin resistance in CRC (78).
In addition to its role in cancer, MEG3 also functions as a
ceRNA for miR-21 to regulate PDCD4 expression in ischemic
neuronal death followed by reperfusion (79). The IncRNA growth
arrest-specific transcript 5 (GAS5) (NCBI GenelD: 60674) is
downregulated in several kinds of cancers, including cervical
cancer and breast cancer, and HCC tissues. The knockdown
of GAS5 leads to the repression of cell viability. GAS5 as
a ceRNA competes with PDCD4 to bind to miR-21, and
the depletion or overexpression of GAS5 could lead to the
downregulation or upregulation of PDCD4 levels in tumor
cells. In HCCs, GAS5 acts as a tumor suppressor through
the negative regulation of miR-21 and its target PDCD4 to
suppress the migration and invasion of cancer cells (80).
Similarly, GAS5 deficiency by siGAS5 also reduced miR-21
target protein PDCD4 expression in cervical cancer cells. The
malignant behaviors of cervical cancer cells, manifested by
cell migration and invasion, were enhanced by siGAS5 (81).
Linc00472 (NCBI GenelD: 79940) is downregulated in CRC
tissues and cells, and it acts as a tumor suppressor by upregulating
PDCD4 by sponging miR-196a (56). miR-93-5p, a direct target
of linc00472, directly targets PDCD4. The miR-93-5p/PDCD4
pathway mediated the suppressive role of 1inc00472 in HCC cells
(82). The IncRNA DGCR5 and miR-320a regulate each other in
a reciprocal manner, and DGCR5 could reverse the inhibition
of PDCD4 by miR-320a, which is involved in the regulation
of the pancreatic ductal adenocarcinoma cell phenotype (83).
The expression of the IncRNA NBAT1 is downregulated in
osteosarcoma tissues and cell lines. NBAT1 (NCBI GenelD:
729177) functions as a ceRNA against miR-21 to increase the
expression of the miR-21 target gene PDCD4 and then suppresses
osteosarcoma growth and metastasis in vitro and in vivo (84).
Similarly, the IncRNA XIST inhibits cell growth and mobility by
competitively binding to miR-21-5p for PDCD4 up-regulation in
osteosarcoma (55).

These findings show that PDCD4 expression and activity are
controlled by the network of ncRNAs, and the dysregulation of
these ncRNAs can contribute to changes in PDCD4 function in
various diseases.

TARGETING THE NCRNA/PDCD4
SIGNALING PATHWAY: THERAPEUTIC
APPLICATIONS

Since drug resistance commonly occurs in cancer patients,
it is critical to develop alternative therapeutic strategies
to resensitize resistant cancer cells and patient-derived
models (PDX) (85, 86). Recently, published studies
have demonstrated that the miRNA/PDCD4 axis could
modulate chemosensitivity in resistant cancers. Treatment
with a combination of drugs and miRNA inhibitors is

a viable strategy for enhancing chemosensitivity though

their synergistic effects. PDCD4 can downregulate the
5-fluorouracil  (5-FU) resistance induced by miR-21
in pancreatic cancer cells and rescue the phenotypic

characteristics disrupted by miR-21 (87). The role of miR-
21/PDCD4 in drug resistance also concerns gemcitabine
resistance in breast cancer, glioblastoma cancer, and
pancreatic cancer.

In addition to affecting the resistance of cancer cells,
there are also some drugs that can directly regulate the level
of miRNA/PDCD4, thus serving as a potential therapeutic
application. Treatment with isoalantolactone remarkably
increased the expression of PDCD4 via the downregulation
of miR-21, which exerts anticancer effects against esophageal
squamous cell carcinoma (88). Quercetin is a kind of flavonoid
that was reported to inhibit both acute and chronic Cr(VI)-
induced miR-21 elevation and PDCD4 reduction in human
bronchial epithelial cells. Besides, the Cr(VI)-induced
binding of miR-21 to the 3'-UTR of PDCD4 was reduced
by treatment with quercetin (89). It has been demonstrated
that curcumin can inhibit tumor proliferation, invasion and
metastasis by inhibiting the miR-21 transcription to stabilize
the PDCD4 expression in CRC (90). In addition, the long
intergenic noncoding RNA 152 (linc00152) was upregulated
and promoted tumor progression and conferred oxaliplatin
resistance in colon cancer by functioning as a ceRNA to
release erb-b2 receptor tyrosine kinase 4 (ERBB4) by sponging
miR-193a-3p (91).

The abovementioned evidence illustrates that targeting these
transcription factors through small molecule drugs that regulate
miRNA/PDCD4 expression may be effective in treating cancers.

