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Abstract: MicroRNAs are a class of short, non-coding RNAs that play a crucial role in normal physiology by attenuat-
ing translation or targeting messenger RNAs for degradation. Deregulation of miRNAs disturbs key molecular events
in interconnected processes such as cell proliferation, tumor angiogenesis, self-renewal, apoptosis, metastasis and
epithelial to mesenchymal transition. This process initiates, promotes and develops the pathophysiology of cancer.
The modulation of miRNAs results in epigenetic changes in the genome, which eventually leads to cancer. Targeting
deregulated miRNAs by natural products derived from plants is an ideal strategy to combat tumorigenesis. Owing
to their fewer side effects, natural products have been used as chemotherapeutic agents against various cancers.
These natural products modulate the dysregulated signaling pathways by downregulating the oncogenic miRNAs
which play a crucial role in the development of tumorigenesis and maintain a fine balance of tumor suppressor
miRNAs. This review article aims to highlight the key modifications of miRNAs which lead to tumorigenesis and the
chemotherapeutic potential of natural products by targeting miRNAs and their possible mechanism of inhibition
for developing an effective anti-cancer agent(s). They will have less damaging effects on normal cells for future

chemotherapeutics.
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Introduction

MicroRNAs (miRNAs) are small intracellular,
noncoding RNA molecules that regulate gene
expression both at the posttranslational and
posttranscriptional levels. Generally, they are
18-22 nucleotide long RNA molecules which
attenuate translation by binding to the 3'-
untranslated regions (UTRs) of target messen-
ger RNA (mRNA) via imperfect matching, there-
by causing mMRNA degradation. The end result
is inhibition of protein translation [1, 2]. They
can regulate the multi-gene expression individ-
ually or in combination with other miRNAs. To
date, more than 2500 miRNAs have been iden-
tified in humans, and miRNA conserved targets
regulate around one-third of all human genes
[3]. Recent studies have documented that miR-
NAs are not only involved in the developmental
processes like cell differentiation; they also
play a crucial role in the tumor pathophysiology
and been reported to have aberrant expression
of miRNA profile in cancer patients compared

to normal patients [4, 5]. Moreover, miRNA is
reported to be involved in the development of
drug resistance against approved chemothera-
peutic drugs [6]. Owing to these prominent fea-
tures of miRNAs which link them with tumori-
genesis, they constitute a promising target
player in cancer diagnostics and therapeutics
[6-8].

Natural products have been used from ancient
times in a different clinical settings due to their
novel structures, potential pharmacological
activities and less damaging side effects on
normal cells [9, 10]. More than 47% of Food and
Drug Administration (FDA) approved anti-cancer
drugs originate from plants or modified plant
products [11, 12]. Natural products are non-
nutritive plant secondary metabolites with vari-
ous pharmacological activities that are anti-
inflammatory, anti-diabetic and anti-cancer in
character [11, 13-17]. However, their mecha-
nism is difficult to explain which limits their
applicability in the current therapeutics [18].


http://www.ajtr.org

Natural products modulate miRNAs

Numerous recent studies have documented
that natural products and their derivatives
exhibit anti-tumor properties by regulating epi-
genetic modifications and affecting various sig-
naling pathways [19, 20]. Moreover, natural
products have been documented to modulate
miRNAs by various mechanisms, and thereby
enhancing anti-cancer potential [21-23]. The
present review focused on the regulation of
miRNAs by natural products and their possible
mechanisms of action for the diagnostics and
therapeutics against this dreadful disease.

MiRNAs

MiRNAs are an evolutionarily conserved family
of small, cytoplasmic, (18-22 nucleotides long),
non-coding RNAs that regulate the expression
of genes at the post-transcriptional level [24].
Mostly miRNAs are synthesized from intergenic
regions and their localization varies from one
species to another. The miRNAs play a key role
in biological processes such as cellular, devel-
opmental and physiological ones [25, 26].
MiRNAs can regulate many genes due to the
presence of multiple miRNA binding sites within
the functional genes, thereby influencing multi-
ple signaling pathways involved in cellular pro-
cesses [27, 28]. Nearly 1/3 of the protein
population that is closely associated with many
physiological processes are regulated by miR-
NAs [29]. Under normal physiological condi-
tions miRNAs are vital components of feedback
circuits and through their buffering effects pro-
vide robustness to crucial physiological pro-
cesses [30]. This could serve to augment the
fine-tuning of gene expression by reducing the
translation of proteins to an extent that their
effect will be under stringent regulation.
Intriguingly, miRNAs could act as toggle switch-
es to regulate various differentiation pathways.
Apart from their wide functional importance,
aberrant miRNAs expression could induce de-
differentiation, cellular plasticity and oncogenic
transformation in normal cells [31]. This char-
acteristic feature makes them appealing tar-
gets in cancer therapeutics.

Biogenesis

The overview of the biogenesis of miRNAs is
shown in Figure 1. The biogenesis starts with
the synthesis of a large primary transcript
called pri-miRNA from the respective transcrib-
ing gene with the help of RNA polymerase Il
The transcript generated is protected with 5’
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cap and 3’ polyadenylated tail. However, many
pri-miRNAs transcripts were also synthesized
by RNA polymerase lll. The pri-miRNA tran-
scripts are cleaved by a microprocessor which
contains DiGeorge syndrome chromosomal
region 8 (DGCR8) and Drosha into precursor
mMiRNA (pre-miRNA). The translocation of pre-
miRNA from the nucleus to the cytosol is guid-
ed by Ran/GTP/Exportin 5. Furthermore, Dicer
processes pre-miRNA into approximately 20-25
nucleotide long miRNA duplex. Following the
unwinding of this miRNA duplex, the mature
strand of miRNA integrates with the protein
complex called RNA-induced silencing complex
(RISC). Consequently, it targets mRNA degrada-
tion [32].

Types

Based on their functions, miRNAs are classified
into two different categories, i.e. tumor sup-
pressor miRNA and oncogenic miRNA which is
also known as oncomir. The tumor suppressor
miRNAs exert an inhibitory effect on tumor
growth and are called gatekeepers. These miR-
NAs promote the suppressive role of oncogenic
signaling pathways, thereby triggering a nega-
tive effect on tumorigenesis. Tumor suppressor
miRNAs are either downregulated or complete-
ly lost in tumorigenesis [28]. However, oncomirs
have an opposite effect, in that they are aber-
rantly overexpressed in carcinogenesis and
promote oncogenic signaling pathways. Sub-
sequently, cellular transformation and prolifer-
ation of cancer cells are induced [27].

Role of miRNAs in the development of tumori-
genesis

As per the PubMed search, more than 10,000
articles have been published in diverse fields
that are associated with miRNAs. A significant
percentage of these articles focuses on miR-
NAs linked with tumorigenesis, both in terms of
understanding the role and possible therapeu-
tic approach associated with miRNAs. The fine
regulation of complex cellular pathways by miR-
NAs constitute an Achilles heel, where aberra-
tion of a few miRNAs can strongly influence the
expression pattern of proteins as well as genes
and can drive cells towards oncogenic transfor-
mation [33]. They have been identified as regu-
lating cancer-associated genes called proto-
oncogenes by different means [34]. Recent
reports suggest that nearly half of the miRNAs
are associated with the regions of the genome
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Figure 1. Schematic overview of the canonical pathway of miRNA biogenesis.

which codes for oncogenes [24, 34]. Microarray
data from recent studies of human samples
also point to the deregulated expression
of miRNAs and results in defective miRNA pro-
cessing, posttranscriptional regulation, muta-
tion or epigenetic modifications [35, 36].
The aberrant expression of miRNA results in
decreased expression or inactivation of tumor
suppressor miRNAs and activation or increased
expression of oncomirs when compared to nor-
mal tissues [37]. Essentially, animal models
attributing miRNA ablation or overexpression
have revealed a causal link between miRNAs
and tumorigenesis. Furthermore, miRNA dereg-
ulation influences the signaling pathways regu-
lating cellular growth which induces epigenetic
modification of tumor suppressors, enhances
cell death resistance, inhibits apoptosis of
tumorigenic cells and helps in drug resistance.
Therefore all these events result in the develop-
ment and progression of carcinogenesis [38,
39]. Importantly, these findings point to miR-
NAs as interesting targets for clinical work, and
could serve as promising biomarkers and puta-
tive targets in future therapeutics.

