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Abstract: Metastasis is a multi-step phenomenon during cancer development leading to the propa-
gation of cancer cells to distant organ(s). According to estimations, metastasis results in over 90%
of cancer-associated death around the globe. Long non-coding RNAs (LncRNAs) are a group of
regulatory RNA molecules more than 200 base pairs in length. The main regulatory activity of
these molecules is the modulation of gene expression. They have been reported to affect different
stages of cancer development including proliferation, apoptosis, migration, invasion, and metastasis.
An increasing number of medical data reports indicate the probable function of LncRNAs in the
metastatic spread of different cancers. Phytochemical compounds, as the bioactive agents of plants,
show several health benefits with a variety of biological activities. Several phytochemicals have been
demonstrated to target LncRNAs to defeat cancer. This review article briefly describes the metastasis
steps, summarizes data on some well-established LncRNAs with a role in metastasis, and identifies
the phytochemicals with an ability to suppress cancer metastasis by targeting LncRNAs.

Keywords: long non-coding RNA; LncRNAs; phytochemical; cancer; metastasis; therapy

1. Introduction

Cancer metastasis is a multi-step process that results in the spread of cancer cells to
distant tissues and organs beyond the primary site [1]. This phenomenon is responsible
for more than 90% of cancer-related mortality in the world [2]. According to estimations,
about 50% of cancer patients already have clinically detectable metastases at the time of
initial diagnosis. However, metastasis is most often due to the recurrence of the disease
mainly after definitive treatment [3].

Long non-coding RNAs (LncRNAs) are members of the non-coding RNAs family
that are more than 200 base pairs in length. These molecules are transcribed from various
regions of the genome such as introns, exons, and intergenic connections. To date, nearly
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30,000 LncRNAs have been recognized in humans and mice, but the function of only some
of them has been recognized [4]. The main role of these RNA molecules is the regulation
of gene expression by acting on a variety of intracellular processes from transcription
to translation and interfering with signaling pathways [5]. As LncRNAs regulate gene
expression, they have critical effects on the proliferation, apoptosis, migration, invasion,
and metastasis of cancer cells [6]. A growing body of evidence suggests the potential
role of LncRNAs in different steps tumor metastasis, which is the critical stage in cancer
progression leading to decreased patient survival [7]. Therefore, targeting these novel and
important molecules in cancers may enable the development of treatment methods for
this disease.

Phytochemicals are natural bioactive ingredients of a variety of plants with beneficial
health effects beyond basic nutrition [8]. They exhibit a number of desirable biological
activities including anti-cancer, anti-inflammatory, anti-oxidant, and antimicrobial effects
in vitro and in vivo [9]. Phytochemicals exert anti-cancer effects through different mecha-
nisms. They induce cell death in cancer cells, target specific molecules in cellular pathways,
modulate oxidative stress, and prevent tumors angiogenesis, which hinders metastasis [10].
A variety of phytochemicals have been shown to inhibit the metastatic propagation of
cancer cells via several mechanisms. For example, curcumin is a polyphenol derived from
Curcuma longa with ability to hamper metastasis of cancer cells by inhibiting transcription
factors, cell adhesion molecules, cell surface markers, and epithelial-mesenchymal transi-
tion (EMT) [11]. As before mentioned, LncRNAs have a key role in the metastatic spread of
cancer cells [7]. Therefore, targeting these regulatory RNA molecules by phytochemicals is
of great importance in the treatment of cancer. This review paper summarizes the metas-
tasis process and the well-established LncRNAs involved in this process. It particularly
provides a list of phytochemicals that have been used to target LncRNAs for cancer therapy.

2. Metastasis and Its Compartments

Metastasis formation involves different steps that are summarized in Figure 1.
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to be ready for invasion and detachment from the primary tumor. This process is achieved 
by activating a number of cell signaling pathways that are triggered by the transforming 
growth factor (TGF-β), Wnt ligand, and tyrosine kinase receptors. Genetic alterations also 
support the activation of EMT-related transcription factors involved in the modulation of 
cell adhesion and polarity. The lncRNAs affect the expression of these transcription fac-
tors [13]. Post-transcriptional modifications and splicing also facilitate this process [14,15]. 
For example, loss of expression or downregulation of E-cadherin, a cell-cell adhesion pro-
tein, is associated with the recruitment and accumulation of circulating tumor cells (CTC) 
and their intravasation into the blood vessels [16]. Expression of E-cadherin is suppressed 
by the action of EMT-related factors such as Snail, Slug, Zeb1, and Zeb2, which bind to 
the promoter region of E-cadherin and lead to the formation of repressive chromatin struc-
ture [17]. Mesenchymal features of tumor cells are characterized by a bipolar structure 
with higher mobility, stemness, and invasiveness. Vimentin, epithelial cytokeratin 8, 
LC3B, alanine aminopeptidase, occludin, fibronectin, mastermind-like protein 1, myocar-
din-related transcription factors, some LncRNAs, and various signaling molecules are 
known to contribute to the EMT [18–24]. 
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secondary organ and start to proliferate to form a colony in the metastatic site.
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2.1. Invasion

The invasion of tumor cells occurs due to the loss of attachment and polarity, modifica-
tion of extracellular matrix (ECM), and alteration of migratory characteristics in these cells.
Before metastasis, tumor cells are located in the luminal space, which is different from the
stromal compartment [12]. The metastatic tumor cells undergo the EMT process to be ready
for invasion and detachment from the primary tumor. This process is achieved by activating
a number of cell signaling pathways that are triggered by the transforming growth factor
(TGF-β), Wnt ligand, and tyrosine kinase receptors. Genetic alterations also support the
activation of EMT-related transcription factors involved in the modulation of cell adhesion
and polarity. The lncRNAs affect the expression of these transcription factors [13]. Post-
transcriptional modifications and splicing also facilitate this process [14,15]. For example,
loss of expression or downregulation of E-cadherin, a cell-cell adhesion protein, is asso-
ciated with the recruitment and accumulation of circulating tumor cells (CTC) and their
intravasation into the blood vessels [16]. Expression of E-cadherin is suppressed by the
action of EMT-related factors such as Snail, Slug, Zeb1, and Zeb2, which bind to the pro-
moter region of E-cadherin and lead to the formation of repressive chromatin structure [17].
Mesenchymal features of tumor cells are characterized by a bipolar structure with higher
mobility, stemness, and invasiveness. Vimentin, epithelial cytokeratin 8, LC3B, alanine
aminopeptidase, occludin, fibronectin, mastermind-like protein 1, myocardin-related tran-
scription factors, some LncRNAs, and various signaling molecules are known to contribute
to the EMT [18–24].

2.2. Angiogenesis

Tumor angiogenesis differs from normal angiogenesis in terms of endothelial cell mito-
gens and chemo-attractants. Tumor neovascularization is characterized by the invasion of
the basement membrane toward the primary blood vessel resulting in vessel growth. With
the growth of the tumor, primary tumor cells go farther from the blood vessels, the process
that leads to hypoxia in the tumor tissue [25]. Hypoxia instigates the production of factors
such as vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF),
which promote angiogenesis. Production of some enzymes causes the degradation of the
basement membrane of the capillary followed by migration and subsequent proliferation of
epithelial cells. Overproduction of VEGF makes tumor vessels leaky and highly permeable
leading to increased fluidity in the tumor microenvironment and interstitial pressure [26].

2.3. Intravasation

Intravasation is a crucial step in tumor propagation in which tumor cells penetrate
vessel walls and enter circulation. This process leads to the dissemination of CTCs into
circulation and their movement toward the metastatic site. The entry of tumor cells into
lymph vessels is relatively easier than blood vessels because lymph vessels are devoid of
the endothelial junction [27]. Through intravasation, tumor cells break through a dense
ECM to enter the vessel [28]. Amoeboid intravasation is facilitated by the Rho/ROCK
signaling pathway that leads to the formation of blebs. The production of VEGF increases
the permeability of endothelial cells for tumor cells [29]. Furthermore, the tumor mi-
croenvironment of metastasis plays an important role in the recruitment of tumor cells
through chemotactic signals. It has been reported that the presence of CD68+ macrophages
and CD31+ endothelial cells in the vicinity of breast cancer cells instigates hematogenous
metastasis [30,31].

2.4. Tumor Cell in Circulation

Due to the loss of ECM adhesion, tumor cells encounter a great amount of stress
in circulation. Tumor cells need to survive in circulation in order to extravasate and
disseminate in a distant organ. These tumor cells form aggregates with blood cells in the
circulation; however, in smaller vessels like capillaries, aggregates are modified into chains
to allow the passage of the cluster. This helps tumor cells to overcome mechanical shear
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stress in the bloodstream [32,33]. The expression of mutated pannexin-1, a membrane
channel, supports mechanical stress and inhibits the apoptosis of CTCs [34].

Loss of adhesion to the ECM, in an integrin-dependent way, can trigger anoikis, which
is a programmed cell death induced by the detachment of metastatic cancer cell from the
ECM. The tumor cells have to develop anoikis resistance to survive in circulation [35].
To escape anoikis, the tumor cells tend to activate several cell signaling pathways by a
zinc-finger transcription factor, FAK, phosphatase and tensin homolog, tyrosine kinases,
insulin-like growth factor, and PI3K/Akt [36,37]. Furthermore, these cells escape from
immune cells in circulation by the secretion of immunoregulatory molecules that protects
them from natural killer cells [38]. Vascular cell adhesion molecule 1 (VCAM1) and vascular
adhesion protein 1 (VAP1) also recruit macrophages by expressing tissue factor, which
results in blood clotting and facilitates tumor cell survival [39].

2.5. Extravasation

Following successful survival in circulation, tumor cells extravasate to a secondary
organ. The process involves the adhesion of these cells to the endothelium of blood vessels,
alteration in the endothelial barrier to cross it, and migration into underlying tissue. This
can or cannot be preceded by the proliferation and differentiation of cancer cells in the
blood vessels. Disruption of the endothelial cell-to-cell barrier is an important step in
this process [40]. Tumor cells adhere to endothelium by producing several cell adhesion
molecules like cadherins, selectins, and integrins [41–43]. Ligand-receptor interaction
may also contribute to transendothelial migration. Homophilic interactions have been
also reported to facilitate extravasation. Jouve et al. showed that expression of CD146
in melanoma and endothelial cells supports metastasis into the lungs, through increased
production of VEGF-2 [44]. Hemodynamic shear stress increases the production of reactive
oxidation species and extracellular signal-regulated kinases that promote the migration of
tumor cells [45].

2.6. Colonization

After detachment from the primary tumor, metastatic cancer cells infiltrate and col-
onize different organs. The gap between infiltration and colonization is latency. The
prolonged period of latency implies greater malignant evolution of disseminated tumor
cells and/or their microenvironment before colonization [1]. When metastasis is fast, like
in lung cancer and pancreatic adenocarcinoma, there is a little-to-no capacity for metastatic
cells to evolve. Common organs for cancer cell colonization are the liver, brain, bone
marrow, and lungs due to circulation patterns [1]. This organotropic feature of cancer cells
is favored by the upregulation of cell adhesion molecules such as metadherin that can
specifically bind to the pulmonary vasculature to help the CTC to enter the lung tissue [46].
Furthermore, sinusoids in the capillaries of bone marrow have fenestrated endothelia for
the passage of blood cells. These structures allow the CTC to enter bone marrow [47]. It
has been shown that the transcription factor SNAI2 in glioma gives the tumor cells an
ability to metastasize into multi-organs [48]. Once metastatic tumor cells reach the target
organ, they undergo a process called mesenchymal-to-endothelial transition (MET) for the
localization and proliferation in the metastatic organ. Loss of mesenchymal phenotype
gives macrometastatic colonies a capacity to overcome growth arrest during the EMT
process. Several genes are known to be involved in the formation of metastatic colonies. For
example, an inhibitor of DNA-binding (Id) renders tumor cells self-renewable properties
and induces MET and pulmonary colonization in breast cancer cells [49]. Inhibition of the
Paired Related Homeobox 1 (Prrx1) gene is also important for tumor cells to obtain stem
cell characteristics and metastatic colonization [50].