CONCLUSIONS

We here summarize the roles of miRNAs and IncRNAs
in PDCD4 regulation. Recent studies have demonstrated
that ncRNAs interact with PDCD4 at the transcriptional
and posttranscriptional levels. Several miRNAs directly target
PDCDA4 to repress the PDCD4 protein level and function, which
promotes tumorigenesis. Then, the miRNA/PDCD4 axis could
exert a protective effect in inflammation by downregulating
miRNA levels. IncRNAs have been reported to regulate PDCD4
in multiple ways. By epigenetic modification, a IncRNA could
down-regulate PDCD4 expression by recruiting EZH2 to its
promoter region and increasing the H3K27me3 enrichment
of its promoter. In addition, as a miRNA sponge, IncRNAs
also counteract the effects of miRNAs on their target mRNAs.
The regulation of miRNAs by ceRNAs has added a new layer
of complexity to PDCD4 regulation by miRNAs. However,
there is also controversy about the ceRNA hypothesis. The
essence of the doubt against the ceRNA hypothesis is that
any change in the expression of an individual miRNA target
would constitute only a small fraction of the target site
abundance (77), implicating that physiological changes of
one individual IncRNA might be insufficient to suppress
miRNA activity.
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DISCUSSION

The abovementioned studies deepen our understanding of the
diverse roles of the ncRNA/PDCD4 pathway in inflammation
and cancer. An urgent issue for clinicians is whether the
ncRNA/PDCD4 pathway can be used as a potential target
for therapeutic intervention; however, related clinical studies
are lacking. Interestingly, miRNAs targeting PDCD4, including
miR-21 and miR-23, have been tested in clinical trials via
liposomes or other strategies for the treatment of inflammatory
diseases and cancer (92). For example, treatment with anti-
miR-21 oligonucleotides reduced breast cancer MCF-7 xenograft
growth (93); therefore, PDCD4 might also be a new therapeutic
target for cancer. However, based on the dual role of the
ncRNA/PDCD4 pathway in tumor and inflammatory diseases,
research on anticancer interventions must ensure that targeting
ncRNA/PDCD4 would not render the side effects that induce
an inflammatory response, such as endothelial inflammatory
damage through the NF-kB/TNF-a signaling pathway (1). Since
certain elevated levels of miRNAs and IncRNAs may also
contribute to cancer promotion, more consideration should
be taken in targeting of the ncRNA/PDCD4 pathway during
the treatment of inflammatory diseases. Further dissection of
ncRNAs in the PDCD4 pathway at the molecular and cellular

REFERENCES

1. Zhang YH, He K, Shi G. Effects of MicroRNA-499 on the inflammatory
damage of endothelial cells during coronary artery disease via the targeting
of PDCD4 through the NF-Kappabeta/TNF-alpha signaling pathway. Cell
Physiol Biochem. (2017) 44:110-24. doi: 10.1159/000484588

2. Yang Z, Tang Y, Zhao Q, Lu H, Xu G. Down-regulation of microRNA-
23b aggravates LPS-induced inflammatory injury in chondrogenic ATDC5
cells by targeting PDCD4. Iranian ] Basic Med Sci. (2018) 21:529-35.
doi: 10.22038/IJBMS.2018.25856.6364

3. Wang L, Jiang Y, Song X, Guo C, Zhu F Wang X, et al. Pdcd4
deficiency enhances macrophage lipoautophagy and attenuates foam cell
formation and atherosclerosis in mice. Cell Death Dis. (2016) 7:€2055.
doi: 10.1038/cddis.2015.416

4. Chen Z, Yuan YC, Wang Y, Liu Z, Chan HJ, Chen S. Down-regulation of
programmed cell death 4 (PDCD4) is associated with aromatase inhibitor
resistance and a poor prognosis in estrogen receptor-positive breast cancer.
Breast Cancer Res Treat. (2015) 152:29-39. doi: 10.1007/s10549-015-3446-8

5. Wei ZT, Zhang X, Wang XY, Gao E, Zhou CJ, Zhu FL, et al. PDCD4 inhibits the
malignant phenotype of ovarian cancer cells. Cancer Sci. (2009) 100:1408-13.
doi: 10.1111/j.1349-7006.2009.01210.x

6. Zhang H, Ozaki I, Mizuta T, Hamajima H, Yasutake T, Eguchi Y, et al
Involvement of programmed cell death 4 in transforming growth factor-
betal-induced apoptosis in human hepatocellular carcinoma. Oncogene.
(2006) 25:6101-12. doi: 10.1038/sj.0nc.1209634

7. Reis PP, Tomenson M, Cervigne NK, Machado J, Jurisica I,
Pintilie M, et al. Programmed cell death 4 loss increases tumor
cell invasion and is regulated by miR-21 in oral squamous cell
carcinoma. Mol Cancer. (2010) 9:238. doi: 10.1186/1476-4598-
9-238

8. Jansen AP, Camalier CE, Stark C, Colburn NH. Characterization of
programmed cell death 4 in multiple human cancers reveals a novel enhancer
of drug sensitivity. Mol Cancer Ther. (2004) 3:103-10.

9. Jia LE Wei SB, Gan YH, Guo Y, Gong K, Mitchelson K, et al. Expression,
regulation and roles of miR-26a and MEG3 in tongue squamous cell
carcinoma. Int ] Cancer. (2014) 135:2282-93. doi: 10.1002/ijc.28667

levels will provide insights into the underlying mechanisms
of PDCD4 in tumor suppression and devise novel avenues
in drug development against cancer and other PDCD4-
associated diseases.

AUTHOR CONTRIBUTIONS

MZ,NZ,FH, YS, ZW, YN, and LD collected the related paper and
drafted the manuscript. MZ, NZ, ZW, YN, and LD participated
in the design of the review and draft the manuscript. All authors
read and approved the final manuscript.