Role of natural product compounds in modu-
lating miRNAs to prevent tumorigenesis

Ever since miRNAs were discovered in 1993,
scientific research has established the fool-
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proof role of miRNAs in the molecular mecha-
nism of tumorigenesis events such as initia-
tion, promotion, progression, and metastasis.
Intriguingly, recent findings demonstrate that
miRNAs not only play a fundamental role in the
progression of tumorigenesis, they also exert a
critical role in programmed cell death mecha-
nisms and cellular differentiation by regulating
tumor suppressor and oncogenes [40]. Owing
to their ability to regulate the expression pat-
tern of a myriad of genes, miRNAs simultane-
ously modulate many cellular pathways [32].
This evidence suggests that miRNAs are prom-
ising biological molecules that can serve as bio-
markers for diagnostics, prognostics as well as
cancer therapeutics. Natural product com-
pounds and their derivatives have been widely
used in various medical ailments, including dia-
betes, neurological disorders, gastrointestinal
diseases, obesity, and cancer. Due to their
potential biological activity, novel structure,
and less deleterious effects on normal cells,
natural product compounds exhibit an anti-
tumor character by targeting multiple cellular
signaling pathways [41]. The vast structural
diversity of natural products adds to their chal-
lenging complex mechanism, which limits their
application [9, 42]. Moreover, the multifunc-
tionality mechanism of natural products pro-
vides them with a great advantage to deal with
tumorigeneses; a multistage process triggered
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by the deregulation of many cellular signaling
pathways [17, 43]. This is possibly one of the
best plausible explanations of why single che-
motherapy often fails in the therapeutics of
cancer. Therefore, owing to exerting an effect
on multiple target sites, the natural products
are believed to be more efficacious in the thera-
peutics of cancer [44].

Besides exhibiting other potential biological
activities, the recent data demonstrated that
natural products exhibit anti-proliferative prop-
erties by modulating cancer epigenetics [45].
Interestingly, natural compounds exhibit anti-
cancer effects by targeting multiple aberrated
cellular signaling pathways [46]. Similarly, miR-
NAs modulate a plethora of biological process-
es such as tumor growth, progression, and cell
death mechanisms [47]. Since both natural
compounds and miRNAs wield an impact on
multiple cellular targets. Consequently, there is
a strong notion that natural products could
modulate the miRNAs and pave the way for
future therapeutics for many diseases includ-
ing cancer. The data revealed that natural prod-
ucts display anti-cancer potential by modulat-
ing miRNA profiles via unknown mechanisms.
Here, the present review highlights the natural
products associated with miRNA regulation for
preventing tumorigenesis and summarize their
possible mechanism of action.

Flavonoid and isoflavonoid compounds
Resveratrol

Resveratrol is a natural polyphenolic, prenylfla-
vonoid, or phytoalexin extracted from various
plant sources such as mulberry, grapes, red
wine, and peanut, etc., and displays numerous
potential biological activities including anti-
tumor activities [48]. Recently, resveratrol has
been well documented to modulate miRNAs.
Resveratrol reduces tumor growth of glioblas-
toma cells by downregulation of oncomirs (miR-
19, miR-21, and miR-30a-5p) and restores the
expression of tumor suppressor miRNAs [49]. A
novel finding recently revealed that resveratrol
exhibits an anti-tumor mechanism by augment-
ing the expression of tumor suppressors miR-
34a, miR-424, and miR-503 in breast cancer
cells modulating the p53 signaling pathway.
This leads to suppression of tumorigenesis
associated with heterogeneous nuclear ribonu-
cleoprotein A1 (HNRNPAL). Intriguingly, resve-
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ratrol could directly modulate the HNRNPA1
associated pre-mRNA splicing pathway by
inducing miR-424 and miR-503 to prevent
breast cancer tumorigenesis [50]. Resveratrol
sensitizes adriamycin resistant breast cancer
cells, arrests cell cycle, induces cell killing by
modulating tumor suppressor miR-122-5p-
mediated regulation of cyclin-dependent kinas-
es (CDKs) and anti-apoptotic proteins [51].

Resveratrol is able to regulate the cell cycle and
apoptotic machinery in breast cancer cells
by modulating key tumor suppressor miRNAs
(miR-542-3p, miR-125b, miR-409-3p, miR-
200c¢-3p, miR-122-5p). This induction of resve-
ratrol mediated tumor suppressor miRNAs
attenuates CDKs, X-linked inhibitor of apopto-
sis protein (XIAP), and B-cell lymphoma 2
(Bcl-2). It thereby curtails tumor growth and
induces cell death in breast cancer cells [52].
Resveratrol augments the expression of major
histocompatibility complex (MHC) class | chain
A and B by abrogating miR-17-mediated c-Myc
in breast cancer [53]. Resveratrol attenuates
colorectal cancer (CRC) cell viability, invasion,
EMT and induces cell death by modulating
tumor suppressor miR-200c¢ [54]. Resveratrol
significantly exhibits anti-tumor effect in both in
vitro and in vivo melanoma models by modulat-
ing tumorigenic miR-221-mediated nuclear fac-
tor-kappa-light-chain enhancer of activated B
cells (NF-kB) signaling [55]. In acute lympho-
blastic leukemia (ALL) cells, resveratrol inhibits
cell proliferation, arrests cell cycle, induces cell
killing by downregulating the expression of miR-
196b and miR-1290 which targets 3-UTR
region of insulin growth factor binding protein 3
(IGFBP3) that plays a key role in ALL [56].
Triacetyl derivative of resveratrol specifically
inhibits clonogenic property, induces apoptosis
and EMT in pancreatic cell models by upregu-
lating miR-200 family-mediated downregula-
tion of sonic hedgehog (SHH) signaling proteins
Zebl, Snail, N-cadherin, Slug and upregulates
E-cadherin expression [57]. However, it has
been demonstrated that resveratrol suppress-
es reactive oxygen species (ROS) mediated
invasion or migration in pancreatic cells by
downregulating the miR-21 expression [58].

3,6-dihydroxyflavone (3,6-DHF)

3,6-DHF is a flavonoid natural product com-
pound and exhibits anti-tumor activity both in in
vitro and in vivo models. In the recent past 3,6-
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DHF breast cancer cell death by downregulat-
ing miR-21 expression and upregulates the
miR-34a expression. Mechanistic studies
revealed that 3-6-DHF simultaneously upregu-
lates miR-34a by inhibits DNMT1 and regulates
histone modification on miR-21 promoter at
H3K9-11ac [59]. 3,6-DHF significantly abro-
gates TET1 mediated DNMT1, DNA hypermeth-
ylation and augments miR-34a expression in
breast cancer [60].

Quercetin

Quercetin, is a flavonoid natural product com-
pound found in apples, onions, red wine, and
tea. Quercetin exhibits promising anti-tumor
properties through various mechanisms.
Recent data demonstrated that quercetin
enhances anti-cancer outcomes by modulating
more than 50 unique miRNAs. Quercetin upreg-
ulates the let-7c miRNA in pancreatic ductal
carcinoma (PDA) cells (AsPC-1), thereby induc-
ing NUMB like Endocytic Adaptor Protein
(Numbl) expression, which abrogates the Notch
signaling pathway and so prevents pancreatic
tumorigenesis [61]. Quercetin upregulates
tumor suppressor miR-200b-3p in PDA cells.
The induction of miR-200b-3p switches the
symmetric division of cancer stem cells (CSCs)
of PDA to asymmetric cell division mode by
abrogating Notch and augmenting Numbl [62].
Quercetin treatment significantly eliminates
ROS, reduces miR-21 expression and boosts
programmed cell death-4 (PCD4) in trans-
formed bronchial alveolar (BEAS-2B) cells,
which were earlier exposed to hexavalent chro-
mium [Cr(VI)] [63].

Quercetin upregulates the tumor suppressor
miR-143, inhibits autophagy-related protein
Gamma-aminobutyric acid receptor-associated
protein-like 1 (GABARAPL1) which is commonly
called Atg8. This inhibition impairs autophagy
which eventually improves quercetin mediated
efficacy in gastric cancer cells [64]. Quercetin
in combination with Tamarix articulate drasti-
cally reduces the expression of insulin-like
growth factor 2 mRNA binding protein 1
(IGF2BP1) and IGF2BP3; it also upregulates the
tumor suppressor miRNA-1275 in Huh-7 cells
[13]. However, in combination with cordycepin
in lung cancer cells (A549), quercetin exhibits a
suppressive effect on the expression of clau-
din-2 at the transcriptional level, by increases
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the expression of miR-16 and stimulates its
binding to the 3-UTR of claudin-2 [65].
Quercetin promotes osteosarcoma cell sensi-
tivity to cisplatin and controls KRAS hyperacti-
vation by modulating the expression of miR-217
[66]. Quercetin induces a significant induction
of apoptosis in ovarian (SKOV-3) cancer cells
by upregulating the miR-145 expression [67].
Quercetin reduces cell viability, abrogates
tumor cell invasion, migration, and MMP-9,
MMP-2 by upregulating miR-16 and HOXA10 in
oral cancer cells [68]. Furthermore, quercetin
exhibits an anti-tumor effect in oral squamous
cell carcinoma (OSCC) by upregulating miR-22.
Mechanistically, quercetin-mediated miR-22
upregulation suppresses Wntl/B-catenin sig-
naling, thus attenuating tumor growth both in in
vitro and in vivo models [69].