3. The LncRNAs Involved in Metastasis

Figure 2 shows different LncRNA molecules that are implicated in the invasion,
migration, and metastasis processes of a variety of cancers.
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3.1. ANRIL

The ANRIL LncRNA was first reported in melanoma with a 403 kb deletion at the
CDKN2A/B locus (9p21.3) [51]. Due to its important location, near CDKN2A/B, it has been
numerously studied for the inheritance of several diseases. Tumor suppressor proteins,
including p15, p16, and cyclin-dependent kinase, are encoded by CDKN2A and CDKN2B.
These loci are silenced in nearly 40% of human cancers where ANRIL mediates oncogenic
effects such as cell proliferation, adhesion, and metastasis. Increased expression of ANRIL
is also associated with chemoresistance [52].

Hua et al. reported that high expression of ANRIL in human hepatocellular carcinoma
(HCC) tissue is positively associated with histologic grade, cell proliferation, and poor sur-
vival rate [53]. Down-regulated ANRIL has an opposite effect and increases radiosensitivity
and expression of miR-125a in nasopharyngeal carcinoma cells [54]. A recent study has
shown that an increased expression of ANRIL in multiple myeloma inhibits bortezomib-
induced apoptosis via PTEN promoter [55]. The lack of data on the role of ANRIL in
metastatic characteristics of tumors urges more investigations to unravel its effects on this
cancer hallmark.

3.2. CASC2

The LncRNA cancer susceptibility candidate 2 (CASC2) is a novel tumor suppressor
with the ability to hamper invasion, migration, and metastasis in HCC cells by suppressing
EMT [56]. In pancreatic cancer, CASC2 is involved in the suppression of invasion and
metastasis by upregulating PTEN and downregulating miR-21 [57]. In breast cancer, CASC2
suppresses cell proliferation and metastasis by targeting two different mechanisms, which
involve the TGF-β signaling and miR-96-5p/synoviolin pathways [58,59]. Under-expression
of CASC2 is correlated with the serous histological subtype, lymph node metastasis, poor
histological grade, and large tumor size in ovarian cancer samples [60]. The LncRNA
CASC2 acts as a tumor suppressor in esophageal squamous cell carcinoma by inhibiting
proliferation, migration, and invasion in these cancer cells [61]. The role of CASC2 as a
tumor suppressor has also been established in several cancer types, including thyroid
cancer, lung cancer, bladder cancer, osteosarcoma, and oral squamous cell carcinoma by
suppressing the proliferation and metastasis [62–65].
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3.3. GAS5

Growth arrest-specific 5 (GAS5) is a LncRNA with the ability to induce cell death
by binding glucocorticoid receptors. In colorectal cancer cells, it binds YAP and YTH N6-
Methyladenosine RNA Binding Protein 3 (YTHDF3) to inhibit cancer progression [66]. The
GAS5 promotes apoptosis in triple-negative breast cancer, which is highly metastatic breast
cancer, by binding miR-378a [67]. This LncRNA also has anti-invasive effects on ovarian
cancer by suppressing miR-96-5p and promoting the PTEN/mTOR signaling pathway [68].
In melanoma cancer cells, GAS5 inhibits metastasis by reducing the expression of MMP-7
and 9, which are two important markers of cancer metastasis [69]. It also prohibits EMT
in osteosarcoma cancer [70]. In a recent study, Xu et al. reported that reduced expression
levels of GAS5 in papillary thyroid carcinoma decreased tumor cell growth, migration, and
lymph node metastasis of cancer cells via the IFNγ/STAT1 signaling pathway [71].

3.4. HOTAIR

The HOX antisense intergenic RNA (HOTAIR) is a LncRNA that is transcribed from
the antisense strand of HOX gene cluster with the ability to bind the chromatin modification
complex. It regulates gene expression in a trans-regulatory fashion. Through enhancer of
zeste homolog 2 (EZH2), lysine-specific histone demethylase 1A (LSD1), and polycomb
repressive complex 2 (PRC2), HOTAIR silences gene expression and histone methylation.
Its positive role in the promotion of metastasis, invasion, and tumor cell proliferation by
epigenetic regulation of several metastatic genes and protein products has been extensively
studied [72,73]. The HOTAIR is also upregulated in cancer-associated fibroblast (CAF)
due to increased secretion of TGF-β1 [74]. The CAFs play an important role in metastasis,
invasion, and drug resistance of different cancers [74].

The HOTAIR also suppresses miR-122 expression which instigates activation of cyclin
G1 and subsequent cancerous response in HCC [75]. A decrease in the expression of
miR-122 is associated with the progression of HCC by targeting several genes involved in
EMT and angiogenesis. These genes include cyclin G1, insulin-like growth factor-1, WNT1,
pyruvate kinase M2, and A disintegrin and metalloprotease 10 (ADAM10) [76,77]. Drug
resistance in HCC, which is characterized by the overexpression of TGF-β1, p glycoprotein,
and breast cancer resistance protein, is associated with upregulation of HOTAIR. This is
also associated with the promotion of metastasis in HCC cells [78].

A study by Yang et al. showed that HOTAIR mediates SNAP23 phosphorylation,
activation of mammalian target of rapamycin (mTOR) signaling cascade, and secretion of
exosomes in HCC [79]. Exosomes contain various mRNA, miRNA, LncRNA, and some
other non-coding RNAs. Tumor cells use exosomes to help the spread and progression of
the tumor [79]. The Collagen alpha-1(V) chain gene is upregulated during gastric cancer
progression and immune infiltration. These are mediated by HOATIR overexpression and
subsequent downregulation of miR-1277-5p [80]. Metastasis of squamous cell carcinoma
is also supported by the upregulation of HOTAIR, which induces tumor invasion and
stimulates EMT [81]. A recent study suggested that the knockdown of HOTAIR decreases
angiogenesis, proliferation, and migration of renal carcinoma. The HOTAIR competi-
tively binds miR-126 and regulates the expression of epidermal growth factor-like domain
multiple 7 (EGFLD7) and metastasis in these cells [82].

3.5. HOTTIP

The HOXA Distal Transcript Antisense RNA (HOTTIP) is a LncRNA located at the 5′

end of HOXA gene cluster with the ability to facilitate the transcription of these genes upon
recruitment of WD repeat domain 5/ mixed lineage leukemia (WDR5/MLL). Activation of
the HOXA13 gene promotes tumorigenesis in the tissue by downregulating miR-30b [83,84].
Renal cancer is marked with increased expression of HOTTIP, which also is an indicator of
poor prognoses such as metastasis, increased tumor size, vascular invasion, and reduced
overall survival rate [85]. Furthermore, HOTTIP upregulates insulin-like growth factor-
2 (IGF-2), which has a role in tumor progression [85]. In pancreatic cancer, HOTTIP is
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also upregulated and imposes tumorigenic effects by the promotion of cancer growth,
proliferation, migration, and metastasis [86]. The HOXA9 binds WDR5 and activates the
Wnt/β-catenin pathway, which promotes cancer cell progression and the EMT process
in pancreatic cancer cells. Stemness of pancreatic cancer cells is regulated by increased
expression of HOTTIP, as a result of the production of stem cell factors such as NANOG,
OCT4, and SOX2 [87]. The HOTTIP increases the resistance of pancreatic cancer cells to
cisplatin by inhibiting miR-137, which increases the resistance of pancreatic cancer cells to
cisplatin. Silencing of HOTTIP in these cells induces apoptosis and suppresses the growth
and metastasis of pancreas tumor [88].

3.6. H19

The H19 LncRNA, located on chromosome 11p15.5, is expressed in fetal and adult
periods and is associated with the differentiation of skeletal muscle cells. Its expression is
upregulated in hypoxic stress through the p53/HIF1-α signaling pathway. Furthermore,
several oncogenes like ZEB1, HER2, CALN1, MYC, and STAT3/EZH2/Catenin are upreg-
ulated with the expression of H19 LncRNA [89]. It also increases cell viability, motility,
growth, migration, invasion, metastasis, EMT, autophagy, cell cycle progression, colony for-
mation, and glucose metabolism [90,91]. It promotes the development of cancer-mediated
chronic infection in HCC [92], contributes to EMT in papillary thyroid carcinoma [93], and
increases estrogen-mediated cell survival and proliferation in breast cancer [94].

3.7. LINC01121

Long intergenic noncoding RNA 01121 (LINC01121) is expressed LncRNA with the
ability to act as upstream regulator of SIX Homeobox 2 (SIX2) gene [95]. The LINC01121
is substantially overexpressed in breast cancer cell lines compared with healthy breast
epithelial cells [96]. Downregulation of LINC01121 in breast tumors is associated with the
inhibition of cell proliferation, cell cycle progression, migration, and invasion in breast
cancer cells [96]. High-mobility group protein 2 (HMGA2) is a target gene of miR-150-5p
and is significantly overexpressed in breast tumors [97]. This gene encodes a protein with
the ability to enhance the proliferation and metastasis of breast cancer cells. The miR-150-5p
contributes to the suppression of triple-negative breast cancer metastasis through imped-
ing HMGA2 expression [98]. Further studies revealed that LINC01121 could indirectly
upregulate HMGA2 protein expression through the interaction with miR-150-5p [96].

3.8. MALAT1

Metastasis associated with lung adenocarcinoma transcript 1 (MALAT1), as the name
indicates, was primarily known for its role in the survival rate of patients with non-small-
cell lung cancer [99]. It is an excellent predictor of tumor invasion and progression [100].
This LncRNA is highly expressed in various cancer types and exerts its tumorigenic
effects by blocking the PI3K/Akt pathway and increasing matrix metalloproteinase-9
(MMP-9) [101,102]. Moreover, in neuroblastoma and retinoblastoma cells, upregulation of
MALAT1 activates mitogen-activated protein kinase (MAPK) along with the peroxisome
proliferator-activated receptor (PPAR), P53-dependent signaling, and the Wnt/β-catenin
pathway [103]. This is mediated by increased expression of miR-124 and subsequent activa-
tion of the mentioned pathways via slug knockdown [104]. Its expression in tumor tissues
is a biomarker for the development and progression of cancer. For instance, it can help to
determine the stage and invasiveness of the tumor [105]. It is also positively associated
with lung cancer metastasis and resistance to gefitinib and doxorubicin [106]. Xiang et al.
showed that the induction of EMT is accompanied by upregulation of TGF-β1 because
of MALAT1 expression in endothelial progenitor cells. The LncRNA MALAT1 regulates
TGF-β receptor 2 and the SMAD3 signaling pathway in these cells [107]. On the contrary,
Kim and colleagues reported that MALAT1, in breast cancer, has a metastasis-suppressing
role, which is facilitated by various pro-metastatic transcription factors of transcriptional
enhancer associated domain (TEAD) family [108]. Overexpression of TEAD proteins is
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associated with the activation of several genes responsible for tumor growth and metastasis
such as Yes-associated protein 1 (YAP) and Transcriptional co-activator with PDZ-binding
motif (TAZ), which are involved in the hippo pathway [109,110], the pathway that is
essential for angiogenesis and tissue regeneration.

3.9. MEG3

Maternally expressed gene 3 (MEG3) is a LncRNA located on chromosome 14q32.3 and
is downregulated in human cancers [111]. Wang et al. showed that MEG3 was remarkably
reduced in patients with metastatic papillary thyroid carcinoma. In addition, they revealed
that downregulated MEG3 had a direct correlation with lymph-node metastasis [112]. Jiao
et al. revealed that MEG-3 functions as a suppressor of gastric carcinoma cell growth,
invasion, and migration. They suggested that MEG3 suppresses migratory features of
gastric cancer cells by modulating EMT in these cancer cells [113]. Overexpression of MEG3
in human osteosarcoma cell line, MG63, leads to a significant decrease in proliferation and
invasion as well as a remarkable increase in apoptosis [114]. The MEG3 acts as a metastasis
suppressor in melanoma by a mechanism that involves miR-21/E-cadherin axis [115]. It is
downregulated in melanoma tissues and cell lines and its level is markedly associated with
poor prognosis in patients with this disease [116]. In ovarian cancer, MEG3 prohibits the
tumor progression by acting on miR-30e-3p and laminin alpha4 [117]. Additionally, MEG3
suppresses the metastatic progression of several cancers such as breast cancer, lung cancer,
and HCC [91,118,119].