FUNDING

This study was supported by National Natural Science
Foundation of China (Nos. 81902754 to LD, 81702680 to YS, and
81772880 to YN). China Postdoctoral Science Foundation (No.
2019M651789 to LD). Nanjing Medical Science and Technology
Development Foundation, Nanjing Department of Health
(Nos. YKK17138 to YS and ZKX17032 to ZW). Jiangsu Key
Research & Development Program (No. BE2018618 to ZW).
Fundamental Research Funds for the Central Universities (No.
021014380117 to LD).

10. Wang Y, Liu Z, Shen J]. MicroRNA-421-targeted PDCD4 regulates
breast cancer cell proliferation. Int ] Mol Med. (2018) 43:267-75.
doi: 10.3892/ijmm.2018.3932

11. Li Y, Wang X, Wang X, Wan L, Liu Y, Shi Y, et al. PDCD4 suppresses
proliferation, migration, and invasion of endometrial cells by inhibiting
autophagy and NF-kappaB/MMP2/MMP9 signal pathway. Biol Reprod.
(2018) 99:360-72. doi: 10.1093/biolre/ioy052

12. Zhen Y, Fang W, Zhao M, Luo R, Liu Y, Fu Q, et al. miR-374a-CCND1-
pPI3K/AKT-c-JUN feedback loop modulated by PDCD4 suppresses cell
growth, metastasis, and sensitizes nasopharyngeal carcinoma to cisplatin.
Oncogene. (2017) 36:275-85. doi: 10.1038/0n¢.2016.201

13. Jiang LP, He CY, Zhu ZT. Role of microRNA-21 in radiosensitivity in non-
small cell lung cancer cells by targeting PDCD4 gene. Oncotarget. (2017)
8:23675-89. doi: 10.18632/oncotarget.15644

14. Soejima H, Miyoshi O, Yoshinaga H, Masaki Z, Ozaki I, Kajiwara S, et al.
Assignment of the programmed cell death 4 gene (PDCD4) to human
chromosome band 10q24 by in situ hybridization. Cytogenet Cell Genet. (1999)
87:113-4. doi: 10.1159/000015408

15. Lankat-Buttgereit B, Goke R. Programmed cell death protein 4 (pdcd4):
a novel target for antineoplastic therapy? Biol Cell. (2003) 95:515-9.
doi: 10.1016/j.biolcel.2003.09.003

16. Goke A, Goke R, Knolle A, Trusheim H, Schmidt H, Wilmen A,
et al. DUG is a novel homologue of translation initiation factor 4G
that binds eIF4A. Biochem Biophys Res Commun. (2002) 297:78-82.
doi: 10.1016/S0006-291X(02)02129-0

17. Zakowicz H, Yang HS, Stark C, Wlodawer A, Laronde-Leblanc N,
Colburn NH. Mutational analysis of the DEAD-box RNA helicase eIF4AII
characterizes its interaction with transformation suppressor Pdcd4 and
eIF4GI. RNA. (2005) 11:261-74. doi: 10.1261/rna.7191905

18. Lu WT, Wilczynska A, Smith E, Bushell M. The diverse roles of the e[F4A
family: you are the company you keep. Biochem Soc Trans. (2014) 42:166-72.
doi: 10.1042/BST20130161

19. Bohm M, Sawicka K, Siebrasse JP, Brehmer-Fastnacht A, Peters R,
Klempnauer KH. The transformation suppressor protein Pdcd4 shuttles
between nucleus and cytoplasm and binds RNA. Oncogene. (2003) 22:4905-
10. doi: 10.1038/sj.0nc.1206710

Frontiers in Oncology | www.frontiersin.org

September 2019 | Volume 9 | Article 919


https://doi.org/10.1159/000484588
https://doi.org/10.22038/IJBMS.2018.25856.6364
https://doi.org/10.1038/cddis.2015.416
https://doi.org/10.1007/s10549-015-3446-8
https://doi.org/10.1111/j.1349-7006.2009.01210.x
https://doi.org/10.1038/sj.onc.1209634
https://doi.org/10.1186/1476-4598-9-238
https://doi.org/10.1002/ijc.28667
https://doi.org/10.3892/ijmm.2018.3932
https://doi.org/10.1093/biolre/ioy052
https://doi.org/10.1038/onc.2016.201
https://doi.org/10.18632/oncotarget.15644
https://doi.org/10.1159/000015408
https://doi.org/10.1016/j.biolcel.2003.09.003
https://doi.org/10.1016/S0006-291X(02)02129-0
https://doi.org/10.1261/rna.7191905
https://doi.org/10.1042/BST20130161
https://doi.org/10.1038/sj.onc.1206710
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Zhao et al.