Epigallocatechin-3-gallate (EGCG)

EGCG is a key polyphenol flavonoid natural
product compound found in green tea. Besides
having other pharmacological properties, EGCG
exhibits potent anti-tumor activity [70]. EGCG is
one of the most widely studied natural com-
pounds in terms of regulating miRNAs expres-
sion. More than 205 miRNAs exhibited differen-
tial expression upon treatment with EGCG.
However, next-generation sequencing analysis
in NSCLC cells (A549) suggests that EGCG
treatment identifies 4 putative novel, 115
known and 3 putative novel and 134 known
miRNAs at 40 uM and 100 yM concentrations,
respectively. Furthermore, these miRNAs mod-
ulate the mitogen-activated protein kinase
(MAPK) signaling pathway and can act as bio-
markers for the diagnostics, prognostics, and
therapeutics for lung cancer [71]. EGCG exerts
a suppressive effect on the growth of human
cervical cancer cells (HelLa, SiHa, CaSki, and
C33A) infected with subtypes of human papil-
lomavirus (HPV) by upregulating the tumor sup-
pressor miRNAs (miR-29a, miR-125b, miR-210,
and miR-203) [72]. EGCG curtails the NF-KB
pathway and sensitizes 5-fluorouracil (5-FU)
resistant CRC cells to chemotherapy by: firstly,
upregulating the expression of miR-155-5p;
and secondly, subduing the gene expression of
drug resistance acquired gene multi-drug resis-
tance-1 (MDR1) [73]. However, in NSCLC cells,
EGCG sensitizes cisplatin-mediated resistance
and reduces CSC-like phenotypic features. It
does this by upregulating and downregulating
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the expression of miR-485 and CD44, respec-
tively [74].

EGCG upregulates miR-204 and targeting Slug
and Sox4 in OSCC cells. Further analysis
revealed that induction of miR-204 drastically
reduces CD44* and aldehyde dehydrogenase 1
(ALDH1Y) cells, and inhibits EMT and self-renew-
al capacity of OSCC-CSCs upon EGCG treat-
ment [75]. EGCG effectively targets tumor cells
by enhancing the expression of hsa-mir-485-5p
in NSCLC cells. The induction of hsa-mir-485-
5p modulates retinoid X receptor alpha (RXRa),
significantly represses CSC-like features and
induces programmed cell death in lung cancer
cells [76]. Additionally, EGCG treatment upregu-
lates miRNA-15b expression in both human
and murine T cells. Further, the study reveals
that EGCG induced miRNA-15b downregulates
store-operated calcium channel (SOCE) expres-
sion by binding with SRIM2. The interaction of
SRIM2 and miRNA-15b drastically curtails the
protein expression of Orail and STIM2 in
murine T cells and induces apoptosis. This
occurs by enhancing mitochondrial membrane
depolarization and releasing cytochrome in
murine and human T cells [77]. These studies
suggest that EGCG exhibits promising anti-
tumor potential by modulating miRNAs.

Genistein

Genistein is an isoflavone natural product com-
pound abundantly found in soybeans. Genistein
attenuates the expression of several oncomirs
as well as restores the expression of tumor sup-
pressor miRNAs. Genistein augments the
expression of tumor suppressor let-7d and sig-
nificantly reduces the expression of stellar cell
fibrosis marker thrombospondin 1 (THBS1) by
modulating its 3’-UTR, thus helping to prevent
the formation of fibrosis which is one step away
from pancreatic carcinogenesis [78]. Genistein
enhances programmed cell death in laryngeal
carcinoma cells by simultaneously upregulating
p53 and miR-1469 expression and abrogates
the expression of tumorigenesis associated the
myeloid cell leukemia 1 (Mcll) [79]. Genistein
analog sensitizes resistant ovarian cancer cells
by inhibiting PI3K/AKT signaling, reduces
nuclear c-Myc expression by upregulating miR-
7d [80]. In combination with propofol or alone
in human gliosarcoma cells (U251), genistein
exerts anti-proliferative effect and augments
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apoptosis mediated cell death by increasing
the expression of miRNA-218. This upregula-
tion of miRNA-218 increases the expression of
apoptotic proteins Bax and Bad with concomi-
tant reduction of inflammatory cytokines
1L-6, TNF-ac and IL-1B proteins [81]. Genistein
treatment drastically reduces clonogenic abili-
ty, cell viability, and growth of human retino-
blastoma cells (Y79) and induces apoptosis.
Mechanistically, genistein upregulates miR-145
and imposes an inhibitory effect on cellular
growth via post-translational modulations of
ATP binding cassette subfamily E member 1
(ABCE1) [82]. Genistein in combination with ox-
LDL eliminates ROS production significantly
and helps to reverse oxidative damage in
HUVECs.

Moreover, the combination increases the
expression of anti-oxidant enzymes such as
catalase and superoxide dismutase via modu-
lation of miR-34a/sirtuin-1 axis which eventu-
ally helps in translocation and epigenetic mod-
ulation, for instance deacetylation of forkhead
box 03A (FOXO3A) [83]. Combined with miR-
223 inhibitor, genistein sensitizes gemcitabine-
resistant (GR) pancreatic cancer cells to che-
motherapy, thereby causing the downregulation
of miR-223, which eventually leads to the inhi-
bition of cell migration and invasion of cells
with EMT [84]. However, genistein downregu-
lates miR-155 in breast cancer cells, which
leads to the suppression of cell viability and
induction of cell death with a concomitant
increase in pro-apoptotic genes p21, FOX03
and PTEN [85]. Interestingly, genistein has
been reported to decrease multidrug resis-
tance by increasing the upregulation of ABC
drug transporters ABCG2 and ABCC1 at the
translational level in breast cancer cells.
Further, genistein increases the expression of
ABC transporter by downregulating the expres-
sion of miR-181a, which negatively modulates
the expression of drug transporters [86].
Genistein suppresses the NF-kB signaling path-
way and upregulates miR-29b expression in
multiple myeloma (MM) cells U266. This induc-
tion of miR-29b reduces cell viability and
enhances apoptosis by cleaving the active
product of caspase-3 [87]. Together these
reports reveal that genistein is a promising
anti-cancer natural product and generates a
good outcome by modulating miRNAs and regu-
lating various signaling pathways. Figure 2 illus-
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trates the structure of flavonoid and isoflavo-
noid compounds modulating miRNAs, while
Table 1 summarizes: firstly, the different flavo-
noid and isoflavonoid natural compounds mod-
ulating miRNA; and secondly, their mechanism
of action in various cellular and animal
models.

Terpenoid and associated compounds
Oleanoalic acid

Oleanolic acid is a pentacyclic triterpenoid nat-
ural product compound with potential anti-
tumor activity. A recent study revealed that
oleanolic acid exhibits antiproliferative poten-
tial by upregulating tumor suppressor miR-122
both in in vitro and in vivo models of lung carci-
noma. However, oleanolic acid-miR-122 medi-
ated anti-tumor effect was neutralized by over-
expression of myocyte enhancer factor 2D
(MEF2D) and cyclin G1 (CCNG1) in lung carci-
noma cells. Oleanolic acid-mediated anti-tumor
effect was indicated through the miR-122/
MEF2D/CCNG1 pathway [88].
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Andrographolide

Andrographolide is a natural bioactive labdane
diterpenoid natural compound known for
pharmacological activity. Extracted from An-
drographis paniculata, andrographolide exhib-
its promising anti-tumor potential for both in
vitro and in vivo models of hepatocellular
carcinoma. MiIRNA chip analysis revealed
that andrographolide treatment modulates the
miRNA expression profile by upregulating 22
miRNAs and downregulating 10 miRNAs, there-
by inhibits tumor growth both in vitro and in
vivo. Furthermore, the study demonstrates that
the upregulated miRNAs include miR-23a-5p,
miR-222-3p, miR-30b-5p, and miR-106b-5p
are mostly modulating signaling cascades such
as focal adhesion MAPK pathway [89].
Andrographolide inhibits tumor angiogenesis
which is a crucial process for facilitating the
cancer cells in such a way to enter into the
blood circulation and disseminate them to dis-
tant sites (metastasis). Andrographolide exerts
an anti-angiogenesis effect by significantly
reducing the neovascularization in the yolk sac
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Table 1. Flavonoid and isoflavonoid natural compounds modulating miRNA and their mechanism of
action in various cellular and animal models