3.10. NEF

Neighboring enhancer of FOXA2 (NEF) is a LncRNA known for its tumor-suppressive
role. Several preclinical studies have shown that the upregulation of NEF inhibits cancer
progression [120,121]. In triple-negative breast cancer, NEF is downregulated because of
the upregulation of miR-155 [122]. It is also reported to suppress metastasis in HCC and
inhibits cell invasion and migration in osteosarcoma by downregulating miR-21 [123]. In
cervical cancer, the reduced expression of NEF is a characteristic of patients with reduced
survival rates. Downregulation of NEF is associated with increased production of TGF-β1
that induces metastasis of cancer cells [124,125]. This is likely to be achieved by inhibition
of the Wnt/β-catenin pathway [126]. Chang et al. reported that serum concentration of
NEF is negatively correlated with the stage of non-small-cell lung cancer [127].

3.11. NKILA

Nuclear Factor-κB Interacting LncRNA (NKILA) is an inflammation-induced LncRNA
molecule that has been recognized in triple-negative breast cancer cells after exposing them
to tumor necrosis factor (TNF)-α and interleukin-1β (IL-1β) [128]. Downregulated expres-
sion of NKILA is associated with metastasis and invasiveness in breast cancer patients [128].
In HCC, NKILA suppresses the metastatic spread of the tumor by inhibiting NF-κB/Slug-
mediated EMT in these tumor cells [129]. This LncRNA also hampers the invasion and
migration of tongue squamous cell carcinoma cells by blocking the EMT process in these
cancer cells [130]. A study on non-small cell lung cancer showed downregulated NKILA in
tumor samples. The results indicated that NKILA suppresses these cells by acting on the
NF-κB/Snail signal pathway [131]. The effect of NKILA on the inhibition of migration and
invasion of malignant melanoma cells was also shown to be achieved by the regulation of
the NF-kB signaling pathway [132]. Several studies have affirmed the key role of NKILA in
the invasion, migration, and metastasis of different cancers such as esophageal squamous
cell carcinoma, laryngeal cancer, and head and neck cancer [133–135].

3.12. NRON

The nuclear factor of activated T-cells (NFAT) is a transcription factor present in the
extracts of T-cells with a role in cancer invasion, angiogenesis, and differentiation [136,137].
Non-coding repressor of NFAT (NRON) is a LncRNA that represses NFAT by inhibiting the
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transfer of this factor between the nucleus and cytoplasm (nucleocytoplasmic shuttling). By
reducing the transfer of NFAT to the nucleus, NRON reduces the proliferation and invasion
of vascular endothelial cells [138]. The NRON levels are markedly increased in some
cancers such as bladder cancer, where it facilitates proliferation, migration, differentiation,
and metastasis of cancer cells [136]. The LncRNA NRON is downregulated in breast tumors
compared to healthy tissues [139]. Reduction in NRON levels in breast cancer is associated
with increased cell invasion and differentiation and reduced apoptosis [140]. Nonetheless,
its increased levels had the opposite effect marked by reduced levels of CCND1, CDK4, and
Bcl-2 and an increase in Bax and miR-302b leading to the inhibition of cancer progression
and metastasis [140].

3.13. PTTG3P

Pituitary tumor-transforming 3 (PTTG3P) is a LncRNA with a confined protein-coding
capacity and implications in tumorigenesis of various cancer types. It is noticeably homolo-
gous to its parental gene, PTTG1 [141]. In the resected cervical cancer (CC) tissue, PTTG3P
and PTTG1 had considerably higher expression levels in comparison with their paired
adjacent healthy counterparts. Furthermore, the invasiveness of CC cells was enhanced by
PTTG3P through SNAIL upregulation and E-cadherin downregulation [141]. High expres-
sion levels of PTTG3P, PTTG1, and PTTG2 have been observed in esophageal squamous
cell carcinoma (ESCC) patients and cell lines. In addition, there has been a correlation
between TNM stage, tumor depth, and lymph node invasion with the elevated expression
of PTTG3P in ESCC [142]. Interestingly, the results of an in vitro PTTG3P gain-of-function
study demonstrated that the invasion and migration of ESCC cells were stimulated because
of the increased expression of PTTG3P. Conclusively, it is suggested that PTTG3P functions
as an oncogene in ESCC [143]. The considerable up-regulation of PTTG3P in colorectal
cancer (CRC) tissues is correlated with distant and lymph node metastasis. It has been indi-
cated that the motility of CRC cells might be promoted by PTTG3P through downregulation
of miR-155-5P [144]. Huang et al. investigated the oncogenic function of PTTG3P in HCC
and revealed that PTTG3P expression was considerably increased in HCC patients. They
showed that PTTG3P upregulation was positively associated with TNM stage, tumor size,
and poor survival of patients [145]. Further experiments demonstrated that recombinant
overexpression of PTTG3P leads to enhanced cell proliferation, migration, and invasion
in vitro as well as augmented metastasis and tumorigenesis in vivo. Conversely, opposite
influences were recorded following the knockdown of PTTG3P. Mechanistically, overex-
pressed PTTG3P leads to the activation of PI3K/AKT and its downstream signals, including
cell apoptosis, cell cycle progression, EMT markers, and up-regulation of PTTG1 [145].

3.14. SNHG20

Small nucleolar RNA host gene 20 (SNHG20) is primarily known for its role in HCC.
However, research has shown its role in the pathogenesis of a variety of cancers including
bladder, lung, bone, colorectal cancer, and ovarian cancer. For example, the upregulation
of SNHG20 is positively correlated with the activation of Wnt/β-catenin signaling, lead-
ing to the proliferation and invasion of ovarian cancer cells [146]. This is supported by
increased production of cyclin-dependent kinase inhibitor 1 (p21), cyclin D1, N-cadherin,
and vimentin. Guo et al. revealed that SNHG20 downregulates miR-140-5p and ADAM10
to activate the MEK/ERK signaling pathway, which leads to subsequent cell proliferation,
invasion, and differentiation [147]. In gastric cancer patients, SNHG20 is correlated with
the size of the tumor, lymphatic metastasis, and a lower overall survival rate [148]. Fur-
thermore, overexpression of SNHG20 activates the PI3K/Akt/mTOR signaling pathway,
contributing to tumor progression and stemness in glioblastoma [149]. Several studies have
also shown its upregulation in prostate cancer, osteosarcoma, and laryngeal squamous cell
carcinoma [150–152].
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3.15. XIST

LncRNA x-inactive specific transcript (XIST) inactivates the X chromosome by accu-
mulation near the transcriptional loci of different proteins and contributes to gene silenc-
ing [153]. Knockdown of this LncRNA suppresses the growth, proliferation, migration,
and invasion of some tumor cells. In glioblastoma stem cells, this effect is mediated by the
upregulation of miR-152, indicating a negative correlation between XIST and miR-152 [154].
There are several pathways by which XIST exerts its effect on different types of cancer such
as non-small cell lung cancer, breast cancer, and colorectal cancer [155,156]. In glioma cells,
silencing of XIST suppresses metastasis and angiogenesis because of increased expression
of miR-429 [157].

A recent study by Xu et al. reported that silencing of XIST inhibits lung cancer cell
growth by allowing the transcription of p53 and NLR family pyrin domain containing 3
(NLRP3), which suppresses the function of SMAD2 to inhibit its translocation to the nucleus.
This LncRNA upregulates the transcription of Bcl2 and reduces that of E-cadherin, which
results in the detachment of tumor cells from the primary tissue and its metastasis to distant
organs [158]. The LncRNA XIST also competes with miR-744, which activates the Wnt/β-
catenin signaling pathway, leading to tumor progression, invasion, and migration [159].

The LncRNA XIST promotes metastasis of breast cancer through different pathways
and mechanisms. It inhibits the action of miR-125b leading to an increase in the production
of NOD-like receptor family CARD domain containing 5 (NLRC5), which is a known
inducer of metastasis in breast cancer [160]. However, Xing et al. showed that loss of XIST
is associated with metastasis of breast cancer to the brain, via activation of the EMT process
and c-Met [161]. Similar findings have been suggested by Zheng et al. [162].

The role of XIST in tumor progression and metastasis has also been reported in gastric
cancer. It suppresses miR-101 and modulates the function of EZH2. Additionally, it targets
TGF-β1 by repressing miR-185, metastasis-associated in colon cancer 1 gene (MACC) via
suppression of miR-497 and JAK expression through competing with miR-337 [163–166].

3.16. ZFAS1

The ZNFX1 antisense RNA 1 (ZFAS1) is a novel LncRNA transcribed in the antisense
orientation of zinc finger NFX1-type containing 1(ZNFX1). The LncRNA ZFAS1 is upregu-
lated in several cancers and may contribute to the development and progression of these
cancers [167]. In prostate cancer, knocking down ZFAS1 suppresses the migration and
invasion of these cancer cells by inhibiting EMT [168]. Upregulation of ZFAS1 induces
colorectal cancer cell migration, invasion, and metastasis and is positively correlated with
TNM stage these tumors [169]. The ZFAS1 also stimulates proliferation and metastasis
in pancreatic cancer cells by acting on miR-497-5p [170]. In colorectal cancer, the upreg-
ulated level of ZFAS1 is directly associated with poor prognosis and promotes invasion
and metastasis [169]. The ZFAS1 is involved in colorectal cancer progression by inducing
vascular endothelial growth factor A (VEGFA), which is one of the important inducers of
angiogenesis in tumors [171]. Moreover, ZFAS1 acts as a tumor suppressor in breast cancer
and its downregulated level is associated with augmented proliferation and metastatic
breast tumors [172]. Some data affirm that ZFAS1 is a major modulator of the EMT process
in colon adenocarcinoma [173].

4. Phytochemicals That Target LncRNAs to Cease Metastasis

During the last decade, numerous bioactive compounds have been studied for their
potential activities against metastasis through modulating LncRNAs (Table 1, Figure 3).
Some of the more frequent cancer models in which these phytochemicals have been exam-
ined to regulate metastasis by acting on LncRNAs include breast cancer, hepatocellular
carcinoma, and prostate cancer [174].
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Table 1. Phytochemicals targeting LncRNAs to inhibit cancer metastasis.

Phytochemicals Plant Source Concentration LncRNAs Alteration Cancer Type Cancer Model Ref.