NcRNAs Regulate PDCD4 Expression

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Palamarchuk A, Efanov A, Maximov V, Aqeilan RI, Croce CM, Pekarsky Y.
Akt phosphorylates and regulates Pdcd4 tumor suppressor protein. Cancer
Res. (2005) 65:11282-6. doi: 10.1158/0008-5472.CAN-05-3469

Dorrello NV, Peschiaroli A, Guardavaccaro D, Colburn NH, Sherman
NE, Pagano M. S6K1- and betaTRCP-mediated degradation of PDCD4
promotes protein translation and cell growth. Science. (2006) 314:467-71.
doi: 10.1126/science.1130276

Wedeken L, Ohnheiser J, Hirschi B, Wethkamp N, Klempnauer KH.
Association of tumor suppressor protein Pdcd4 with ribosomes is mediated by
protein-protein and protein-RNA interactions. Genes Cancer. (2010) 1:293-
301. doi: 10.1177/1947601910364227

Yang HS, Knies JL, Stark C, Colburn NH. Pdcd4 suppresses tumor phenotype
in JB6 cells by inhibiting AP-1 transactivation. Oncogene. (2003) 22:3712-20.
doi: 10.1038/sj.0nc.1206433

Wang Q, Zhang Y, Yang HS. Pdcd4 knockdown up-regulates
MAP4K1 expression and activation of AP-1 dependent transcription
through  c¢-Myc.  Biochim  Biophys — Acta. (2012)  1823:1807-14.
doi: 10.1016/j.bbamcr.2012.07.004

Wang Q, Sun ZX, Allgayer H, Yang HS. Downregulation of E-cadherin is
an essential event in activating beta-catenin/Tcf-dependent transcription and
expression of its target genes in Pdcd4 knockdown cells. Oncogene. (2010)
29:128-38. doi: 10.1038/0n¢.2009.302

Kariko K, Kuo A, Boyd D, Okada SS, Cines DB, Barnathan ES. Overexpression
of urokinase receptor increases matrix invasion without altering cell migration
in a human osteosarcoma cell line. Cancer Res. (1993) 53:3109-17.

Cano A, Perez-Moreno MA, Rodrigo I, Locascio A, Blanco M]J, del Barrio
MG, et al. The transcription factor snail controls epithelial-mesenchymal
transitions by repressing E-cadherin expression. Nat Cell Biol. (2000) 2:76-83.
doi: 10.1038/35000025

Wang Q, Zhu J, Wang YW, Dai Y, Wang YL, Wang C, et al. Tumor suppressor
Pdcd4 attenuates Sinl translation to inhibit invasion in colon carcinoma.
Oncogene. (2017) 36:6225-34. doi: 10.1038/0nc.2017.228

Gaubitz C, Prouteau M, Kusmider B, Loewith R. TORC2
structure and function. Trends (2016)  41:532-45.
doi: 10.1016/j.tibs.2016.04.001

Lankat-Buttgereit B, Gregel C, Knolle A, Hasilik A, Arnold R, Goke R. Pdcd4
inhibits growth of tumor cells by suppression of carbonic anhydrase type IIL.
Mol Cell Endocrinol. (2004) 214:149-53. doi: 10.1016/j.mce.2003.10.058
Goke R, Barth P, Schmidt A, Samans B, Lankat-Buttgereit B. Programmed cell
death protein 4 suppresses CDK1/cdc2 via induction of p21(Wafl/Cipl). Am
J Physiol Cell Physiol. (2004) 287:C1541-6. doi: 10.1152/ajpcell.00025.2004
Panda AC, Abdelmohsen K, Gorospe M. SASP regulation by noncoding RNA.
Mech Ageing Dev. (2017) 168:37-43. doi: 10.1016/j.mad.2017.05.004

Qu S, Zeng C, Wang WE. Noncoding RNA and cardiomyocyte proliferation.
Stem Cells Int. (2017) 2017:6825427. doi: 10.1155/2017/6825427

Ding L, Ren J, Zhang D, Li Y, Huang X, Hu Q, et al. A novel stromal
IncRNA signature reprograms fibroblasts to promote the growth of oral
squamous cell carcinoma via LncRNA-CAF/interleukin-33. Carcinogenesis.
(2018) 39:397-406. doi: 10.1093/carcin/bgy006

Ding L, Ren J, Zhang D, Li Y, Huang X, Ji J, et al. The TLR3 agonist
inhibit drug efflux and sequentially consolidates low-dose cisplatin-based
chemoimmunotherapy while reducing side effects. Mol Cancer Ther. (2017)
16:1068-79. doi: 10.1158/1535-7163.MCT-16-0454

Liang D, Xiao-Feng H, Guan-Jun D, Er-Ling H, Sheng C, Ting-Ting W,
et al. Activated STING enhances Tregs infiltration in the HPV-related
carcinogenesis of tongue squamous cells via the c-jun/CCL22 signal. Biochim
Biophys Acta. (2015) 1852:2494-503. doi: 10.1016/j.bbadis.2015.08.011

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell.
(2009) 136:215-33. doi: 10.1016/j.cell.2009.01.002

Sun W, Yang Y, Xu C, Guo J. Regulatory mechanisms of long noncoding
RNAs on gene expression in cancers. Cancer Genet. (2017) 216-217:105-10.
doi: 10.1016/j.cancergen.2017.06.003

Shuang Y, Zhou X, Li C, Huang Y, Zhang L. MicroRNA503 serves
an oncogenic role in laryngeal squamous cell carcinoma via targeting
programmed cell death protein 4. Mol Med Rep. (2017) 16:5249-56.
doi: 10.3892/mmr.2017.7278