Natural Products Modulation of miRNAs

Mechanism of action

Tumor type

References/Authors

Resveratrol TtmiR-34a, miR-424,
miR-503, miR-122-
5p, miR-542-3p,
miR-125b, miR-409-
3p, miR-200¢-3p,
miR-200¢c, miR-200
family

ImiR-21, miR-30a-
5p, miR-19, miR-17,
miR-221, miR-196b,

miR-1290
3, 6-Dihydroxy- TtmiR-34a
flavone (3,
6-DHF)
ImiR-21
Quercetin tlet-7c, miR-200b-3p,
miR-143, miR-16,
miR-217, miR-145,
miR-22
ImiR-21
Epigallocate- TtmiR-210, miR-29,
chin-3-gallate miR-125b, miR-155-
(EGCG) 5p, MmiR-485, miR-
204, hsa-mir-485-5p,
miR-15b,
ImiR-21
Genistein tlet-7d, miR-1469,

miR-218, miR-145,
miR-29b

ImiR-34a, miR-223,
miR-155, miR-181a

Inhibits cell proliferation, arrests cycle
in S-phase by targets PI3K/AKT/mTOR
pathway, inhibits tumorigenesis by
targeting HNRNPA1-related pre-mRNA
splicing pathway, Sensitizes drug
resistant cells by targeting CDKs, Bcl-2
and apoptosis, suppresses c-Myc
expression, attenuates EMT, invasion,
and motility of cancer cells. Inhibition
of NF-kB signaling, Induction of apop-
tosis and inhibition of glycolysis

Suppresses PI3BK/AKT/mTOR signal-
ing and histone modification by inhibit-
ing DNMT1 and hypermethylation

Promotes apoptosis

Growth, apoptosis, controls cell divi-
sion, inhibits Notch signaling, ROS
elimination and activates PDCD-4,
sensitization and autophagy inhibition,
claudin-2 inhibition, Sensitization of
cells by inhibiting KRas, apoptosis
induction, inhibits cell motility and
invasion by regulating HOXA10 signal-
ing, targets Wnt1/B-catenin signaling

Suprression of tumor cell growth,
suppresses MDR1, GRP78 expression
and upregulates apoptotic protein
expression, inhibits CSC-like charac-
teristics by targeting CD44, reduces
stemness of OSCC-CSCs, Targets
RXRa and inhibits CSC-like properties,
targets store operated calcium entry

Inhibits THBS1 expression by target-
ing its 3-UTR, targets p53-mediated
apoptosis and inhibition of Mcld, sen-
sitizes tumor cells by targeting c-Myc,
targets NF-kB signaling, targets post
transcriptional regulation of ABCE1,
sirtuin 1-mediated nuclear translo-
cation and deacetylation of foxo3a,
sensitizes gemcitabine-resistant
tumor cells, activates apoptosis and
inhibits metastatic potential of cancer
cells, increase multidrug resistance
and upregulation of ABC transporters,
targets NF-kB pathway.

Intracranial glioma,
breast cancer,
CRC, melanoma,
ALL, pancreatic
cancer

Breast cancer

Pancreatic adeno-
carcinoma, gastric
cancer, lung can-
cer, osteosarcoma,
ovarian cancer,
oral cancer

Cervical cancer,
CRC, lung cancer,
0Sscc

pancreatic carci-
noma, laryngeal
carcinoma, ovarian
cancer, intracranial
glioma, retinoblas-
toma, breast
cancer, multiple
myeloma

Wang et al. 2015 [49],
Otsuka et al. 2018
[50], Zhang et al.
2019 [51], Venkatadri
et al. 2016 [52],

Pan et al. 2017 [53],
Karimi et al. [54], Wu
et al. 2017 [55], Zhou
et al. 2017 [56], Fu et
al. 2019 [57], Yan et
al. 2018 [58]

Peng et al. 2015 [59],
Peng et al. 2017 [60]

Nwaeburu et al. 2016
[61], Nwaeburu et al.
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kumar et al. 2017
[63], Du et al. 2015
[64], Sonoki et al.
2015 [65], Zhang et
al. 2015 [66], Zhou et
al. 2015 [67], Zhao et
al. 2019 [68], Zhang
et al. 2019 [69]
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[71], Zhu et al. 2019
[72], La et al. 2019
[73], Jiang et al. 2018
[74], Yu et al. 2016
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Asama et al. 2019
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membrane (YSM) and chorioallantoic mem-
brane (CAM) model of the chick embryo.
andrographolide simultane-
ously downregulates the expression of miR-21-
5p and targets tissue inhibitor of metalloprote-
ases 3 (TIMP3) which eventually leads to inhibi-
tion of cell viability, cell migration, invasion
and tube formation of endothelial cells [90].

Mechanistically,
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Andrographolide significantly decreases the
stemness potential and enhances the radio-
sensitivity of OCSCs by the upregulation of
tumor suppressor miR-218. The upregulation of
miR-218 mitigates the reduction in Bmi expres-
sion and leads to a significant reduction in the
stemness of OCSCs. In this way tumor aggres-
siveness is curtailed [91].
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Boswellic acid

A chief triterpene natural compound, boswellic
acid is derived from a resin obtained from
Boswellia serrata. Boswellic acid (3 acetyl-11-
keto-B-boswellic acid-AKBA) and its derivatives
have been reported to modulate the expression
of miRNAs. One important study suggests that
in colorectal cancer, AKBA upregulates some
crucial tumor suppressor miRNAs (let-7, miR-
34a, miR-27a, and miR-200 family), which in
turn causes a drastic reduction in tumor growth
in xenograft mouse models [92]. AKBA aug-
ments programmed cell death, triggers G1 cell
cycle arrest and abrogates estrogen receptor-
alpha (ER-a) by modulating miR-206 in trans-
formed breast cancer cells [93]. This indicates
AKBA mediated modulation of miRNAs is a very
important mechanism that exhibits anti-tumor
potential and needs further systematic and
extensive evaluation.

Betulinic acid (BA)

BA is a pentacyclic triterpene lupane structural
natural product compound obtained from vari-
ous plant sources including fruits and vegeta-
bles. BA exhibits numerous pharmacological
properties, and these can be hepatoprotective,
anti-malarial, anti-inflammatory, immunomodu-
latory, anti-fibrotic, anti-HIV and anti-angiogenic
[94]. Additionally, BA displays an anti-prolifera-
tive effect on a wide range of human cancer
cell lines. Despite inducing cell killing in tumor
cells by various anti-cancer mechanisms includ-
ing induction of apoptosis, inhibition of cell
migration and invasion, BA has been reported
to exert an anti-cancer effect by modulating
mMiRNAs [95]. BA exerts tumor inhibitory effect
in HCC cells by simultaneously upregulates the
expression of miR-21 and p66°s". The mecha-
nistic study demonstrates that BA induces miR-
21 mediated induction of p53. This induction of
p53 activates pro-apoptotic proteins, elimi-
nates ROS generation and increases depolar-
ization of mitochondrial membrane potential.
Furthermore, the study demonstrated the inhi-
bition of N-nitrosodiethylamine/carbon tetra-
chloride (DEN/CCI,)-induced tumor growth in
mice by BA inhibiting Sod2 signaling in HCC
cells [96]. Another study revealed that a combi-
nation of BA with miR-101 and miR-24-2 in pan-
creatic cancer cells (Mia PaCa-2, PANC-1)
exhibits an anti-tumor synergistic effect. This is
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revealed by significantly inhibiting cell viability
and apoptosis in pancreatic cancer cells [97].

Cucurbitacin B

Cucurbitacin B belongs to the tetracyclic triter-
pene class of natural product compounds.
Cucurbitacin B exhibits anti-cancer potential
on various types of cancer cell lines [98]. Cu-
curbitacin B exerts an anti-proliferative effect
in pancreatic cancer cells by downregulating
the expression of actin filament-associated pro-
tein 1-antisense RNA 1 (AFAP1-ASI) and trigger-
ing cell cycle arrest at the G2M phase. Me-
chanistically cucurbitacin B upregulates the
expression of tumor suppressor miR-146b-5p
that binds to AFAP1-AS1 and prevents any
tumorigenic effect to pancreatic cancer cells
for both in vitro and in vivo models [99]. Anoth-
er interesting study in gastric cancer cells dis-
covered that long non-coding RNA (IncRNA)
GACAT3 plays a key role in the tumorigenesis of
gastric cancer. Interestingly, GACAT3 is believ-
ed to behave like the miRNA sponge for high
mobility group A1 (HMGA1) which predomin-
antly acts as an oncogene in most cancers.
However, increased expression of GACAT3 de-
creases the cucurbitacin-mediated apoptosis
in gastric cancer [100]. Cucurbitacin upregu-
lates miR-143, miR-145 and miR-34a, thereby
compromising cell viability, enhancing signifi-
cant cell killing by programmed cell death type
| (apoptosis) and triggering cell cycle arrest at
G,S phase. It does this by upregulating and
downregulating the protein expressions of p27,
p21, and Rb, pRb, E6, CDK4, cyclin D1, respec-
tively [1041].