Betulinic acids
Outer bark of a variety of

tree species like
white-barked birch

PLC/PRF/5 cell line: IC50 = 63.04 µM
for 48 h

MHCC97L cell line: IC50 = 40.02 for 48 h
Mice: 10 mg/kg/day

MALAT1 Down-regulated Hepatocellular
Carcinoma

BALB/c nude mice,
PLC/PRF/5 and

MHCC97L cell lines
[175]

Bharangin Pygmacopremna herbacea 0, 1, 2.5, and 5 µM for 24 h
GAS-5
MEG3
H19

Up-regulated
Up-regulated

Down-regulated
Breast Cancer MCF-7 cell line [176]

Curcumin Curcuma longa
(turmeric) 0, 5, 15, and 20 µM for 48 h H19 Down-regulated Breast Cancer MCF-7/TAMR * cell

line [177]

Curcumin Curcuma longa
(turmeric) 5 to 10 µM for 24 h HOTAIR Down-regulated Renal Cell

Carcinoma
769-P-HOTAIR

and 786-0 cell lines [178]

DNC * Curcuma longa
(turmeric) 0–25 µM for 48 h MEG3

HOTAIR
Up-regulated

Down-regulated
Hepatocellular

Cancer

HuH-7 and HepG2
cell lines

HuH-7 cell line
[179]

Genistein Soybean 25 µM for 48 h HOTAIR Down-regulated Prostate Cancer PC3, DU145 cell lines [180]

IDET * Elephantopus scaber Linn 1, 2.5 and 5µM for 24 h

NKILA
GAS-5

H19
HOTAIR
ANRIL

Up-regulated
Up-regulated

Down-regulated
Up-regulated
Up-regulated

Breast Cancer MDA-MB-231 cell
line [129,181]

Pterostilbene Grapes, blueberries, and
peanuts 0, 1, 5, 25, and 50 µM for 24 h

MEG3
HOTAIR

LINC01121
PTTG3P

Up-regulated
Down-regulated
Down-regulated
Down-regulated

Breast Cancer MCF7 cell line [182]

Resveratrol
Berries, grapes, peanuts,

pistachio, plums, and
white hellebore

IC50 = 55 µM for 24 h MALAT1 Down-regulated Colorectal Cancer
Cells LoVo cell line [183]

Sanguinarine Sanguinaria canadensis
(Bloodroot) 0–5 µM for 24 h CASC2 Up-regulated Epithelial Ovarian

Cancer SKOV3 cell line [184]

Silibinin Silybum marianum
(Seeds of milk thistle) 10 µM for 24 h HOTAIR

ZFAS1 Down-regulated Bladder Cancer T24, UM-UC-3 cell
lines [185]

* IDET: Isodeoxyelephantopin, MCF-7/TAMR: MCF 7/tamoxifen-resistant cell, DNC: Dendrosomal curcumin (Nanocurcumin).
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Betulinic acid (BA) is a natural component derived from the outer bark of a variety of
tree species like white-barked birch [186]. A recent in vivo and in vitro study conducted
to evaluate the effects of BA on HCC cells revealed that this triterpenoid can suppress the
progression and invasion of these cells through inhibition of MALAT1 expression. These
effects were shown to be exerted in a dose-dependent manner. Moreover, Hematoxylin
and eosin staining and immunohistochemical (IHC) observations were applied to visualize
tumor tissues in a BALB/c nude mice model of HCC. In the mice treated with BA, a well-
defined layer of tumor tissues without notable invasion was recognized, while the untreated
group showed observable invasion in their tumor tissues. This was suggestive of the
inhibitory role of BA on HCC cell invasion. Likewise, Ki67 expression, as a cell proliferation
marker, was suppressed in BA-treated mice compared with untreated animals [187]. The
biological activities of BA warrant more studies to prove an eventual translation into clinical
settings, which can lead to the identification of a novel therapeutic approach for cancer
patients [188]. Its potential anti-cancer effects led to the conduction of a phase I/II clinical
trial to investigate the effect of 20% BA ointment on the treatment of moderate to severe
forms of dysplastic nevi with no reported results. However, its challenging extraction
process and poor water solubility limit its potential application as an anti-cancer drug [175].

Bharangin is a diterpenoid quinone methide, which is derived from the roots of the
Pygmacopremna herbacea plant [189]. The results of an investigation revealed that MDA-MB-
231 cells treated with bharangin could reduce the migration capacity of these cells compared
with non-treated cells. The expression of tumor suppressor LncRNAs including GAS-5 and
MEG3 was significantly augmented in bharangin-treated cells, while this diterpenoid down-
regulated oncogenic H19 LncRNA. They also reported that bharangin had a remarkable
potential to inhibit the activation of okadaic acid-induced NF-κB in breast cancer cells [190].

Curcumin (diferuloylmethane) is an ingredient in yellow spice turmeric (Curcuma
longa) [191]. This polyphenol has different biological activities against numerous human
diseases, including cancer. In a recent study, curcumin effectively reduced H19-induced
EMT in MCF-7/TAMR cells by downregulating N-cadherin and upregulation of E-cadherin,
which are two well-known EMT biomarkers. Moreover, wound healing and transwell
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assays demonstrated that curcumin considerably reduces the migration and invasion of
these breast cancer cells [176]. Accordingly, available data from an in vitro study support
the key role of curcumin in the suppression of HOTAIR-induced migration of renal cell
carcinoma (RCC) cell lines [192]. Two RCC cell lines were utilized including 769-P-HOTAIR
and 769-P-vector cells with high and stable HOTAIR expression. The migration capacity of
769-P-HOTAIR cells was substantially higher than that of 769-P-vector cells. Interestingly,
curcumin prohibited the migration of 769-P-HOTAIR cells in a concentration-dependent
manner [192]. Zamani and colleagues studied the effect of dendrosomal curcumin (DNC)
on MEG3 expression in HCC cells. They observed that DNC effectively augments the
expression levels of MEG3 via upregulation of mir-29a and mir-185 [177]. However, more
investigations are needed to confirm the effect of DNC-induced MEG3 upregulation in the
suppression of metastasis in this cancer.

Several clinical trials have been performed to assess the effectiveness of curcumin
in treating different cancer types. According to the literature, the nitric oxide (NO) level
is associated with different stages of malignancies and increased levels of NO have been
reported in leukemic patients [178]. Therefore, Ghalaut et al. conducted a clinical study to
assess the effectiveness of imatinib alone or in combination with turmeric powder on the
levels of NO in 50 patients with chronic myeloid leukemia (CML). Twenty-five patients
were treated with imatinib (400 mg twice a day) alone, and 25 subjects received imatinib in
combination with turmeric powder (5 g three times/day) for 42 days. A more significant
decrease in the serum levels of NO in the group with a combined treatment suggested that
turmeric powder can be used as an adjuvant in reducing NO levels and may be effective in
the treatment of CML [179].

Another randomized, double-blind placebo-controlled clinical trial evaluated the effect
of curcumin (4 g daily) on free light-chain ratio response and bone turnover in patients with
monoclonal gammopathy of undetermined significance (MGUS) and smoldering multiple
myeloma (SMM). The data showed that curcumin could reduce disease procession in these
patients [193]. Mahammedi et al. conducted a Phase II trial for examining the efficacy
of docetaxel/prednisone for six cycles in combination with curcumin (6 mg per day) in
30 patients with metastatic prostate cancer. Their observations revealed a prostate-specific
antigen (PSA) response in 59% of patients and significant efficacy of curcumin in treating
cancer with a high response rate, well tolerability, and patient acceptability [194]. The safety
profile and tolerability of curcumin was explored in a Phase I/II trial in metastatic colorectal
cancer patients. The results showed that oral curcumin (2 g daily) with 12 cycles of 5-
fluorouracil, folinic acid, and oxaliplatin chemotherapy regimen is safe and tolerable [195].

In another Phase II open-label clinical trial, the immunomodulatory efficacy of 100 mg
of curcuminoids (extracted from Curcuma longa root) was assessed for tumor-induced
inflammation in seven patients with endometrial carcinoma. The levels of inflammatory
biomarkers in the patients who received this regimen were significantly suppressed and
this may indicate curcumin-based compounds as supplementary regimens in endometrial
carcinoma [196]. A Phase 1 clinical study on the chemopreventive potential of curcumin (4 g
daily for 4 weeks) in colorectal cancer was conducted in 2010. Forty patients were enrolled to
be participated in this study. No results have yet been reported for this study [197]. A Phase
I study aimed to evaluate the short-term effects of supplementation with a turmeric extract,
Curcumin C3 Complex®, on the biomarkers of head and neck squamous cell carcinoma
(HNSCC). The tumor samples’ adjacent tissues were used to measure the concentrations of
curcumin and its metabolites in patients. The results revealed that this curcumin derivative
could be used as a cancer preventing agent in smokers and tobacco users who are at risk
of oral cancer [198]. A Phase II trial on effect of a curcumin derivative (Meriva®, 500 mg
twice daily) was conducted for chemotherapy-treated breast cancer patients undergoing
radiotherapy. The activity of nuclear factor-κB and its downstream modulators were
quantified after treatment of patients with curcumin. No final results have yet been
released [199].
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Genistein, as a flavonoid compound derived from soybeans, targets an oncogenic
LncRNA HOTAIR to suppress the migration and invasion of prostate tumor cells [200]. The
tumor suppressor miR-34a, which binds to the HOTAIR mRNA sequence, participates in
the anti-metastatic mechanism of genistein. Notably, genistein increases the expression of
miR-34a, which in turn downregulates HOTAIR expression and thus suppresses the cell
movement capacity of prostate cancer cells [201]. As reported in the literature, genistein
changes the levels of phosphorylated tyrosine residues in cellular proteins. Accordingly, a
Phase I clinical trial was conducted to determine the pharmacokinetic of two isoflavone
preparations, PTI G-2535 and PTI G-4660 (which contained 43% and 90% genistein, respec-
tively), in 13 patients with metastatic prostate cancer. The study also evaluated the toxicity
and levels of protein-tyrosine phosphorylation in peripheral blood samples of the patients.
Moreover, cohorts of four patients were administered genistein at three doses of 2, 4, or
8 mg/kg daily. The toxicity test results showed that one case with a treatment-related rash.
Besides, a significant increase in tyrosine was identified in blood samples of the patients.
This may suggest a potential anti-metastatic activity for genistein [202]. In another clinical
study, Miltyk et al. investigated the probable genotoxic effect of a purified soy unconju-
gated isoflavone mixture containing in genistein, daidzein, and glycitein on 20 men with
prostate cancer. The patients received 300 mg genistein for 28 days and then with 600 mg/d
for another 56 days. Fluorescence in situ hybridization technique was used to measure
genotoxicity markers in peripheral lymphocytes. Based on their data, no remarkable toxic
changes were observed in genistein-treated patients. Therefore, the authors reported no
toxic effects for the mentioned isoflavone mixture despite the in vitro genotoxicity that has
been reported in the literature [203].

In a recent study, the impact of IDET, a sesquiterpene lactone extracted from Elephanto-
pus scaber [180], on breast cancer cell migration was examined [204]. Data reported from
scratch (wound healing) assay showed that IDET could significantly prevent the invasive-
ness of MDA-MB-231 cells. The healthy breast epithelia abundantly express the LncRNA
NKILA and long GAS5, but their low expression correlates with metastasis of breast can-
cer [128,205]. Interestingly, IDET administration remarkably enhanced the expression levels
of these LncRNAs [204]. Furthermore, the expression of oncogenic LncRNA H19, which
is constitutively expressed in various tumor types like breast cancer, was significantly
down-regulated due to the treatment of MDA-MB-231 cells with IDET [204]. This suggests
that the up-regulation of tumor suppressor LncRNAs and down-regulation of oncogenic
LncRNAs by IDET may contribute to motility suppression of MDA-MB-231cells. Likewise,
elevated expression levels of oncogenic LncRNAs such as ANRIL and HOTAIR were ob-
served in the serum samples and clinical tumor tissues of breast cancer patients compared
to their paired healthy controls [206]. Nevertheless, the results of a study by Verma and
colleagues showed the increased expression of these oncogenic LncRNAs by IDET. This
may indicate a compensatory mechanism in response to the suppressed expression of other
oncogenic LncRNAs and upregulation of tumor suppressor LncRNAs [204].

As described before, EMT is considered a vital stage in the metastatic propagation of all
cancer types. Huang et al. showed that treatment of MCF7 cells with a phytochemical com-
pound (extracted from different plants including grapes, blueberries, and peanuts) known
as Pterostilbene [181] impedes EMT through downregulation of HOTAIR, LINC01121, and
PTTG3P, as well as upregulation of MEG3 [207].