Li JZ, Gao W, Lei WB, Zhao J, Chan JY, Wei WI, et al. MicroRNA 744-
3p promotes MMP-9-mediated metastasis by simultaneously suppressing

Biochem  Sci.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

PDCD4 and PTEN in laryngeal squamous cell carcinoma. Oncotarget. (2016)
7:58218-33. doi: 10.18632/oncotarget.11280

Hu X, Wang Y, Liang H, Fan Q, Zhu R, Cui J, et al. miR-23a/b promote tumor
growth and suppress apoptosis by targeting PDCD4 in gastric cancer. Cell
Death Dis. (2017) 8:e3059. doi: 10.1038/cddis.2017.447

Yin K, Liu M, Zhang M, Wang F, Fen M, Liu Z, et al. miR-208a-3p suppresses
cell apoptosis by targeting PDCD4 in gastric cancer. Oncotarget. (2016)
7:67321-32. doi: 10.18632/oncotarget.12006

Liang H, Wang F, Chu D, Zhang W, Liao Z, Fu Z, et al. miR-93 functions as
an oncomiR for the downregulation of PDCD4 in gastric carcinoma. Sci Rep.
(2016) 6:23772. doi: 10.1038/srep23772

Fawzy MS, Toraih EA, Ibrahiem A, Abdeldayem H, Mohamed AO,
Abdel-Daim  MM. Evaluation of miRNA-196a2 and apoptosis-related
target genes: ANXAIl, DFFA and PDCD4 expression in gastrointestinal
cancer patients: a pilot study. PLoS ONE. (2017) 12:e0187310.
doi: 10.1371/journal.pone.0187310

Zhao ], Cao J, Zhou L, Du Y, Zhang X, Yang B, et al. MiR-1260b
inhibitor enhances the chemosensitivity of colorectal cancer cells to
fluorouracil by targeting PDCD4/IGF1. Oncol Lett. (2018) 16:5131-9.
doi: 10.3892/01.2018.9307

Liu Y, Uzair Ur R, Guo Y, Liang H, Cheng R, Yang F, et al. miR-181b functions
as an oncomiR in colorectal cancer by targeting PDCD4. Protein Cell. (2016)
7:722-34. doi: 10.1007/s13238-016-0313-2

Zhang Z, Wang J, Li J, Wang X, Song W. MicroRNA-150 promotes
cell proliferation, migration, and invasion of cervical cancer
through targeting PDCD4. Biomed Pharmacother. (2018) 97:511-7.
doi: 10.1016/j.biopha.2017.09.143

Cheng Y, Xiang G, Meng Y, Dong R. MiRNA-183-5p promotes cell
proliferation and inhibits apoptosis in human breast cancer by targeting the
PDCD4. Reprod Biol. (2016) 16:225-33. doi: 10.1016/j.repbio.2016.07.002
Yin Y, Zhao B, Li D, Yin G. Long non-coding RNA CASC15 promotes
melanoma progression by epigenetically regulating PDCDA4. Cell Biosci. (2018)
8:42. doi: 10.1186/s13578-018-0240-4

Wan J, Yang J, Huang Y, Deng L. MicroRNA-150 inhibitors enhance cell
apoptosis of melanoma by targeting PDCD4. Oncol Lett. (2018) 15:1475-82.
doi: 10.3892/01.2017.7445

Sun Y, Wang F, Wang L, Jiao Z, Fang J, Li J. MicroRNA-433 regulates
apoptosis by targeting PDCD4 in human osteosarcoma cells. Oncol Lett.
(2017) 14:2353-8. doi: 10.3892/01.2017.6441

Liu E Song D, Wu Y, Liu X, Zhu J, Tang Y. MiR-155 inhibits proliferation and
invasion by directly targeting PDCD4 in non-small cell lung cancer. Thoracic
Cancer. (2017) 8:613-9. doi: 10.1111/1759-7714.12492

Huang H, Wang X, Wang C, Zhuo L, Luo S, Han S. The miR-93 promotes
proliferation by directly targeting PDCD4 in hepatocellular carcinoma.
Neoplasma. (2017) 64:770-7. doi: 10.4149/neo_2017_516

Guo P, Yu Y, Li H, Zhang D, Gong A, Li S, et al. TGF-al-induced miR-503
controls cell growth and apoptosis by targeting PDCD4 in glioblastoma cells.
Sci Rep. (2017) 7:11569. doi: 10.1038/s41598-017-11885-8

Zhang R, Xia T. Long non-coding RNA XIST regulates PDCD4 expression
by interacting with miR-21-5p and inhibits osteosarcoma cell growth and
metastasis. Int ] Oncol. (2017) 51:1460-70. doi: 10.3892/ij0.2017.4127

Ye Y, Yang S, Han Y, Sun J, Xv L, Wu L, et al. Linc00472 suppresses
proliferation and promotes apoptosis through elevating PDCD4 expression
by sponging miR-196a in colorectal cancer. Aging. (2018) 10:1523-33.
doi: 10.18632/aging.101488

Xu C, Guo Y, Liu H, Chen G, Yan Y, Liu T. TUGI confers cisplatin resistance
in esophageal squamous cell carcinoma by epigenetically suppressing PDCD4
expression via EZH2. Cell Biosci. (2018) 8:61. doi: 10.1186/s13578-018-
0260-0