Paclitaxel

Paclitaxel is a diterpenoid compound, most
commonly used as an anti-neoplastic drug.
It is used to combat various types of malignan-
cies. Mechanistically, paclitaxel induces pro-
grammed cell death in tumor cells by attenuat-
ing tubulin function, which eventually triggers
cell cycle arrest and curtails neoplastic cells’
ability to divide [102]. Disappointingly, patients
treated with paclitaxel usually develop more
resistance to it, which becomes a problem for
patients suffering from various malignancies
and particularly lung carcinoma patients. Pa-
clitaxel induced resistance in lung cancer ce-
lls (A549) upregulates oncomir miR-421 that
helps in the reduction of KEAP1 expression and
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Figure 3. Structure of terpenoids and associated compounds modulating miRNAs.

augments neoplastic features such as inva-
sion, migration and clonogenic property of lung
carcinoma cells. Further, the study demonst-
rates that miR-421 is regulated by B-catenin
that acts as the upstream regulator of miR-421
[103]. Bioinformatics analysis suggests that
paclitaxel-resistant NSCLC H460 cells modu-
lated as many as 43 miRNAs. Of these, 28 miR-
NAs were downregulated and 15 miRNAs were
upregulated when compared to normal H460
cells. Further analysis revealed that the three
key miRNAs (miR-766-3p, miR-362-3p, miR-
6507-3p) are dysregulated and might play a
critical role in the development of paclitaxel
resistance by targeting microtubule-associated
protein tau (MAPT) in NSCLC (H460) cells [104].
The paclitaxel-mediated anti-tumor effect was
curtailed by oncomir miR-4262 and targeting
tumor suppressor protein PTEN, thereby hyper-
activating downstream PI3K/Akt pathway in
NSCLC cells [105].

However, the bioinformatic analysis demonst-
rated that the upregulation of tumor suppres-
sor miR-5195-3p expression sensitizes pacli-
taxel-resistant triple-negative cancer cells (TN-
BC) to enhance the anti-proliferative effect,
apoptosis and triggers cell cycle arrest [106].
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Paclitaxel-induced drug resistance is overcome
by tumor suppressor miR-107, through increas-
ing the induction of apoptosis and reducing the
expression of cyclin D1, Wnt4, and B-catenin in
breast cancer cells [107]. Compelling evidence
demonstrated that long intergenic noncoding
RNA 00511 (LINCOO511) regulates paclitaxel-
resistant breast cancer cells by negatively re-
gulating miR-29c. However, the simultaneous
knockdown of LINCOO511 and paclitaxel treat-
ment upregulates miR-29¢ and augments the
killing of breast cancer cells [108]. Additionally,
miR-29c¢ in nasopharyngeal carcinoma targets
integrin beta-1 (ITBG1), overcomes paclitaxel
resistance, sensitizes and induces apoptosis to
nasopharyngeal cancer cells [109]. A combina-
tion of paclitaxel and miR-34a in CRC cells
overcomes resistance, augments tumor cell
killing by triggering cell cycle arrest [110]. In-
terestingly, miR-155-3p is dysregulated in br-
east cancer cells and is associated with a
poor survival rate in breast cancer patients.
Overexpression of miR-155-3p targets MYD88
and reverses paclitaxel drug resistance [111].
Collectively, this evidence demonstrated that
paclitaxel is a promising anti-tumor agent and
modulates miRNA expression which regulat-
es various signaling pathways. Figure 3 repre-
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Table 2. Terpenoids and associated natural compounds modulating miRNA and their mechanism of
action against various cellular and animal models

Natural Products

Modulation of miRNAs Mechanism of action

Tumor type

References/Authors

Oleanolic acid

Andrographolide

Boswellic acid

Betulinic acid (BA)

Cucurbitacin B

Paclitaxel

TmiR-122

tmiR-222-3p, miR-
23a-3p, miR-106b-5p
and miR-30b-5p,
miR-218

ImiR-21-5p
TtmiR-34a

ImiR-27a, miR-206

TmiR-24-2, miR-21,
miR-101

tmiR-146b-5p,
miR-143, miR-145,
miR-34a

TmiR-5195-3p, miR-
107, miR-29¢, miR-
155-3p, miR-34a

ImiR-421, miR-766-
3p, miR-362-3p, miR-

Suppresses tumor growth via
CCNG1/MEF2D pathway

Apoptosis to cancer cells, inhibits
neovascularization, mitigates stem-
ness and tumor aggressiveness,
chemosensitization of cancer cells

Enhances anti-tumor efficacy in
xenografts, inhibits cell cycle and
induces apoptosis

P53 mediated apoptosis, eliminates
ROS production, Activation of pro-
caspase 3, PARP1 and PKM2

Decreases actin filament expres-
sion, triggers cell cycle arrest,
decreases cell viability, upregulates
pro-apoptotic proteins

Sensitization of resistant cells to
apoptosis, induces cell cycle arrest,
attenuates B-catenin signaling path-
way, targets integrin beta-1 (ITBG1),
Increases neoplastic features like
clonogenic, invasion and motility
property of cells, PTEN downregula-

Lung cancer

HCC, oral carci-
noma

CRC, breast
cancer

HCC, pancreatic
cancer

Pancreatic
cancer, cervical
cancer

NSCLC, breast
cancer, naso-
pharyngeal
carcinoma, CRC

Zhao et al. 2015 [88]

Lu et al. 2016 [89], Dai et
al. 2017 [90], Yang et al.
2017 [91]

Toden et al. 2015 [92],
Jiang et al. 2020 [93]

Yang et al. 2015 [96],
Pandita et al. 2015 [97]

Zhou et al. 2019 [99],
Sikander et al. 2016 [101]

Duan et al. 2019 [103],
Cai et al. 2019 [104], Sun
et al. 2019 [105], Liu et
al. 2019 [106], Ma et al.
2019 [107], Zhang et al.
2019 [108], Huang et al.
2019 [109], Soltani et al.

6507-3p, miR-4262  tion

2019 [110], Zhang et al.
2019 [111]

sents the structure of terpenoids and associ-
ated compounds modulating miRNAs. Table 2
shows the different terpenoids and associated
compounds modulating miRNA and their mech-
anism of action in various cellular and animal
models.

Alkaloids and associated compounds

Berberine (BBM) and Berbamine derivate
BBMD3

BBM and BBMD3 are two important and com-
monly used isoquinoline alkaloids for pharma-
cological activities. Berberine is extensively us-
ed against various gastrointestinal associat-
ed ailments. Recent reports documented that
BBM in combination with gefitinib inhibits HO-
TAIR-mediated EMT by simultaneous downre-
gulation and upregulation of snail and miR-
34a-5p in SCLCC cells [112]. BBM sensitizes
p53 defective ALL cells to apoptosis by upre-
gulating miR-24-3p and downregulating anti-
apoptotic protein XIAP [113]. Additionally, ber-
berine exhibits anti-cancer potential in multiple
myeloma cells by suppressing the expression
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of miR-19a/92a [114, 115]. Moreover, miRNA
microarray analysis demonstrated that berber-
ine downregulates the cluster of oncomir miR-
106b/26 in multiple myeloma cells. These are
involved in many tumor-associated signaling
cascades and induction of tiny anti-miR106b/
25 clusters, exerting a significant anti-tumor
effect [116].

Berberine suppresses both in vitro and in vivo
endometrial cancer cell proliferation, invasion,
motility, and metastasis, by inducing tumor
suppressor miR-101, which eventually causes
abrogation of prostaglandin E2 (PGE2)/cyclo-
oxygenase-2 (COX-2) signaling cascade [117].
Berberine in combination with miR-122 and
stabilizing agent and nanocarrier polyethylen-
eimine (PEl)-cholesterol (PC) attenuates OSCC
migration and invasion significantly when com-
pared with berberine alone [118]. Berberine in
combination with cisplatin downregulates miR-
93 and thereby augments significant cell death,
also triggering cell cycle arrest in the GO/G1
phase in ovarian cancer cells A2700 [119].
Berberine in combination with cisplatin in gas-
tric cancer cells (SGC-7901, BGC-823) drasti-
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cally induces caspase-dependent cell death
and enhances cell sensitivity to cisplatin by
upregulating tumor suppressor miR-203, that
targets 3-UTR region of Bcl-w to induce cell
death in cisplatin-resistant gastric cancer cells
[120]. A combination of berberine and evodi-
amine restores E-cadherin and par3 expression
and downregulates the expression of oncomir
miR-429 in CRC cells and animal tissues [121].
However, the combination modulates miRNA
expression by influencing the expression of DN-
MTs at the post-transcriptional stage [122].