A polyphenolic phytoalexin, known as resveratrol, is extracted from a variety of
herbs, including berries, grapes, peanuts, pistachio, plums, and white hellebore [208].
In an investigation conducted by Ji et al., in situ hybridization confirmed that there are
significantly higher MALAT1 expression levels in tumor tissues compared to adjacent
normal tissues. Besides, they found a statistically significant correlation between the extent
of tumor metastasis and invasion with MALAT1 expression. They also demonstrated that
resveratrol can remarkably suppress migration and invasion of human colon cancer cell
line LoVo through MALAT1-mediated Wnt/β-catenin signaling and its downstream targets
in a dose-dependent manner. Overexpression of MALAT1 using recombinant lentiviral-
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based experiment confirmed that this oncogenic LncRNA impedes the inhibitory impact of
resveratrol on migration and invasion of LoVo cells [182]. Several clinical trials have been
done to explore the effects of resveratrol or resveratrol-reached plant extracts on different
types of cancer. A phase I trial evaluated the safety, tolerability, and dose determination of
muscadine grape skin extract, which contains resveratrol, in men with recurrent prostate
cancer (BRPC). Of 14 patients, seven remained in the study and received 4000 mg of
the extract. According to the results, the extract led to a delayed disease recurrence by
lengthening the PSA doubling time by 5.3 months. The safety assessments showed four
patients with gastrointestinal symptoms, including grade 1 flatulence, grade 1 soft stool,
and grade 1 eructation [209]. Nguyen et al. designed a clinical trial to study the effects
of freeze-dried grape powder (GP) (containing resveratrol and resveratrol derived from
plants) on the expression of factors involved in the Wnt pathway in 8 colorectal cancer
patients. Treatment of the patients with GP (80 g/day containing 0.07 mg of resveratrol) for
14 days downregulated the expression of the Wnt target genes within regular mucosa of
the patients’ samples. According to the results, the authors suggested GP or resveratrol as
colon cancer preventing compounds [183]. In another study, Patel et al. treated 20 colorectal
cancer patients with resveratrol at 0.5 or 1 g/day for eight days. Then they quantified
the expression of proliferation marker Ki-67 in tumor tissues. The results showed a 5%
decline in the expression levels of Ki-67 in tumor tissues, indicating tumor suppressing
activity of resveratrol in colorectal cancer patients [210]. Howells et al., in a Phase I
randomized, double-blind pilot clinical trial, studied the effect of a resveratrol derivative
(SRT501) on colorectal cancer patients with hepatic metastases. They clarified that SRT501
at a dose of 5 g/day for two weeks upregulated caspase-3 within liver tissue. This may
suggest a pro-apoptotic activity for this resveratrol derivative in this cancer type [211].
Popat et al. conducted a Phase II trial to assess the possible activity of another resveratrol
(SRT501) in combination with bortezomib in patients with relapsed and or refractory
multiple myeloma. This resveratrol formulation was administered to 24 participants at
a dose of 5 g/day for 20 days in a 21-day cycle up to 12 cycles. The results of the study
indicated an unacceptable safety profile and minimal efficacy in these patients [212]. In a
randomized placebo controlled clinical trial, Kjaer et al. treated 66 patients with prostate
hyperplasia with two doses of resveratrol (150 or 1000 mg/day) for 4 months. Their data
revealed that resveratrol treatment significantly decreased serum levels of androstenedione,
dehydroepiandrosterone, and dehydroepiandrosterone-sulphate, but no remarkable effect
was observed in prostate sizes [213].

Sanguinarine is an alkaloid derived from Bloodroot (Sanguinaria canadensis) with a
significant inhibitory activity against the migratory ability of ovarian epithelial cancer
cells [214]. In an in vitro experiment conducted by Zhang et al. to evaluate the potential
effects of sanguinarine on human ovarian SKOV3 cells, this alkaloid inhibited the viability,
migration, and invasion of these cells and increased apoptosis as well. Interestingly,
CASC2 is induced by this alkaloid and silencing CASC2 rescues the antitumor effects of
sanguinarine. This process was suggested to be mediated through CASC2–EIF4A3 signaling
and/or PI3K/AKT/mTOR and NF-κB signal transductions [215].

Silibinin, a bioactive component isolated from the seeds of milk thistle (Silybum mari-
anum), also has inhibitory potential against bladder cancer [216]. The HOTAIR expression
is augmented by KRAS [184] and the PI3K pathways [217], and silibinin imposes its in-
hibitory effects on HOTAIR and ZFAS1 by decreasing the activity of actin cytoskeleton and
PI3K/Akt signal transductions in bladder cancer cells [218]. In a clinical study, Barrera
et al. treated two patients with brain metastases from non-small cell lung cancer (NSCLC)
with silibinin-based nutraceutical (Legasil). They found that Legasil treatment could sig-
nificantly improve the clinical and radiological data of these patients. They also observed
that silibinin treatment of the patients not only suppressed progressive brain metastases
and reduced peritumoral brain edema but also did not affect the size of NSCLC tumors.
The authors suggested that the combination of brain radiotherapy and Legasil may be
a promising regimen to reduce brain edema and can provide local control and time for
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seeking other potential therapies for these patients [219]. Siegel et al. conducted a phase
I study of silibinin phosphatidylcholine to determine the maximum tolerated dose per
day of the compound in patients with advanced HCC. The serum levels of silibinin and
silibinin glucuronide were increased within 1 to 3 weeks but all three patients died within
23–69 days of enrolling into the trial and no remarkable data were found in this study [185].
Flaig et al. enrolled 12 patients with prostate cancer to a trial study to estimate the tissue
and blood effects of high-dose silibinin-phytosome in prostate cancer. Six patients were
treated with silibinin at a single dose of 13 g/day for 20 days and six additional subjects
were served as a control. The results revealed that high-dose silibinin led to high blood
levels transiently, but low concentrations of the compound were observed in prostate tissue,
indicating a weak penetration of silibinin into the prostate tissue [220].

5. Conclusions

Recent data shows that epigenetic role-players such as LncRNAs play key roles in
regulating the malignant transformation and progression of cancers. Given that LncRNAs
have pivotal roles in the modulation of a variety of cellular processes, more explorations
are needed to unravel their possible mechanism of action in these processes. As has been
numerously reported in the literature, phytochemical compounds from natural plants show
potential effects on LncRNAs. Phytochemical compounds have been thus demonstrated to
modulate the balance of expression of both oncogenic and antitumor LncRNAs, resulting
in an anti-metastatic and anticancer effect (Figure 4). However, it appears that direct
cellular target molecules of the phytochemicals and their exact mechanism of action are not
known. Although well documented, the anti-metastatic effect of phytochemical compounds
demands more preclinical and clinical studies to confirm their potential and further identify
their molecular mechanism(s) of action. The evidence reviewed herein implies that targeted
therapies using cancer-related LncRNAs could lead to the development of novel and
effective treatment strategies for different types of cancer. Due to the important roles of
LncRNAs in different cellular processes, phytochemicals that target these molecules may
also boost the sensitivity of tumors to therapeutic methods.
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39. Ferjančič, Š.; Gil-Bernabé, A.M.; Hill, S.A.; Allen, P.D.; Richardson, P.; Sparey, T.; Savory, E.; McGuffog, J.; Muschel, R.J. VCAM-1

and VAP-1 recruit myeloid cells that promote pulmonary metastasis in mice. Blood 2013, 121, 3289–3297. [CrossRef]
40. Hänggi, K.; Vasilikos, L.; Valls, A.F.; Yerbes, R.; Knop, J.; Spilgies, L.M.; Rieck, K.; Misra, T.; Bertin, J.; Gough, P.J.; et al.

RIPK1/RIPK3 promotes vascular permeability to allow tumor cell extravasation independent of its necroptotic function. Cell
Death Dis. 2017, 8, e2588. [CrossRef]

41. Aragon-Sanabria, V.; Pohler, S.E.; Eswar, V.J.; Bierowski, M.; Gomez, E.W.; Dong, C.J.S.r. VE-cadherin disassembly and cell
contractility in the endothelium are necessary for barrier disruption induced by tumor cells. Sci. Rep. 2017, 7, 1–15.

42. Häuselmann, I.; Roblek, M.; Protsyuk, D.; Huck, V.; Knopfova, L.; Grässle, S.; Bauer, A.T.; Schneider, S.W.; Borsig, L.J.C.r. Monocyte
induction of E-selectin–mediated endothelial activation releases VE-cadherin junctions to promote tumor cell extravasation in the
metastasis cascade. Cancer Res. 2016, 76, 5302–5312. [CrossRef] [PubMed]

43. Gakhar, G.; Navarro, V.N.; Jurish, M.; Lee, G.Y.; Tagawa, S.T.; Akhtar, N.H.; Seandel, M.; Geng, Y.; Liu, H.; Bander, N.H.; et al.
Circulating tumor cells from prostate cancer patients interact with E-selectin under physiologic blood flow. PLoS ONE 2013, 8,
e85143. [CrossRef] [PubMed]

44. Jouve, N.; Bachelier, R.; Despoix, N.; Blin, M.G.; Matinzadeh, M.K.; Poitevin, S.; Aurrand-Lions, M.; Fallague, K.; Bardin, N.;
Blot-Chabaud, M.; et al. CD146 mediates VEGF-induced melanoma cell extravasation through FAK activation. Int. J. Cancer 2015,
137, 50–60. [CrossRef] [PubMed]

45. Ma, S.; Fu, A.; Chiew, G.G.Y.; Luo, K.Q. Hemodynamic shear stress stimulates migration and extravasation of tumor cells by
elevating cellular oxidative level. Cancer Lett. 2017, 388, 239–248. [CrossRef]

46. Urabe, F.; Patil, K.; Ramm, G.A.; Ochiya, T.; Soekmadji, C. Extracellular vesicles in the development of organ-specific metastasis.
J. Extracell. Vesicles 2021, 10, e12125. [CrossRef] [PubMed]

47. Kusumbe, A.P. Vascular niches for disseminated tumour cells in bone. J. Bone Oncol. 2016, 5, 112–116. [CrossRef]
48. Peng, L.; Fu, J.; Chen, Y.; Ming, Y.; He, H.; Zeng, S.; Zhong, C.; Chen, L. Transcription factor SNAI2 exerts pro-tumorigenic effects

on glioma stem cells via PHLPP2-mediated Akt pathway. Cell Death Dis. 2022, 13, 516. [CrossRef]
49. Stankic, M.; Pavlovic, S.; Chin, Y.; Brogi, E.; Padua, D.; Norton, L.; Massagué, J.; Benezra, R. TGF-β-Id1 signaling opposes Twist1

and promotes metastatic colonization via a mesenchymal-to-epithelial transition. Cell Rep. 2013, 5, 1228–1242. [CrossRef]
50. Ocaña, O.H.; Córcoles, R.; Fabra, Á.; Moreno-Bueno, G.; Acloque, H.; Vega, S.; Barrallo-Gimeno, A.; Cano, A.; Nieto, M.A.

Metastatic Colonization Requires the Repression of the Epithelial-Mesenchymal Transition Inducer Prrx1. Cancer Cell 2012, 22,
709–724. [CrossRef]

51. Kong, Y.; Hsieh, C.H.; Alonso, L.C. ANRIL: A lncRNA at the CDKN2A/B Locus With Roles in Cancer and Metabolic Disease.
Front. Endocrinol. (Lausanne) 2018, 9, 405. [CrossRef] [PubMed]

52. Iacobucci, I.; Ferrari, A.; Lonetti, A.; Papayannidis, C.; Paoloni, F.; Trino, S.; Storlazzi, C.T.; Ottaviani, E.; Cattina, F.; Impera, L.;
et al. CDKN2A/B alterations impair prognosis in adult BCR-ABL1-positive acute lymphoblastic leukemia patients. Clin. Cancer
Res. 2011, 17, 7413–7423. [CrossRef] [PubMed]

http://doi.org/10.1007/s00018-019-03351-7
http://www.ncbi.nlm.nih.gov/pubmed/31690961
http://doi.org/10.3390/ijms22094871
http://doi.org/10.1134/S0006297919070071
http://doi.org/10.1007/s12032-020-01447-w
http://doi.org/10.3892/ijo.2020.5164
http://doi.org/10.3390/cancers13092053
http://doi.org/10.1155/2022/5412007
http://www.ncbi.nlm.nih.gov/pubmed/35265720
http://doi.org/10.1016/j.ccell.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28898694
http://doi.org/10.1038/nature16985
http://www.ncbi.nlm.nih.gov/pubmed/26982733
http://doi.org/10.1038/ncb3194
http://doi.org/10.1038/nrc3789
http://doi.org/10.1242/jcs.072165
http://doi.org/10.1016/j.bbamcr.2013.06.026
http://doi.org/10.1038/nrc.2015.5
http://doi.org/10.1182/blood-2012-08-449819
http://doi.org/10.1038/cddis.2017.20
http://doi.org/10.1158/0008-5472.CAN-16-0784
http://www.ncbi.nlm.nih.gov/pubmed/27488527
http://doi.org/10.1371/journal.pone.0085143
http://www.ncbi.nlm.nih.gov/pubmed/24386459
http://doi.org/10.1002/ijc.29370
http://www.ncbi.nlm.nih.gov/pubmed/25449773
http://doi.org/10.1016/j.canlet.2016.12.001
http://doi.org/10.1002/jev2.12125
http://www.ncbi.nlm.nih.gov/pubmed/34295457
http://doi.org/10.1016/j.jbo.2016.04.003
http://doi.org/10.1038/s41419-021-04481-2
http://doi.org/10.1016/j.celrep.2013.11.014
http://doi.org/10.1016/j.ccr.2012.10.012
http://doi.org/10.3389/fendo.2018.00405
http://www.ncbi.nlm.nih.gov/pubmed/30087655
http://doi.org/10.1158/1078-0432.CCR-11-1227
http://www.ncbi.nlm.nih.gov/pubmed/22134481


Molecules 2023, 28, 987 19 of 25

53. Hua, L.; Wang, C.Y.; Yao, K.H.; Chen, J.T.; Zhang, J.J.; Ma, W.L. High expression of long non-coding RNA ANRIL is associated
with poor prognosis in hepatocellular carcinoma. Int. J. Clin. Exp. Pathol. 2015, 8, 3076–3082.