Wu Y, Hu L, Liang Y, Li ], Wang K, Chen X, et al. Up-regulation of IncRNA
CASC9 promotes esophageal squamous cell carcinoma growth by negatively
regulating PDCD4 expression through EZH2. Mol Cancer. (2017) 16:150.
doi: 10.1186/512943-017-0715-7

Chen Y, Bian Y, Zhao S, Kong E Li X. Suppression of PDCD4 mediated by
the long non-coding RNA HOTAIR inhibits the proliferation and invasion of
glioma cells. Oncol Lett. (2016) 12:5170-6. doi: 10.3892/01.2016.5323

Zhao MY, Wang LM, Liu ], Huang X, Liu J, Zhang YF. MiR-

21 suppresses anoikis through targeting PDCD4 and PTEN in

Frontiers in Oncology | www.frontiersin.org

September 2019 | Volume 9 | Article 919


https://doi.org/10.1158/0008-5472.CAN-05-3469
https://doi.org/10.1126/science.1130276
https://doi.org/10.1177/1947601910364227
https://doi.org/10.1038/sj.onc.1206433
https://doi.org/10.1016/j.bbamcr.2012.07.004
https://doi.org/10.1038/onc.2009.302
https://doi.org/10.1038/35000025
https://doi.org/10.1038/onc.2017.228
https://doi.org/10.1016/j.tibs.2016.04.001
https://doi.org/10.1016/j.mce.2003.10.058
https://doi.org/10.1152/ajpcell.00025.2004
https://doi.org/10.1016/j.mad.2017.05.004
https://doi.org/10.1155/2017/6825427
https://doi.org/10.1093/carcin/bgy006
https://doi.org/10.1158/1535-7163.MCT-16-0454
https://doi.org/10.1016/j.bbadis.2015.08.011
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.cancergen.2017.06.003
https://doi.org/10.3892/mmr.2017.7278
https://doi.org/10.18632/oncotarget.11280
https://doi.org/10.1038/cddis.2017.447
https://doi.org/10.18632/oncotarget.12006
https://doi.org/10.1038/srep23772
https://doi.org/10.1371/journal.pone.0187310
https://doi.org/10.3892/ol.2018.9307
https://doi.org/10.1007/s13238-016-0313-2
https://doi.org/10.1016/j.biopha.2017.09.143
https://doi.org/10.1016/j.repbio.2016.07.002
https://doi.org/10.1186/s13578-018-0240-4
https://doi.org/10.3892/ol.2017.7445
https://doi.org/10.3892/ol.2017.6441
https://doi.org/10.1111/1759-7714.12492
https://doi.org/10.4149/neo_2017_516
https://doi.org/10.1038/s41598-017-11885-8
https://doi.org/10.3892/ijo.2017.4127
https://doi.org/10.18632/aging.101488
https://doi.org/10.1186/s13578-018-0260-0
https://doi.org/10.1186/s12943-017-0715-7
https://doi.org/10.3892/ol.2016.5323
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Zhao et al.

NcRNAs Regulate PDCD4 Expression

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

human esophageal adenocarcinoma. Curr Med Sci. (2018) 38:245-51.
doi: 10.1007/s11596-018-1872-7

Dweep H, Sticht C, Pandey P, Gretz N. miRWalk-database: prediction of
possible miRNA binding sites by “walking” the genes of three genomes. |
Biomed Informatics. (2011) 44:839-47. doi: 10.1016/j.jbi.2011.05.002

Ge Y, Zhang L, Nikolova M, Reva B, Fuchs E. Strand-specific in vivo screen of
cancer-associated miRNAs unveils a role for miR-21(*) in SCC progression.
Nat Cell Biol. (2016) 18:111-21. doi: 10.1038/ncb3275

Zhang X, Gee H, Rose B, Lee CS, Clark J, Elliott M, et al. Regulation of
the tumour suppressor PDCD4 by miR-499 and miR-21 in oropharyngeal
cancers. BMC Cancer. (2016) 16:86. doi: 10.1186/s12885-016-2109-4

Jiang LH, Ge MH, Hou XX, Cao J, Hu SS, Lu XX, et al. miR-21
regulates tumor progression through the miR-21-PDCD4-Stat3 pathway in
human salivary adenoid cystic carcinoma. Lab Invest. (2015) 95:1398-408.
doi: 10.1038/labinvest.2015.105

Asangani IA, Rasheed SA, Nikolova DA, Leupold JH, Colburn NH, Post
S, et al. MicroRNA-21 (miR-21) post-transcriptionally downregulates tumor
suppressor Pdcd4 and stimulates invasion, intravasation and metastasis in
colorectal cancer. Oncogene. (2008) 27:2128-36. doi: 10.1038/sj.onc.1210856
Guo YB, Ji TE Zhou HW, Yu JL. Effects of microRNA-21 on nerve cell
regeneration and neural function recovery in diabetes mellitus combined
with cerebral infarction rats by targeting PDCD4. Mol Neurobiol. (2018)
55:2494-505. doi: 10.1007/s12035-017-0484-8

Allgayer H. Pdcd4, a colon cancer prognostic that is regulated
by a microRNA. Crit Rev Oncol Hematol. (2010) 73:185-91.
doi: 10.1016/j.critrevonc.2009.09.001