Camptothecin (CPT)

Camptothecin, an alkaloid natural product, ex-
tracted from Camptotheca acuminata bark, is
reported to have potential anti-tumor activity
against diverse cancers [123]. In myelogenous
leukemia cells and human cervical carcinoma
cells, CPT downregulates the expression of
miR-125b, and this results in the upregulation
of Bakl and p53 and enhances apoptosis
[124]. Camptothecin attenuates transcriptional
factor hypoxia-inducible factor-1a (HIF-1a) in
Hela cells. This attenuation increases the ex-
pression of miR-17-5p, miR-155, and miR-18a
to inhibit tumor growth [125]. However, in cervi-
cal cancer cells, hydroxycamptothecin (HCPT)
mediated autophagy is attenuated by miR-30a
and acts as oncomir by targets the 3-UTR
region of Beclin 1 which is a key tumor suppr-
essor player in autophagy induction [126].
HCPT sensitizes resistant gastric cancer cells
to promote programmed cell death by modulat-
ing at least 25 miRNAs (miR-7, miR-126, miR-
1964, let-7g, miR-200, miR-31, and miR-338),
which play a crucial role in the development of
tumorigenesis and chemosensitivity [127]. In
drug-resistant CRC cells, HCPT fails to kill the
cells, but the overexpression of miR-506 in a
combination with HCPT restores the anti-can-
cer potential of peroxisome proliferator-activat-
ed receptor (PPARx)-mediated by inducing cell
Killing in resistant CRC cells [128].

CPT exerts anti-tumor effect by augmenting
apoptosis and autophagy in cervical cancer
cells. Mechanistically, CPT upregulates the ex-
pression of tumor suppressor miR-16 and miR-
15a, which augments autophagy by targeting
a key component of the mammalian target of
rapamycin complex 2 (mMTORC2) called Rictor.
Suppression of Rictor abrogates mTORC1 and
p70S6K associated phosphorylation and con-
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sequently reduces cell viability and triggers
cell cycle arrest in the G1/S phase, thus aug-
menting CPT efficacy [129]. CPT suppresses
HIF-1oa protein expression by upregulating miR-
155 and miR-17-5p, which targets the HIF-1a
mRNA 3’-UTR region and impairing protein
expression [125]. In a similar study, CPT re-
stores mitochondrial-mediated apoptosis in
cancer cells by mitigating the expression of
oncomir miR-125b, which targets the 3-UTR
region of key proteins of mitochondrial-depen-
dent apoptosis signaling pathway. Examples
are p53, Mcl1, and Bak1 and prevents any ac-
tivation of intrinsic apoptosis [124].

Vincristine

Vincristine is a vinca alkaloid derived from
Catharanthus roseus and it has been utilized
as a chemotherapeutic agent for the last 40
years against a broad spectrum of cancers,
particularly leukemia-associated malignanci-
es. Mechanistically, vincristine affects microtu-
bules and interferes in spindle formation dur-
ing the cell division of neoplastic cells. Despite
interference from microtubules and spindle for-
mation during the division of neoplastic cells,
a recent study demonstrated that vincristine
modulates various miRNAs [130]. Vincristine
sensitizes drug-resistant diffuse large B-cell
lymphoma (DLBCL) to programmed cell death
by upregulating miR-155 expression and im-
proving the outcome of those B-cell lympho-
ma patients categorized under DLBCL [130]. A
combination of vinca alkaloids vincristine, vin-
blastine, and vinorelbine exhibits p53 upregu-
lation in breast cancer cells. However, the me-
chanistic study demonstrated that a combina-
tion of all three vinca alkaloids triggers apopto-
sis in breast cancer cells by upregulating tumor
suppressor miR-222-3p [131]. Deep sequenc-
ing identification of vincristine associated drug
resistance in CRC cells (HCT-8) demonstrated
that 24 miRNAs were significantly modulated,
of which 7 and 17 miRNAs were downregulated
and upregulated, respectively [132]. However,
co-expression of miR-99a and miR-125b helps
in developing resistance of megakaryoblastic
leukemia cells (CMK) to vincristine treatment
[133]. Collectively, these reports suggest that
vincristine is a promising anti-cancer drug and
modulates expression of key miRNAs which
regulates tumorigenesis associated signaling
pathways. Figure 4 depicts the structure of
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alkaloids and associated compounds modulat-
ing miRNAs. Table 3 summarizes the different
alkaloids and associated compounds modulat-
ing MiRNA and their mechanism of action in
various cellular and animal models.

Other natural compounds
Curcumin

Curcumin is a very important natural product
compound found in turmeric. It is abundant in
polyphenolics and has numerous health bene-
fits, for instance, anti-tumor, anti-inflammatory,
and anti-oxidant properties. Preclinical data
suggest that curcumin exhibits anti-cancer po-
tential on diverse cancers [48, 134]. Recent
studies revealed that curcumin exhibits anti-
tumor activity on a wide range of cancers by
modulating epigenetics [135]. Curcumin sensi-
tizes tumorigenic NF-kB signaling in glioblasto-
ma cells to the drug of choice TMZ, thereby
inducing miR-146a which results in inhibited
tumor cell growth and survival [136]. Curcumin
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modulates exosome-mediated miR-21 expres-
sion in chronic myelogenous leukemia (CML)
cells and causes a drastic reduction in tumor
cells [137]. Microarray analysis demonstrated
that curcumin when combined with radiation
treatment in breast cancer cells (T24 and
HT-1376) modulates as many as 17 miRNA ex-
pressions. Among them, the combination sig-
nificantly downregulates the key oncomir miR-
1246 expression and markedly reduces the
cell viability and clonogenic property, thereby
triggering cell cycle arrest at the GO/G1 phase.
Further analysis revealed that miR-1246 modu-
lates the 3’-UTR region of p53 and promotes
tumorigenesis [138].

However, in prostate cancer cells curcumin
upregulates tumor suppressor miR-34a, which
eventually inhibits B-catenin and cell cycle-
associated regulatory proteins. Consequently,
cell cycle arrest and apoptosis is triggered
[139]. Curcumin has the potential for triggering
cell apoptosis in gastric carcinoma cells (MGC-
803) by negatively regulating the miR-21 and
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Table 3. Alkaloids and associated natural compounds modulating miRNA and their mechanism of ac-
tion against various cellular and animal models

Natural Products Modulation of miRNAs

Mechanism of action

Tumor type

References/Authors

Berberine (BBM)
and Berba-
mine derivate
(BBMD3)

TtmiR-34a-5p, miR-24-
3p, MiR-152, miR-429,
miR-29a, miR-34a,
miR-154, miR-26a,
miR-124, miR-101,
miR-122, miR-203

ImiR-19a/92a, miR-

Inhibits snail-mediated EMT,

induction of apoptosis by

targeting XIAP, p53-mediated

apoptosis induction, sup-

presses cell cycle proteins,

targets cyclooxygenase-2
(COX-2), arrests cell cycle

NSCLC, AML, CRC, mela-
noma, multiple myeloma,
endometrial carcinoma,

oral squamous cell carci-
noma, gastric carcinoma

Zheng et al. 2020
[112], Liu et al. 2020
[113], Dong et al. 2019
[114], Yin et al. [115],
Gu et al. 2017 [116],
Wang et al. 2018 [117],
Li et al. 2018 [118],

106b/26, miR-93,

miR106b/25
DNMTs

Camptothecin TmiR-155, miR-17-5p,
(CPT) miR-506

to apoptosis
ImiR-125b, miR-30a,
miR-125b
apoptosis
Vincristine

ImiR-99a, miR-125b,

athways
miR-100 P Y

and sensitizes tumor cells to
cisplatin therapy, modulates

Inhibits apoptosis and
autophagy, prevents intrinsic

TmiR-155, miR-222-3p Induces apoptosis, p53 up-
regulation, Drug-resistance,
downregulation of apoptotic

Chen et al. 2015 [119],
You et al. 2016 [120],
Liu etal. 2016 [121],
Huang et al. 2017 [122]

Induces apoptosis, autophagy Myeloid leukemia, Cervi- Zeng et al. 2012 [124],
and triggers cell cycle arrest
at G1/S phase, reduces HIF-  carcinoma, CRC
1o protein expression and

activity, sensitization of cells

Bertozzi et al. 2014
[125], Cheng et al.
2015 [126], Wu et al.
2011 [127], Tong et al.
2011 [128], Huang et
al. 2015 [129]

cal carcinoma, gastric

Diffuse large B-cell lym-
phoma, breast cancer,
CRC, megakaryoblastic
leukemia, ALL