54. Hu, X.; Jiang, H.; Jiang, X. Downregulation of lncRNA ANRIL inhibits proliferation, induces apoptosis, and enhances radiosensi-
tivity in nasopharyngeal carcinoma cells through regulating miR-125a. Cancer Biol. Ther. 2017, 18, 331–338. [CrossRef]

55. Yang, L.H.; Du, P.; Liu, W.; An, L.K.; Li, J.; Zhu, W.Y.; Yuan, S.; Wang, L.; Zang, L. LncRNA ANRIL promotes multiple
myeloma progression and bortezomib resistance by EZH2-mediated epigenetically silencing of PTEN. Neoplasma 2021, 68,
788–797. [CrossRef] [PubMed]

56. Wang, Y.; Liu, Z.; Yao, B.; Li, Q.; Wang, L.; Wang, C.; Dou, C.; Xu, M.; Liu, Q.; Tu, K. Long non-coding RNA CASC2 suppresses
epithelial-mesenchymal transition of hepatocellular carcinoma cells through CASC2/miR-367/FBXW7 axis. Mol. Cancer 2017,
16, 123. [CrossRef]

57. Zhang, H.; Feng, X.; Zhang, M.; Liu, A.; Tian, L.; Bo, W.; Wang, H.; Hu, Y. Long non-coding RNA CASC2 upregulates PTEN to
suppress pancreatic carcinoma cell metastasis by downregulating miR-21. Cancer Cell Int. 2019, 19, 18. [CrossRef] [PubMed]

58. Zhang, Y.; Zhu, M.; Sun, Y.; Li, W.; Wang, Y.; Yu, W. Upregulation of lncRNA CASC2 Suppresses Cell Proliferation and Metastasis
of Breast Cancer via Inactivation of the TGF-β Signaling Pathway. Oncol. Res. 2019, 27, 379–387. [CrossRef]

59. Gao, Z.; Wang, H.; Li, H.; Li, M.; Wang, J.; Zhang, W.; Liang, X.; Su, D.; Tang, J. Long non-coding RNA CASC2 inhibits breast
cancer cell growth and metastasis through the regulation of the miR-96-5p/SYVN1 pathway. Int. J. Oncol. 2018, 53, 2081–2090.
[CrossRef]

60. Xue, Z.; Zhu, X.; Teng, Y. Long non-coding RNA CASC2 inhibits progression and predicts favorable prognosis in epithelial
ovarian cancer. Mol. Med. Rep. 2018, 18, 5173–5181. [CrossRef]

61. Sun, K.; Zhang, G. Long noncoding RNA CASC2 suppresses esophageal squamous cell carcinoma progression by increasing
SOCS1 expression. Cell Biosci. 2019, 9, 90. [CrossRef] [PubMed]

62. Liu, Q.Y.; Gao, L.Y.; Xu, L.; Zhang, X.L.; Zhang, L.J.; Gong, X.L.; Luo, S.B.; Zhao, R.; Cheng, R.C. CASC2 inhibits the growth,
migration, and invasion of thyroid cancer cells through sponging miR-18a-5p/FIH1 axis. Kaohsiung J. Med. Sci. 2021, 37, 268–275.
[CrossRef] [PubMed]

63. Wang, D.; Gao, Z.M.; Han, L.G.; Xu, F.; Liu, K.; Shen, Y. Long noncoding RNA CASC2 inhibits metastasis and epithelial to
mesenchymal transition of lung adenocarcinoma via suppressing SOX4. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 7210. [PubMed]

64. Xing, H.B.; Qiu, H.M.; Li, Y.; Dong, P.F.; Zhu, X.M. Long noncoding RNA CASC2 alleviates the growth, migration and invasion of
oral squamous cell carcinoma via downregulating CDK1. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 10916.

65. Ba, Z.; Gu, L.; Hao, S.; Wang, X.; Cheng, Z.; Nie, G. Downregulation of lncRNA CASC2 facilitates osteosarcoma growth and
invasion through miR-181a. Cell Prolif. 2018, 51, e12409. [CrossRef] [PubMed]

66. Ni, W.; Yao, S.; Zhou, Y.; Liu, Y.; Huang, P.; Zhou, A.; Liu, J.; Che, L.; Li, J. Long noncoding RNA GAS5 inhibits progression of
colorectal cancer by interacting with and triggering YAP phosphorylation and degradation and is negatively regulated by the
m(6)A reader YTHDF3. Mol. Cancer 2019, 18, 143. [CrossRef] [PubMed]

67. Zheng, S.; Li, M.; Miao, K.; Xu, H. lncRNA GAS5-promoted apoptosis in triple-negative breast cancer by targeting miR-378a-
5p/SUFU signaling. J. Cell. Biochem. 2020, 121, 2225–2235. [CrossRef]

68. Dong, Q.; Long, X.; Cheng, J.; Wang, W.; Tian, Q.; Di, W. LncRNA GAS5 suppresses ovarian cancer progression by targeting the
miR-96-5p/PTEN axis. Ann. Transl. Med. 2021, 9, 1770. [CrossRef]

69. Chen, L.; Yang, H.; Xiao, Y.; Tang, X.; Li, Y.; Han, Q.; Fu, J.; Yang, Y.; Zhu, Y. LncRNA GAS5 is a critical regulator of metastasis
phenotype of melanoma cells and inhibits tumor growth in vivo. Onco Targets Ther. 2016, 9, 4075–4087. [CrossRef]

70. Wang, Y.; Ren, X.; Yuan, Y.; Yuan, B.S. Downregulated lncRNA GAS5 and Upregulated miR-21 Lead to Epithelial-Mesenchymal
Transition and Lung Metastasis of Osteosarcomas. Front. Cell Dev. Biol. 2021, 9, 707693. [CrossRef]

71. Xu, Y.; Lu, J.; Lou, N.; Lu, W.; Xu, J.; Jiang, H.; Ye, G. Long noncoding RNA GAS5 inhibits proliferation and metastasis in papillary
thyroid carcinoma through the IFN/STAT1 signaling pathway. Pathol. Res. Pract. 2022, 233, 153856. [CrossRef] [PubMed]

72. Xiao, Q.; Zheng, F.; Tang, Q.; Wu, J.-J.; Xie, J.; Huang, H.-D.; Yang, X.-B.; Hann, S.S.J.C.P. Biochemistry. Repression of PDK1-and
LncRNA HOTAIR-mediated EZH2 gene expression contributes to the enhancement of atractylenolide 1 and erlotinib in the
inhibition of human lung cancer cells. Cell Physiol. Biochem. 2018, 49, 1615–1632. [CrossRef] [PubMed]

73. Hajjari, M.; Salavaty, A. HOTAIR: an oncogenic long non-coding RNA in different cancers. Cancer Biol. Med. 2015, 12, 1–9.
74. Ren, Y.; Jia, H.H.; Xu, Y.Q.; Zhou, X.; Zhao, X.H.; Wang, Y.F.; Song, X.; Zhu, Z.Y.; Sun, T.; Dou, Y.; et al. Paracrine and epigenetic

control of CAF-induced metastasis: the role of HOTAIR stimulated by TGF-ß1 secretion. Mol. Cancer 2018, 17, 5. [CrossRef]
[PubMed]

75. Nakao, K.; Miyaaki, H.; Ichikawa, T. Antitumor function of microRNA-122 against hepatocellular carcinoma. J. Gastroenterol.
2014, 49, 589–593. [CrossRef]

76. Fornari, F.; Gramantieri, L.; Giovannini, C.; Veronese, A.; Ferracin, M.; Sabbioni, S.; Calin, G.A.; Grazi, G.L.; Croce, C.M.;
Tavolari, S.; et al. MiR-122/cyclin G1 interaction modulates p53 activity and affects doxorubicin sensitivity of human hepatocarci-
noma cells. Cancer Res. 2009, 69, 5761–5767. [CrossRef]

77. Bai, S.; Nasser, M.W.; Wang, B.; Hsu, S.H.; Datta, J.; Kutay, H.; Yadav, A.; Nuovo, G.; Kumar, P.; Ghoshal, K. MicroRNA-122
inhibits tumorigenic properties of hepatocellular carcinoma cells and sensitizes these cells to sorafenib. J. Biol. Chem. 2009, 284,
32015–32027. [CrossRef]

http://doi.org/10.1080/15384047.2017.1310348
http://doi.org/10.4149/neo_2021_210205N184
http://www.ncbi.nlm.nih.gov/pubmed/34034498
http://doi.org/10.1186/s12943-017-0702-z
http://doi.org/10.1186/s12935-019-0728-y
http://www.ncbi.nlm.nih.gov/pubmed/30675129
http://doi.org/10.3727/096504018X15199531937158
http://doi.org/10.3892/ijo.2018.4522
http://doi.org/10.3892/mmr.2018.9550
http://doi.org/10.1186/s13578-019-0353-4
http://www.ncbi.nlm.nih.gov/pubmed/31728180
http://doi.org/10.1002/kjm2.12331
http://www.ncbi.nlm.nih.gov/pubmed/33336500
http://www.ncbi.nlm.nih.gov/pubmed/32706048
http://doi.org/10.1111/cpr.12409
http://www.ncbi.nlm.nih.gov/pubmed/29194827
http://doi.org/10.1186/s12943-019-1079-y
http://www.ncbi.nlm.nih.gov/pubmed/31619268
http://doi.org/10.1002/jcb.29445
http://doi.org/10.21037/atm-21-6134
http://doi.org/10.2147/OTT.S98203
http://doi.org/10.3389/fcell.2021.707693
http://doi.org/10.1016/j.prp.2022.153856
http://www.ncbi.nlm.nih.gov/pubmed/35366462
http://doi.org/10.1159/000493497
http://www.ncbi.nlm.nih.gov/pubmed/30223276
http://doi.org/10.1186/s12943-018-0758-4
http://www.ncbi.nlm.nih.gov/pubmed/29325547
http://doi.org/10.1007/s00535-014-0932-4
http://doi.org/10.1158/0008-5472.CAN-08-4797
http://doi.org/10.1074/jbc.M109.016774


Molecules 2023, 28, 987 20 of 25

78. Kong, J.; Qiu, Y.; Li, Y.; Zhang, H.; Wang, W. TGF-β1 elevates P-gp and BCRP in hepatocellular carcinoma through HOTAIR/miR-
145 axis. Biopharm. Drug Dispos. 2019, 40, 70–80. [CrossRef]

79. Yang, L.; Peng, X.; Li, Y.; Zhang, X.; Ma, Y.; Wu, C.; Fan, Q.; Wei, S.; Li, H.; Liu, J. Long non-coding RNA HOTAIR promotes
exosome secretion by regulating RAB35 and SNAP23 in hepatocellular carcinoma. Mol. Cancer 2019, 18, 78. [CrossRef]

80. Wei, Z.; Chen, L.; Meng, L.; Han, W.; Huang, L.; Xu, A. LncRNA HOTAIR promotes the growth and metastasis of gastric cancer
by sponging miR-1277-5p and upregulating COL5A1. Gastric Cancer 2020, 23, 1018–1032. [CrossRef]