Ji C, Liu H, Yin Q, Li H, Gao H. miR-93 enhances hepatocellular carcinoma
invasion and metastasis by EMT via targeting PDCD4. Biotechnol Lett. (2017)
39:1621-9. doi: 10.1007/s10529-017-2403-5

Ma QQ, Huang JT, Xiong YG, Yang XY, Han R, Zhu WW. MicroRNA-
96 regulates apoptosis by targeting PDCD4 in human glioma cells. Technol
Cancer Res Treat. (2017) 16:92-8. doi: 10.1177/1533034616629260

Das A, Ganesh K, Khanna S, Sen CK, Roy S. Engulfment of
apoptotic cells by macrophages: a role of microRNA-21 in the
resolution of wound inflammation. J Immunol. (2014) 192:1120-9.
doi: 10.4049/jimmunol.1300613

SuW, LiZ JiaY, Zhu Y, Cai W, Wan P, et al. microRNA-21a-5p/PDCD4 axis
regulates mesenchymal stem cell-induced neuroprotection in acute glaucoma.
J Mol Cell Biol. (2017) 9:289-301. doi: 10.1093/jmcb/mjx022

Jiang Y, Zhao S, Ding Y, Nong L, Li H, Gao G, et al. MicroRNA21 promotes
neurite outgrowth by regulating PDCD4 in a rat model of spinal cord injury.
Mol Med Rep. (2017) 16:2522-8. doi: 10.3892/mmr.2017.6862

Liang X, Xu Z, Yuan M, Zhang Y, Zhao B, Wang J, et al. MicroRNA-
16 suppresses the activation of inflammatory macrophages in
atherosclerosis by targeting PDCD4. Int ] Mol Med. (2016) 37:967-75.
doi: 10.3892/ijmm.2016.2497

Zhu ], Yao K, Wang Q, Guo J, Shi H, Ma L, et al. Ischemic postconditioning-
regulated miR-499 protects the rat heart against ischemia/reperfusion injury
by inhibiting apoptosis through PDCD4. Cell Physiol Biochem. (2016)
39:2364-80. doi: 10.1159/000452506

Glusman G, Qin S, El-Gewely MR, Siegel AFE, Roach JC, Hood L,
et al. A third approach to gene prediction suggests thousands of
additional human transcribed regions. PLoS Comput Biol. (2006) 2:el8.
doi: 10.1371/journal.pcbi.0020018

Fang K, Liu P, Dong S, Guo Y, Cui X, Zhu X, et al. Magnetofection based on
superparamagnetic iron oxide nanoparticle-mediated low IncRNA HOTAIR
expression decreases the proliferation and invasion of glioma stem cells. Int J
Oncol. (2016) 49:509-18. doi: 10.3892/ij0.2016.3571

Thomson DW, Dinger ME. Endogenous microRNA sponges: evidence and
controversy. Nat Rev Genet. (2016) 17:272-83. doi: 10.1038/nrg.2016.20
Wang H, Li H, Zhang L, Yang D. Overexpression of MEG3
sensitizes colorectal cancer cells to oxaliplatin through regulation
of miR-141/PDCD4 axis. Biomed Pharmacother. (2018) 106:1607-15.
doi: 10.1016/j.biopha.2018.07.131

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Yan H, Rao J, Yuan ], Gao L, Huang W, Zhao L, et al. Long non-coding
RNA MEGS3 functions as a competing endogenous RNA to regulate ischemic
neuronal death by targeting miR-21/PDCD4 signaling pathway. Cell Death
Dis. (2017) 8:3211. doi: 10.1038/541419-017-0047-y

Hu L, Ye H, Huang G, Luo E, Liu Y, Liu Y, et al. Long noncoding RNA GAS5
suppresses the migration and invasion of hepatocellular carcinoma cells via
miR-21. Tumour Biol. (2016) 37:2691-702. doi: 10.1007/s13277-015-4111-x
Yao T, Lu R, Zhang J, Fang X, Fan L, Huang C, et al. Growth arrest-
specific 5 attenuates cisplatin-induced apoptosis in cervical cancer by
regulating STAT3 signaling via miR-21. J Cell Physiol. (2019) 234:9605-15.
doi: 10.1002/jcp.27647

Chen C, Zheng Q, Kang W, Yu C. Long non-coding RNA LINC00472
suppresses hepatocellular carcinoma cell proliferation, migration and invasion
through miR-93-5p/PDCD4 pathway. Clin Res Hepatol Gastroenterol. (2018)
43:436-45. doi: 10.1016/j.clinre.2018.11.008

Yong S, Yabin Y, Bing Z, Chuanrong Z, Dianhua G, Jianhuai Z, et al.
Reciprocal regulation of DGCR5 and miR-320a affects the cellular malignant
phenotype and 5-FU response in pancreatic ductal adenocarcinoma.
Oncotarget. (2017) 8:90868-78. doi: 10.18632/oncotarget.18377

Yang C, Wang G, Yang J, Wang L. Long noncoding RNA NBAT1 negatively
modulates growth and metastasis of osteosarcoma cells through suppression
of miR-21. Am J Cancer Res. (2017) 7:2009-19.