Due et al. 2019 [130],
Mavrogiannis et al.
2018 [131], Dong et al.
2015 [132], Kandi et
al. 2015 [133]

decreasing phosphorylation of Akt and upre-
gulating tumor suppressor protein PTEN. Cur-
cumin negatively regulates cell viability, abro-
gates tumor cell invasion and migration by up-
regulating tumor suppressor miR-99a in gas-
tric cancer cells (SO-Rb50, Y79) [140]. Curcu-
min affects tumor cell invasion and inhibiting
EMT in breast cancer cells by modulating miR-
34a expression which leads to the downregula-
tion of Slug, Axl and CD24 genes which are key
mediators of EMT [141]. Furthermore curcu-
min suppresses growth and motility capability
of thymic carcinoma cells and abrogates Notch
and mTOR signaling pathways by downregulat-
ing the expression of miR-27a [142]. However,
the anti-tumor effect was greatly enhanced
in combination with MAPK inhibitor PD98059
[143]. It is found that curcumin upregulates
tumor suppressor miR-344a-3p in schwanno-
ma cells (RT4), thereby augmenting apoptosis
by activating caspase-3, -9 and downregulating
anti-apoptotic proteins Bcl-2 [144].

Docosahexaenoic acid (DHA)

An unsaturated fatty acid, DHA is abundant in
seaweed oil, egg yolk, etc., and is very common
and a key constituent of infant formula for the
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development of intelligence and vision in
infants. Although DHA is used in the therapeu-
tics of breast cancer, the mechanism of action
is still not well understood. A recent report sug-
gests that DHA attenuates tumor angiogenesis
by suppressing neovascularization. MiRNAs are
reported to be secreted in exosomes and trans-
located to endothelial cells, which facilitates
the proangiogenic effect. A recent study re-
vealed that the treatment of MCF-7 cells with
DHA increases both miRNAs (let7a, miR-21,
miR-23b, miR-27b, and miR-320b) secretion
and miRNA enclosed exosome secretion. Th-
rough this mechanism DHA might facilitate
more exosomal miRNAs to endothelial cells in
breast cancer, in this way modulating miRNAs
and attenuating tumor angiogenesis [145].
Combination with other polyunsaturated fatty
acids, DHA reduces cellular growth of breast
cancer cells (MCF-7) by downregulating the
expression of oncomir miR-21 [146]. A combi-
nation of DHA and eicosapentaenoic acid sen-
sitizes multiple myeloma cells to dexametha-
sone chemotherapy, thereby upregulating miR-
34a. Mechanistically, this combination modu-
lates miR-34a mediated-p53 activation which
in turn regulates the suppression of anti-apop-
totic protein Bcl-2 [147]. A combination of DHA
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avoids the detrimental effect of docetaxel in
gastric cancer cells on MHC class | chain-relat-
ed protein A (MICA) by downregulating miR-20a.
The restoration of MICA enhances the anti-
tumor immune response to the combination of
DHA with docetaxel and does not allow docetax-
el to negatively regulate MICA [148].

6)-Gingerol (6G)

6G is a polyphenolic alkanone natural pro-
duct compound with potential pharmacological
properties. The aforementioned reports sug-
gest that the anti-tumor activity of 6G is asso-
ciated with miRNA expression in tumor cells
[149]. In myeloid leukemia cells, G6 subdues
mitochondrial complex (MRC1), followed by in-
duction of ROS and concomitantly induces
DNA damage and upregulation of miR-27b. The
G6-mediated upregulated miR-27b attenuates
the PPARy-NF-kB pathway and induces apop-
tosis in tumor cells [150]. 6G promotes neuro-
protection by upregulating miR-103 expression
in cerebral ischemic cells (PC-12). Another
study demonstrated that 6G-mediated upregu-
lation of miR-103 mitigates Bcl-2 interacting
protein 3 (BNIP3) regulation, thus regulating
c-Jun-N-terminal kinase (JNK) and p38 MAPK
pathways negatively [151].

Diaporine A

Diaporine A is another pharmacologically acti-
ve natural product compound, extracted from
endophytic fungus 3Ip-10. In a recent study of
NSCLC cells, diaporine A exhibits anti-tumor
activity by upregulating miR-99a. This upregu-
lated expression of miR-99a subdues the
tumorigenic mTOR signaling pathway, thus con-
trolling tumor growth in NSCLC [152].

Prodigiosene

Prodigiosene (methyl-3-pentyl-6methoxyprodi-
giosene) is a type of natural product compound
obtained from the Serratia marcescens. Pro-
digiosene exhibits anti-tumor activity by upreg-
ulating miR-16-1 in CRC stem-like cells. The
upregulation of miR-16-1 drastically silences its
target gene survivin and concomitantly sensi-
tizes and promotes apoptosis in CRC cells. It
is believed that prodigiosene could be the drug
of choice in countries where: firstly, highly ex-
pressed survivin in CRC stem cells becomes
the main obstacle in chemotherapeutic; and
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secondly, causes high morbidity and mortality
of CRC patients [153].

Aplysin

A marine bromide natural compound, Aplysin
not only suppresses tumorigenesis but also
sensitizes and eliminates drug-resistant tumor
cells. Aplysin sensitizes and eliminates TMZ
resistant glioma cells by upregulating the tu-
mor suppressor miR-181 which induces down-
regulation of mitogen-activated protein kinase
kinase 1 (MEK1) [154].

Methyl jasmonate

Recently, a combination of drugs in clinical
therapeutics is one of the key advances made
in the field of medicine. The synergic effect of
the drugs is preferred over single drug thera-
peutics in cancer and these combinations con-
siderably enhance drugs’ anti-tumor potential.
A recent analysis suggests that the combina-
tion of two natural products, methyl jasmonate
and gambogic acid (GA) sensitizes and triggers
resistant bladder cancer cells to programmed
cell death. Mechanistically, this combination
increases the tumor suppressor miR-101 ex-
pression by deregulating EZH2, which results
in a significant induction of tumor efficacy com-
pared to the single drug [155]. A similar study in
CRC cells (SW620) revealed that methyl jas-
monate exerts an inhibitory effect on cell prolif-
eration and enhances cell apoptosis by upregu-
lating miR-101 and downregulates EZH2 pro-
tein expression [156].

Ellagitannin (BJA3121) and BJA32515

The polyphenolic natural product compounds,
Ellagitannin (1,3-Di-O-galloyl-4,6-(s)-HHDP-bD-
glucopyranose, BJA3121) and BJA32515
(1,3,4-tri0-galloyl-6-0-caffeoyl-beta-D-glucopy-
ranose) are obtained from Balanophora Ja-
ponica Makino. These compounds display st-
rong anti-proliferative potential. A recent study
demonstrates that ellagitannin BJA3121 and
BJA32515 exhibit tumor growth inhibition in
HepG2 tumor xenograft by modulating the
expression profile of miRNAs. Ellagitannin de-
rivative methylated urolithin A exhibits anti-pro-
liferative potential, upregulates PTEN and pro-
grammed cell death protein 4 (Pdcd4) protein
expression. Mechanistically, ellagitannin deriv-
ative treatment downregulates miR-21 expres-
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sion and subsequently causes simultaneous
upregulation of tumor suppressor PTEN, FO-
X03a and downregulation of two things: tumo-
rigenic Akt phosphorylation and Wnt/3-catenin
in prostate cancer cells (DU 145) [157].