81. Tao, D.; Zhang, Z.; Liu, X.; Zhang, Z.; Fu, Y.; Zhang, P.; Yuan, H.; Liu, L.; Cheng, J.; Jiang, H. LncRNA HOTAIR promotes the
invasion and metastasis of oral squamous cell carcinoma through metastasis-associated gene 2. Mol. Carcinog. 2020, 59, 353–364.
[CrossRef] [PubMed]

82. Guo, Y.P.; Wang, Z.F.; Li, N.; Lei, Q.Q.; Cheng, Q.; Shi, L.G.; Zhou, S.L.; Wang, X.H.; Sun, Y.; Kong, L.F. Suppression of lncRNA
HOTAIR alleviates RCC angiogenesis through regulating miR-126/EGFL7 axis. Am. J. Physiol Cell Physiol 2021, 320, C880–c891.
[CrossRef] [PubMed]

83. Wong, C.H.; Li, C.H.; He, Q.; Chan, S.L.; Tong, J.H.-M.; To, K.-F.; Lin, L.-z.; Chen, Y.J.C.l. Ectopic HOTTIP expression induces
noncanonical transactivation pathways to promote growth and invasiveness in pancreatic ductal adenocarcinoma. Cancer Lett.
2020, 477, 1–9. [CrossRef] [PubMed]

84. Lin, C.; Wang, Y.; Zhang, S.; Yu, L.; Guo, C.; Xu, H.J.O. Transcriptional and posttranscriptional regulation of HOXA13 by
lncRNA HOTTIP facilitates tumorigenesis and metastasis in esophageal squamous carcinoma cells. Oncogene 2017, 36, 5392–5406.
[CrossRef]

85. Wang, Q.; Wu, G.; Zhang, Z.; Tang, Q.; Zheng, W.; Chen, X.; Chen, F.; Li, Q.; Che, X. Long non-coding RNA HOTTIP promotes
renal cell carcinoma progression through the regulation of the miR-615/IGF-2 pathway. Int. J. Oncol. 2018, 53, 2278–2288.
[CrossRef]

86. Cheng, Y.; Jutooru, I.; Chadalapaka, G.; Corton, J.C.; Safe, S. The long non-coding RNA HOTTIP enhances pancreatic cancer cell
proliferation, survival and migration. Oncotarget 2015, 6, 10840–10852. [CrossRef]

87. Fu, Z.; Chen, C.; Zhou, Q.; Wang, Y.; Zhao, Y.; Zhao, X.; Li, W.; Zheng, S.; Ye, H.; Wang, L.; et al. LncRNA HOTTIP modulates
cancer stem cell properties in human pancreatic cancer by regulating HOXA9. Cancer Lett. 2017, 410, 68–81. [CrossRef]

88. Yin, F.; Zhang, Q.; Dong, Z.; Hu, J.; Ma, Z. Lncrna hottip participates in cisplatin resistance of tumor cells by regulating mir-137
expression in pancreatic cancer. Onco Targets Ther. 2020, 13, 2689. [CrossRef]

89. Yang, J.; Qi, M.; Fei, X.; Wang, X.; Wang, K. LncRNA H19: A novel oncogene in multiple cancers. Int. J. Biol. Sci. 2021, 17,
3188–3208. [CrossRef]

90. Pan, Y.; Zhang, Y.; Liu, W.; Huang, Y.; Shen, X.; Jing, R.; Pu, J.; Wang, X.; Ju, S.; Cong, H.; et al. LncRNA H19 overexpression
induces bortezomib resistance in multiple myeloma by targeting MCL-1 via miR-29b-3p. Cell Death Dis. 2019, 10, 106. [CrossRef]

91. Zheng, Q.; Lin, Z.; Xu, J.; Lu, Y.; Meng, Q.; Wang, C.; Yang, Y.; Xin, X.; Li, X.; Pu, H.; et al. Long noncoding RNA MEG3 suppresses
liver cancer cells growth through inhibiting β-catenin by activating PKM2 and inactivating PTEN. Cell Death Dis. 2018, 9, 253.
[CrossRef] [PubMed]

92. Gamaev, L.; Mizrahi, L.; Friehmann, T.; Rosenberg, N.; Pappo, O.; Olam, D.; Zeira, E.; Bahar Halpern, K.; Caruso, S.; Zucman-
Rossi, J.; et al. The pro-oncogenic effect of the lncRNA H19 in the development of chronic inflammation-mediated hepatocellular
carcinoma. Oncogene 2021, 40, 127–139. [CrossRef] [PubMed]

93. Liang, W.Q.; Zeng, D.; Chen, C.F.; Sun, S.M.; Lu, X.F.; Peng, C.Y.; Lin, H.Y. Long noncoding RNA H19 is a critical oncogenic driver
and contributes to epithelial-mesenchymal transition in papillary thyroid carcinoma. Cancer Manag. Res. 2019, 11, 2059–2072.
[CrossRef]

94. Sun, H.; Wang, G.; Peng, Y.; Zeng, Y.; Zhu, Q.-N.; Li, T.-L.; Cai, J.-Q.; Zhou, H.-H.; Zhu, Y.-S. H19 lncRNA mediates 17β-estradiol-
induced cell proliferation in MCF-7 breast cancer cells. Oncol. Rep. 2015, 33, 3045–3052. [CrossRef]

95. Hadziselimovic, F.; Verkauskas, G.; Vincel, B.; Stadler, M.B. Testicular expression of long non-coding RNAs is affected by curative
GnRHa treatment of cryptorchidism. Basic Clin. Androl 2019, 29, 18. [CrossRef] [PubMed]

96. Wang, Z.; Wang, P.; Cao, L.; Li, F.; Duan, S.; Yuan, G.; Xiao, L.; Guo, L.; Yin, H.; Xie, D.; et al. Long Intergenic Non-Coding RNA
01121 Promotes Breast Cancer Cell Proliferation, Migration, and Invasion via the miR-150-5p/HMGA2 Axis. Cancer Manag. Res.
2019, 11, 10859–10870. [CrossRef] [PubMed]

97. Yang, E.; Cisowski, J.; Nguyen, N.; O’Callaghan, K.; Xu, J.; Agarwal, A.; Kuliopulos, A.; Covic, L. Dysregulated protease activated
receptor 1 (PAR1) promotes metastatic phenotype in breast cancer through HMGA2. Oncogene 2016, 35, 1529–1540. [CrossRef]

98. Sun, M.; Song, C.X.; Huang, H.; Frankenberger, C.A.; Sankarasharma, D.; Gomes, S.; Chen, P.; Chen, J.; Chada, K.K.; He, C.; et al.
HMGA2/TET1/HOXA9 signaling pathway regulates breast cancer growth and metastasis. Proc. Natl. Acad. Sci. USA 2013, 110,
9920–9925. [CrossRef]

99. Cheng, Y.; Imanirad, P.; Jutooru, I.; Hedrick, E.; Jin, U.H.; Rodrigues Hoffman, A.; Leal de Araujo, J.; Morpurgo, B.; Golovko,
A.; Safe, S. Role of metastasis-associated lung adenocarcinoma transcript-1 (MALAT-1) in pancreatic cancer. PLoS ONE 2018,
13, e0192264. [CrossRef]

100. Eißmann, M.; Gutschner, T.; Hämmerle, M.; Günther, S.; Caudron-Herger, M.; Groß, M.; Schirmacher, P.; Rippe, K.; Braun, T.;
Zörnig, M.; et al. Loss of the abundant nuclear non-coding RNA MALAT1 is compatible with life and development. RNA Biol.
2012, 9, 1076–1087. [CrossRef]

http://doi.org/10.1002/bdd.2172
http://doi.org/10.1186/s12943-019-0990-6
http://doi.org/10.1007/s10120-020-01091-3
http://doi.org/10.1002/mc.23159
http://www.ncbi.nlm.nih.gov/pubmed/31995261
http://doi.org/10.1152/ajpcell.00459.2019
http://www.ncbi.nlm.nih.gov/pubmed/33502949
http://doi.org/10.1016/j.canlet.2020.02.038
http://www.ncbi.nlm.nih.gov/pubmed/32120024
http://doi.org/10.1038/onc.2017.133
http://doi.org/10.3892/ijo.2018.4539
http://doi.org/10.18632/oncotarget.3450
http://doi.org/10.1016/j.canlet.2017.09.019
http://doi.org/10.2147/OTT.S234924
http://doi.org/10.7150/ijbs.62573
http://doi.org/10.1038/s41419-018-1219-0
http://doi.org/10.1038/s41419-018-0305-7
http://www.ncbi.nlm.nih.gov/pubmed/29449541
http://doi.org/10.1038/s41388-020-01513-7
http://www.ncbi.nlm.nih.gov/pubmed/33093654
http://doi.org/10.2147/CMAR.S195906
http://doi.org/10.3892/or.2015.3899
http://doi.org/10.1186/s12610-019-0097-3
http://www.ncbi.nlm.nih.gov/pubmed/31890219
http://doi.org/10.2147/CMAR.S230367
http://www.ncbi.nlm.nih.gov/pubmed/31920395
http://doi.org/10.1038/onc.2015.217
http://doi.org/10.1073/pnas.1305172110
http://doi.org/10.1371/journal.pone.0192264
http://doi.org/10.4161/rna.21089


Molecules 2023, 28, 987 21 of 25

101. Yuan, J.; Xu, X.J.; Lin, Y.; Chen, Q.Y.; Sun, W.J.; Tang, L.; Liang, Q.X. LncRNA MALAT1 expression inhibition suppresses tongue
squamous cell carcinoma proliferation, migration and invasion by inactivating PI3K/Akt pathway and downregulating MMP-9
expression. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 198–206. [PubMed]

102. Dong, Y.; Liang, G.; Yuan, B.; Yang, C.; Gao, R.; Zhou, X. MALAT1 promotes the proliferation and metastasis of osteosarcoma
cells by activating the PI3K/Akt pathway. Tumour Biol. 2015, 36, 1477–1486. [CrossRef] [PubMed]

103. Chen, L.; Feng, P.; Zhu, X.; He, S.; Duan, J.; Zhou, D. Long non-coding RNA Malat1 promotes neurite outgrowth through
activation of ERK/MAPK signalling pathway in N2a cells. J. Cell Mol. Med. 2016, 20, 2102–2110. [CrossRef] [PubMed]

104. Liu, S.; Yan, G.; Zhang, J.; Yu, L. Knockdown of Long Noncoding RNA (lncRNA) Metastasis-Associated Lung Adenocarcinoma
Transcript 1 (MALAT1) Inhibits Proliferation, Migration, and Invasion and Promotes Apoptosis by Targeting miR-124 in
Retinoblastoma. Oncol. Res. 2018, 26, 581–591. [CrossRef]

105. Li, Z.-X.; Zhu, Q.-N.; Zhang, H.-B.; Hu, Y.; Wang, G.; Zhu, Y.-S. MALAT1: a potential biomarker in cancer. Cancer Manag. Res.
2018, 10, 6757–6768. [CrossRef]

106. Yang, T.; Li, H.; Chen, T.; Ren, H.; Shi, P.; Chen, M. LncRNA MALAT1 Depressed Chemo-Sensitivity of NSCLC Cells through
Directly Functioning on miR-197-3p/p120 Catenin Axis. Mol. Cells 2019, 42, 270–283.