Rea D, Del Vecchio V, Palma G, Barbieri A, Falco M, Luciano A, et al. Mouse
models in prostate cancer translational research: from xenograft to PDX.
Biomed Res Int. (2016) 2016:9750795. doi: 10.1155/2016/9750795

Rea D, Coppola G, Palma G, Barbieri A, Luciano A, Del Prete P, et al.
Microbiota effects on cancer: from risks to therapies. Oncotarget. (2018)
9:17915-27. doi: 10.18632/oncotarget.24681

Wei X, Wang W, Wang L, Zhang Y, Zhang X, Chen M, et al
MicroRNA-21 induces 5-fluorouracil resistance in human pancreatic cancer
cells by regulating PTEN and PDCD4. Cancer Med. (2016) 5:693-702.
doi: 10.1002/cam4.626

Wen SW, Zhang YE Li Y, Xu YZ, Li ZH, Lu H, et al. Isoalantolactone inhibits
esophageal squamous cell carcinoma growth through downregulation of
microRNA-21 and derepression of PDCD4. Digest Dis Sci. (2018) 63:2285-93.
doi: 10.1007/510620-018-5119-z

Pratheeshkumar P, Son YO, Divya SP, Wang L, Turcios L, Roy RV,
et al. Quercetin inhibits Cr(VI)-induced malignant cell transformation by
targeting miR-21-PDCD4 signaling pathway. Oncotarget. (2017) 8:52118-31.
doi: 10.18632/oncotarget.10130

Mudduluru G, George-William JN, Muppala S, Asangani IA, Kumarswamy
R, Nelson LD, et al. Curcumin regulates miR-21 expression and inhibits
invasion and metastasis in colorectal cancer. Biosci. Rep. (2011) 31:185-97.
doi: 10.1042/BSR20100065

Yue B, Cai D, Liu C, Fang C, Yan D. Linc00152 functions as a competing
endogenous RNA to confer oxaliplatin resistance and holds prognostic values
in colon cancer. Mol Ther. (2016) 24:2064-77. doi: 10.1038/mt.2016.180
Krichevsky AM, Gabriely G. miR-21: a small multi-faceted RNA.
J Cell Mol Med. (2009) 13:39-53. doi: 10.1111/j.1582-4934.2008.
00556.x

Si ML, Zhu S, Wu H, Lu Z, Wu E Mo YY. miR-21-mediated tumor growth.
Oncogene. (2006) 26:2799-803. doi: 10.1038/sj.onc.1210083

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Zhao, Zhu, Hao, Song, Wang, Ni and Ding. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

September 2019 | Volume 9 | Article 919


https://doi.org/10.1007/s11596-018-1872-7
https://doi.org/10.1016/j.jbi.2011.05.002
https://doi.org/10.1038/ncb3275
https://doi.org/10.1186/s12885-016-2109-4
https://doi.org/10.1038/labinvest.2015.105
https://doi.org/10.1038/sj.onc.1210856
https://doi.org/10.1007/s12035-017-0484-8
https://doi.org/10.1016/j.critrevonc.2009.09.001
https://doi.org/10.1007/s10529-017-2403-5
https://doi.org/10.1177/1533034616629260
https://doi.org/10.4049/jimmunol.1300613
https://doi.org/10.1093/jmcb/mjx022
https://doi.org/10.3892/mmr.2017.6862
https://doi.org/10.3892/ijmm.2016.2497
https://doi.org/10.1159/000452506
https://doi.org/10.1371/journal.pcbi.0020018
https://doi.org/10.3892/ijo.2016.3571
https://doi.org/10.1038/nrg.2016.20
https://doi.org/10.1016/j.biopha.2018.07.131
https://doi.org/10.1038/s41419-017-0047-y
https://doi.org/10.1007/s13277-015-4111-x
https://doi.org/10.1002/jcp.27647
https://doi.org/10.1016/j.clinre.2018.11.008
https://doi.org/10.18632/oncotarget.18377
https://doi.org/10.1155/2016/9750795
https://doi.org/10.18632/oncotarget.24681
https://doi.org/10.1002/cam4.626
https://doi.org/10.1007/s10620-018-5119-z
https://doi.org/10.18632/oncotarget.10130
https://doi.org/10.1042/BSR20100065
https://doi.org/10.1038/mt.2016.180
https://doi.org/10.1111/j.1582-4934.2008.00556.x
https://doi.org/10.1038/sj.onc.1210083
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	The Regulatory Role of Non-coding RNAs on Programmed Cell Death Four in Inflammation and Cancer
	Introduction
	The Function and Structure of PDCD4

	Downstream Signals of PDCD4
	ncRNAs as Upstream Regulators of PDCD4
	miRNA-Regulated PDCD4 Promotes Tumor Progression
	miRNA-Mediated PDCD4 Downregulation Protects Against Inflammation
	lncRNAs Act as Oncogenes to Regulate PDCD4 by Epigenetic Modification
	lncRNAs Act as Tumor Suppressors to Regulate PDCD4 Through miRNA Sponging
	Targeting the ncRNA/PDCD4 Signaling Pathway: Therapeutic Applications
	Conclusions
	Discussion
	Author Contributions
	Funding
	References