1’S-1’-acetoxychavicol acetate (ACA)

ACA is a very important natural product and has
been reported to sensitize resistant tumor cells
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to programmed cell death. ACA induces anti-
cancer activity by sensitizing cisplatin-resistant
human cervical carcinoma cell line Ca Ski. ACA
in combination with cisplatin modulates miR-
NAs that target genes linked to cell cycle pro-
gression and apoptosis. The change in the
expression level of miRNAs upon treatment
with cisplatin and ACA is significant for induc-
ing apoptosis in these resistant cells [158].
However, ACA downregulates oncomir miR-210
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Table 4. Modulation of miRNA expression by other natural product compounds and their possible

mechanism of action

Modulation of

Natural Products MIRNAS Mechanism of action Tumor type References/Authors

Curcumin TmiRNA-146a, MiR- Sensitization of cells to TMZ-  Glioblastoma, Wu et al. 2015 [136],
196b, miR-1264, mediated apoptosis, Ber-Abl - CML, bladder Taverna et al. 2015 [137],
miR-34a, miR-99a, downregulation, radiosen- carcinoma, Xu et al. 2019 [138],

Docosahexaenoic acid (DHA)

6-gingerol (6G)

Diaporine A
Prodigiosene
Aplysin

Methyl jasmonate

Ellagitannin (BJA321) and
BJA32515
1’S-1’-acetoxychavicol
acetate (ACA)

10'(2), 13'(E), 15’(E)-hep-
tadecatrienylhydroquinone
[HQ17 (3)]
Indole-3-Carbinol (I3C) and
Diindolylmethane (DIM)

miR-344a-3p

ImiR-27a, miR-21

TmiR-34a

ImiR-21, miR-20a

TmiR-27b, miR-103

TmiR-99a
TmiR-16-1
tmiR-181, miR-
181b

tmiR-101

ImiR-21

ImiR-210, miR-629

TmiR-17-92

TmiR-150-5p, miR-

212/132
ImiR-30e

sitization-mediated p53
activation in cells, targets
JAK/STAT pathway, inhibits
cell invasion and motility,
apoptosis induction

Attenuates tumor angiogen-
esis, sensitization of cells, re-
stores MICA expression and
enhances anti-tumor effect
Blocks PPARy-NF-kB path-
way, mitigates BNIP3 regula-
tion associated JNK and
p38MAPK signaling pathway
Suppresses mMTOR pathway
Targets surviving

Sensitize cells towards
apoptosis

Triggers apoptosis, down-
regulates EZH2

Activates Pdcd4 by upregu-
lating PTEN

Sensitization of resistant
cells

Downregulation of c-Myc-
mediated apoptosis

Targets MAP3K12 pathway,
suppresses metastasis by
targeting SOX4, activates
autophagy

prostate cancer,
retinoblastoma,
thymic carci-
noma, gastric
cancer, schwan-
noma

Breast carci-

noma, multiple
myeloma, gas-
tric carcinoma

Myeloid leuke-
mia, neuroblas-
toma

SCLC
CRC
Glioblastoma

Bladder cancer,
CRC

Prostate cancer

Cervical carci-
noma

Leukemia

Prostate cancer,

breast cancer,
gastric cancer

Zhu et al. 2019 [139],

Li et al. 2018 [140],
Gallardo et al. 2020 [141],
Han et al. 2020 [142],
Qiang et al. 2019 [143],
Sohn et al. 2018 [144]

LeMay et al. 2018 [146],
Dai et al. 2017 [147],
Shekari et al. 2019 [148]

Rastogi et al. 2014 [150],
Kang et al. 2019 [151]

Lin et al. 2017 [152]
Sam et al. 2016 [153]
Gong et al. 2014 [154]

Wang et al. 2014 [155],
Peng et al. 2017 [156]

Zhou et al. 2016 [157]

Phuah et al. 2017 [159],
Phuah et al. 2017 [160]

Liao et al. 2014 [161]

Yu et al. 2018 [165],
Hanieh et al. 2015 [166],
Ye et al. 2016 [167],
Royam et al. 2019 [168],
Sayeed et al. 2017 [169]

expression and promotes the anti-tumor effect
by negatively regulating cell proliferation and
exhibits significant cell killing in cervical cancer
cells. Mechanistically, ACA inhibits the interac-
tion of miR-210 with 3’-UTR region of SMAD4
and helps in the restoration of SMAD4 expres-
sion, which eventually enhances anti-prolifera-
tive effect and induction of cell apoptosis [159].
Another study done on cervical cancer cells
demonstrated that the downregulation of miR-
629 by its respective inhibitor increases the
ACA sensitization of resistant cervical cancer
cells to anti-tumor effect and apoptosis. The
mechanistic study revealed that upon miR-629
inhibition, ACA treated cervical cancer cells to
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restore the Ras suppressor 1 (RSU1) protein
expression, thereby increasing anti-prolifera-
tive and apoptosis-inducing ability in cervical
cancer cells [160].

10’ (2), 13’ (E), 15’ (E) heptadecatrienylhydro-
quinone [HQ17 (3)]

HQ17 (3) is a natural product compound
obtained from the lacquer tree sap of the spe-
cies Rhus succedanea. The compound exhibits
anti-leukemia activity by regulating c-Myc
expression. Mechanistically, HQ17 (3) attenu-
ates c-Myc expression, resulting in the down-
regulation of miR-17-92 cluster expression and
so inhibiting leukemia cells [161].
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cells.

Indole-3-Carbinol (I3C) and Diindolylmethane
(DIM)

DIM is a very active, natural product compound
present in cruciferous vegetables like kale, cab-
bage, radish, broccoli, turnip, cauliflower, and
Brussels sprouts [162, 163]. DIM modulates
the expression of various miRNAs intricated
in tumorigenesis [164]. DIM in combination
with tetrachloridebenzo-p-dioxin (TCDD) upreg-
ulates the expression of aryl hydrocarbon
receptor (Ahr) by modulating miR-150-5p ex-
pression. The upregulation of miR-150-5p regu-
lates MAPK pathways and can inhibit pro-
state cancer cells’ viability and invasion [165].
Further, this combination upregulates the Ahr-
miRNA cluster (miR-212/132). The synergistic
effect of miR-212/132 targets pro-metastatic
SRY-related HMG-box4 (SOX4) at the 3-UTR
region and exerts an anti-invasive and anti-
migration effect on tumor cells [166]. DIM
modulates miR-30e in gastric cancer cells.
Mechanistic studies demonstrate that DIM
disrupts the interaction of miR-30e with the
3-UTR region of autophagy-related 5 (ATG-5). It,
firstly, activates autophagy associated conver-
sion of microtubule-associated protein 1A/1B-
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light chain 3 (LC3I) to LC3Il and ATGb, and sec-
ondly, exerts an inhibitory effect on the prolif-
eration of gastric cancer cells [167]. Collective-
ly, these promising results indicated that DIM
and 13C might be harnessed as potential anti-
cancer chemotherapeutic agents by modulat-
ing crucial miRNAs regulating tumorigenesis.
Figure 5 presents the structure of natural com-
pounds modulating miRNAs. Table 4 shows
the different natural compounds modulating
mMiRNA and their mechanism of action in vari-
ous cellular and animal models.

Conclusion and future perspectives

Besides the importance of miRNAs, epigenetic
modifications and their importance in tumori-
genesis, the present review highlights the ro-
le of natural product compounds modulating
tumorigenic miRNAs in favor of chemopreven-
tion. The miRNAs have played a remarkable
role in tumorigenesis by binding to the 3'UTR
of target mRNA, thereby degrading mRNA or
inhibiting translation. Besides miRNAs other
noncoding MiRNAs (IncRNAs, circular RNAs,
etc.) have a crucial role to play in tumorigenesis
by modulating the epigenetics of oncomirs and

Am J Transl Res 2020;12(7):3531-3556



Natural products modulate miRNAs

tumor suppressor miRNAs in favor of tumori-
genesis. However, miRNAs and other related
RNAs not only have a role in tumorigenesis;
they also play a key role in diagnostics, prog-
nostics and cancer therapeutics. For this rea-
son MiRNAs have much potential in cancer
therapeutics.

Despite other pharmacological properties, nat-
ural products exhibit anti-tumor activity by
modulating the expression of both oncomirs
and tumor suppressor miRNAs, thereby imped-
es cancer signaling pathways and attenuates
tumorigenesis. Additionally, the natural prod-
ucts increase the efficacy of conventional can-
cer therapies by modulating miRNAs (Figure
6). Thus, modulating miRNAs by natural prod-
ucts could open up innovative opportunities
for future therapeutics concerning cancer.
Owing to their structural complexity, natural
products have a unique ability to deal with
tumorigenesis by modulating the miRNA ex-
pression through numerous mechanisms such
as miRNA processing and epigenetic transc-
riptional modifications. The natural products
exhibit anti-tumor growth activity, apoptosis in-
duction, reductions in cell stemness and incre-
asing drug sensitivity by modulating the expres-
sion profile of miRNAs.

Besides these pharmacological activities, mod-
ulation of miRNAs by natural products could
open up new avenues in the field of combina-
tion drug design with FDA approved convention-
al therapeutics for the prevention, sensitization
of resistant cells and recurrent patients. The
objective is to enhance complete remission of
cells and successful treatment outcomes for
cancer patients. Despite the expectations of
the promising and worthy characteristics of
natural products’ anti-tumor activities, there
are many challenges to resolve such as poor
bioavailability of natural products. To this end,
diverse methodologies will be indispensable to
overcome these limitations, including synthe-
tic formulations, chemical modifications, and
delivery of liposomes and nanoparticles. Thus,
it is expected that these novel strategies will
avert tumor recurrence and resistance in future
therapies of drug development.
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