107. Xiang, Y.; Zhang, Y.; Tang, Y.; Li, Q. MALAT1 Modulates TGF-β1-Induced Endothelial-to-Mesenchymal Transition through
Downregulation of miR-145. Cell Physiol. Biochem. 2017, 42, 357–372. [CrossRef]

108. Kim, J.; Piao, H.L.; Kim, B.J.; Yao, F.; Han, Z.; Wang, Y.; Xiao, Z.; Siverly, A.N.; Lawhon, S.E.; Ton, B.N.; et al. Long noncoding
RNA MALAT1 suppresses breast cancer metastasis. Nat. Genet. 2018, 50, 1705–1715. [CrossRef]

109. Boopathy, G.T.K.; Hong, W. Role of Hippo Pathway-YAP/TAZ Signaling in Angiogenesis. Front. Cell Dev. Biol. 2019, 7, 49.
[CrossRef]

110. Huh, H.D.; Kim, D.H.; Jeong, H.-S.; Park, H.W. Regulation of TEAD Transcription Factors in Cancer Biology. Cells 2019, 8, 600.
[CrossRef]

111. Ghafouri-Fard, S.; Taheri, M. Maternally expressed gene 3 (MEG3): A tumor suppressor long non coding RNA. Biomed. Pharma-
cother. 2019, 118, 109129. [CrossRef] [PubMed]

112. Wang, C.; Yan, G.; Zhang, Y.; Jia, X.; Bu, P. Long non-coding RNA MEG3 suppresses migration and invasion of thyroid carcinoma
by targeting of Rac1. Neoplasma 2015, 62, 541–549. [CrossRef] [PubMed]

113. Jiao, J.; Zhang, S. Long non-coding RNA MEG-3 suppresses gastric carcinoma cell growth, invasion and migration via EMT
regulation. Mol. Med. Rep. 2019, 20, 2685–2693. [CrossRef]

114. Shi, Y.; Lv, C.; Shi, L.; Tu, G. MEG3 inhibits proliferation and invasion and promotes apoptosis of human osteosarcoma cells.
Oncol. Lett. 2018, 15, 1917–1923. [CrossRef] [PubMed]

115. Wu, L.; Zhu, L.; Li, Y.; Zheng, Z.; Lin, X.; Yang, C. LncRNA MEG3 promotes melanoma growth, metastasis and formation through
modulating miR-21/E-cadherin axis. Cancer Cell Int. 2020, 20, 12. [CrossRef] [PubMed]

116. Long, J.; Pi, X. lncRNA-MEG3 Suppresses the Proliferation and Invasion of Melanoma by Regulating CYLD Expression Mediated
by Sponging miR-499-5p. Biomed. Res. Int. 2018, 2018, 2086564. [CrossRef] [PubMed]

117. Liu, Y.; Xu, Y.; Ding, L.; Yu, L.; Zhang, B.; Wei, D. LncRNA MEG3 suppressed the progression of ovarian cancer via sponging
miR-30e-3p and regulating LAMA4 expression. Cancer Cell Int. 2020, 20, 181. [CrossRef]

118. Zhang, C.Y.; Yu, M.S.; Li, X.; Zhang, Z.; Han, C.R.; Yan, B. Overexpression of long non-coding RNA MEG3 suppresses breast
cancer cell proliferation, invasion, and angiogenesis through AKT pathway. Tumour Biol. 2017, 39, 1010428317701311. [CrossRef]

119. Zhao, Y.; Zhu, Z.; Shi, S.; Wang, J.; Li, N. Long non-coding RNA MEG3 regulates migration and invasion of lung cancer stem cells
via miR-650/SLC34A2 axis. Biomed. Pharmacother. 2019, 120, 109457. [CrossRef]

120. Wan, X.; Xiang, J.; Zhang, Q.; Bian, C. Downregulation of lnRNA-NEF is involved in the postoperative cancer distant recurrence
in prostate carcinoma patients. J. Cell. Biochem. 2019, 120, 9601–9607. [CrossRef]

121. Liang, W.-C.; Ren, J.-L.; Wong, C.-W.; Chan, S.-O.; Waye, M.M.-Y.; Fu, W.-M.; Zhang, J.-F. LncRNA-NEF antagonized epithelial to
mesenchymal transition and cancer metastasis via cis-regulating FOXA2 and inactivating Wnt/β-catenin signaling. Oncogene
2018, 37, 1445–1456. [CrossRef]

122. Song, X.; Liu, Z.; Yu, Z. LncRNA NEF is downregulated in triple negative breast cancer and correlated with poor prognosis. Acta
Biochim. Biophys. Sin. (Shanghai) 2019, 51, 386–392. [CrossRef] [PubMed]

123. Yang, Q.; Yu, H.; Yin, Q.; Hu, X.; Zhang, C. lncRNA-NEF is downregulated in osteosarcoma and inhibits cancer cell migration
and invasion by downregulating miRNA-21. Oncol. Lett. 2019, 17, 5403–5408. [CrossRef] [PubMed]

124. Ju, W.; Luo, X.; Zhang, N. LncRNA NEF inhibits migration and invasion of HPV-negative cervical squamous cell carcinoma by
inhibiting TGF-β pathway. Biosci. Rep. 2019, 39, 20180878. [CrossRef] [PubMed]

125. Xie, J.; Liu, Y.; Du, X.; Wu, Y. TGF-β1 promotes the invasion and migration of papillary thyroid carcinoma cells by inhibiting the
expression of lncRNA-NEF. Oncol. Lett. 2019, 17, 3125–3132. [CrossRef]

126. Zhang, J.; Hu, S.L.; Qiao, C.H.; Ye, J.F.; Li, M.; Ma, H.M.; Wang, J.H.; Xin, S.Y.; Yuan, Z.L. LncRNA-NEF inhibits proliferation,
migration and invasion of esophageal squamous-cell carcinoma cells by inactivating wnt/β-catenin pathway. Eur. Rev. Med.
Pharmacol. Sci. 2018, 22, 6824–6831.

127. Chang, L.; Xu, W.; Zhang, Y.; Gong, F. Long non-coding RNA-NEF targets glucose transportation to inhibit the proliferation of
non-small-cell lung cancer cells. Oncol. Lett. 2019, 17, 2795–2801. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/30657561
http://doi.org/10.1007/s13277-014-2631-4
http://www.ncbi.nlm.nih.gov/pubmed/25431257
http://doi.org/10.1111/jcmm.12904
http://www.ncbi.nlm.nih.gov/pubmed/27374227
http://doi.org/10.3727/096504017X14953948675403
http://doi.org/10.2147/CMAR.S169406
http://doi.org/10.1159/000477479
http://doi.org/10.1038/s41588-018-0252-3
http://doi.org/10.3389/fcell.2019.00049
http://doi.org/10.3390/cells8060600
http://doi.org/10.1016/j.biopha.2019.109129
http://www.ncbi.nlm.nih.gov/pubmed/31326791
http://doi.org/10.4149/neo_2015_065
http://www.ncbi.nlm.nih.gov/pubmed/25997963
http://doi.org/10.3892/mmr.2019.10515
http://doi.org/10.3892/ol.2017.7463
http://www.ncbi.nlm.nih.gov/pubmed/29434890
http://doi.org/10.1186/s12935-019-1087-4
http://www.ncbi.nlm.nih.gov/pubmed/31938020
http://doi.org/10.1155/2018/2086564
http://www.ncbi.nlm.nih.gov/pubmed/29808164
http://doi.org/10.1186/s12935-020-01259-y
http://doi.org/10.1177/1010428317701311
http://doi.org/10.1016/j.biopha.2019.109457
http://doi.org/10.1002/jcb.28237
http://doi.org/10.1038/s41388-017-0041-y
http://doi.org/10.1093/abbs/gmz021
http://www.ncbi.nlm.nih.gov/pubmed/30839051
http://doi.org/10.3892/ol.2019.10276
http://www.ncbi.nlm.nih.gov/pubmed/31186758
http://doi.org/10.1042/BSR20180878
http://www.ncbi.nlm.nih.gov/pubmed/30910843
http://doi.org/10.3892/ol.2019.9947
http://doi.org/10.3892/ol.2019.9919


Molecules 2023, 28, 987 22 of 25

128. Liu, B.; Sun, L.; Liu, Q.; Gong, C.; Yao, Y.; Lv, X.; Lin, L.; Yao, H.; Su, F.; Li, D.; et al. A cytoplasmic NF-κB interacting long
noncoding RNA blocks IκB phosphorylation and suppresses breast cancer metastasis. Cancer Cell 2015, 27, 370–381. [CrossRef]

129. Chen, R.; Cheng, Q.; Owusu-Ansah, K.G.; Song, G.; Jiang, D.; Zhou, L.; Xu, X.; Wu, J.; Zheng, S. NKILA, a prognostic indicator,
inhibits tumor metastasis by suppressing NF-κB/Slug mediated epithelial-mesenchymal transition in hepatocellular carcinoma.
Int. J. Biol. Sci. 2020, 16, 495–503. [CrossRef]

130. Huang, W.; Cui, X.; Chen, J.; Feng, Y.; Song, E.; Li, J.; Liu, Y. Long non-coding RNA NKILA inhibits migration and invasion
of tongue squamous cell carcinoma cells via suppressing epithelial-mesenchymal transition. Oncotarget 2016, 7, 62520–62532.
[CrossRef]

131. Lu, Z.; Li, Y.; Wang, J.; Che, Y.; Sun, S.; Huang, J.; Chen, Z.; He, J. Long non-coding RNA NKILA inhibits migration and invasion
of non-small cell lung cancer via NF-κB/Snail pathway. J. Exp. Clin. Cancer Res. 2017, 36, 54. [CrossRef] [PubMed]

132. Bian, D.; Gao, C.; Bao, K.; Song, G. The long non-coding RNA NKILA inhibits the invasion-metastasis cascade of malignant
melanoma via the regulation of NF-kB. Am. J. Cancer Res. 2017, 7, 28–40. [PubMed]

133. Lu, Z.; Chen, Z.; Li, Y.; Wang, J.; Zhang, Z.; Che, Y.; Huang, J.; Sun, S.; Mao, S.; Lei, Y.; et al. TGF-β-induced NKILA inhibits ESCC
cell migration and invasion through NF-κB/MMP14 signaling. J. Mol. Med. (Berl) 2018, 96, 301–313. [CrossRef] [PubMed]

134. Yang, T.; Li, S.; Liu, J.; Yin, D.; Yang, X.; Tang, Q. lncRNA-NKILA/NF-κB feedback loop modulates laryngeal cancer cell
proliferation, invasion, and radioresistance. Cancer Med. 2018, 7, 2048–2063. [CrossRef]

135. Luo, X.; Qiu, Y.; Jiang, Y.; Chen, F.; Jiang, L.; Zhou, Y.; Dan, H.; Zeng, X.; Lei, Y.L.; Chen, Q. Long non-coding RNA implicated in
the invasion and metastasis of head and neck cancer: possible function and mechanisms. Mol. Cancer 2018, 17, 14. [CrossRef]

136. Dai, Z.-T.; Xiang, Y.; Wang, Y.; Bao, L.-Y.; Wang, J.; Li, J.-P.; Zhang, H.-M.; Lu, Z.; Ponnambalam, S.; Liao, X.-H. Prognostic value of
members of NFAT family for pan-cancer and a prediction model based on NFAT2 in bladder cancer. Aging 2021, 13, 13876–13897.
[CrossRef]

137. Yao, Z.; Xiong, Z.; Li, R.; Liang, H.; Jia, C.; Deng, M. Long non-coding RNA NRON is downregulated in HCC and suppresses
tumour cell proliferation and metastasis. Biomed. Pharmacother. 2018, 104, 102–109. [CrossRef]

138. Pan, M.-G.; Xiong, Y.; Chen, F.J.C.m.m. NFAT gene family in inflammation and cancer. Curr. Mol. Med. 2013, 13, 543–554.
[CrossRef]

139. Mao, Q.; Li, L.; Zhang, C.; Sun, Y.; Liu, S.; Li, Y.; Shen, Y.; Liu, Z. Long non coding RNA NRON inhibited breast cancer
development through regulating miR-302b/SRSF2 axis. Am. J. Transl. Res. 2020, 12, 4683–4692.

140. Niu, L.; Fan, Q.; Yan, M.; Wang, L. LncRNA NRON down-regulates lncRNA snaR and inhibits cancer cell proliferation in TNBC.
Biosci. Rep. 2019, 39, 20190468. [CrossRef]

141. Guo, X.C.; Li, L.; Gao, Z.H.; Zhou, H.W.; Li, J.; Wang, Q.Q. The long non-coding RNA PTTG3P promotes growth and metastasis
of cervical cancer through PTTG1. Aging (Albany NY) 2019, 11, 1333–1341. [CrossRef] [PubMed]
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