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he underlying mechanisms which play fundamental role in

ced our understanding about intricate nature of metasta-
ignificant cancer chemopreventive roles. Deregulated onco-
ight on the metastasis inhibitory properties of naringin, naringenin,
ted mice. Wnt/B-catenin, TGF/SMAD and NOTCH signaling cascades
evidence related to pharmacological targeting of Wnt/B-catenin, TGF/

Introduction

Citrus is one of the largest gultivated
more than 157 millio s iglob

is a term used to refer i
pomelo, mandarin, li
gerine, clementin

it crops, with
2019 (1). Citrus
s genus, including
t and blood orange, tan-
it, sour orange, citron, and

lemon (2) heir by-products (peels and
seeds) es of bioactive compounds, such
as flavono ial oils, coumarins, alkaloids, li-

ds, and carotenoids (3).

Flavonoids are the leading bioactive compound group
found in citrus, and they are subdivided into flava-
nones, flavonols, flavones, flavans, and anthocyanins
(4). Flavanones are the predominant group of flavo-
noids considering the total content in citrus (95% of
total flavonoids), and they may be found in aglycone
or glucoside forms. Hesperetin and naringenin are the
aglycone forms and may be glycosylated with rutinose
and neohesperidose to form hesperidin and naringin (5).
Tangeretin and nobiletin are polymethoxylated flavones
almost exclusively found in citrus (6). They are present-
ed in low concentrations, but they show biological and
specific effects due to the presence of methoxyl groups,
which results in low polarity and a planar structure, in-

creasing the membrane permeability and transport.

The citrus-derived flavonoids exhibit in vitro and in
vivo health effects, including anti-inflammatory, anti-
oxidant, anti-aging, anti-allergy, and anti-carcinogenic
properties. Cancer is one of the primary causes of death
worldwide. It is of paramount importance to develop
anticancer drugs with high efficiency and/or find foods
with compounds that could reduce cancer risk. Cancer
cells can have uncontrolled proliferation, apoptosis re-
sistance, and the capacity to produce new blood vessels
and metastasis to other body parts. Metastasis occurs af-
ter metastasis-inducing proteins secretion, detachment
of cells at the initial site, migration, adhesion, and inva-
sion at a different site. Citrus-derived flavonoids may
be considered antimetastatic compounds due to their
inhibition of cell invasion and metastasis, low toxicity,
recognized safety, and overall availability. Flavanones
and polymethoxylated flavones derived from citrus
have shown the most promising antimetastatic activities
among the flavonoid compounds.

In this review, we have summarized cutting-edge re-
search works which revolutionized our understanding
about pharmaceutical targeting of oncogenic pathways
by citrus-derived bioactive components. We begin with
a brief overview of the central role of Wnt/p-catenin
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and TGF/SMAD in carcinogenesis and metastasis. We
also summarize scientifically verified evidence related
to cancer chemopreventive role of naringin, naringenin,
tangeretin, nobiletin, hesperidin and hesperetin, more
specifically in the context of metastasis.

Overview of TGFB/SMAD, Wnt/B-catenin and
NOTCH pathways

Deregulation of oncogenic pathways have been
shown to promote metastasis. Conceivably, the modula-
rity of sophisticated signaling networks is a major stum-
bling block in the standardization of therapies.

TGFEp/SMAD pathway

TGFB (Transforming growth factor-f) cascade ini-
tiates from plasma membrane to the nucleus through the
co-operation of the type I and II serine/threonine kinase
receptors and their characteristically unique downstream
effectors. TGFB1 characteristically initiates transduc-
tion cascade at the cell membrane by binding to a func-
tionally active hetero-tetrameric complex comprising
of two transmembrane serine/threonine kinases, known
as TPRI and TPRIIL. Stabilization of SMAD proteins
is necessary to ensure the activation of TGF/SMAD
pathway.

PDLIMS5 (PDZ and LIM domain protein-5) pro-
moted TGFB-induced transduction cascade by enhan-
cing the stability of SMAD3 in NSCLC (7). STUBI
is an E3 ubiquitin ligase and ubiquitinates different
proteins. PDLIMS interacted with SMAD3 and co
petitively blocked the interactions between STUBI an
SMAD3. Consequently, PDLIMS efficiently protected
SMAD3 from STUBI-induced proteasomal degrada-
tion. Pulmonary metastatic nodules were found to beyre-
duced significantly in mice intravenously inj h
PDLIMS-knockdown-lewis lung carcino

It has also been convinci
LINCO00941 (an oncogenic long non
sically interacted with SMAD4 and pr
mediated SMAD4 degradation
ted stabilization of SMAD4 es

he activation of
GFP1 increased
ities of LINC00941-

silenced cells, wherea
caused a notable r

-Terminal Hydrolase L1) faci-
g-mediated metastasis by stabili-

quitination and ‘proteasomal degradation (9). UCHLI1-
overexpressing-MDA-MB-231 cancer cells revealed
considerably enhanced metastases in different organs in
tumor bearing mice (9).

Overall, these findings suggested that post-trans-
lational modifications of SMAD proteins play impor-
tant role in the determination of their fate. Next section
mainly deals with regulation of metastasis by Wnt/p-
catenin pathway.

Whnt/B-catenin pathway

Discovery of Wnt/B-catenin pathway has opened
the door to an ever-increasing understanding of cellular
processes that are controlled or influenced by B-catenin.

Cancer-associated fibroblasts (CAFs) are a heteroge-
neous subpopulation of stromal cells and are prominent
components of the microenvironment. We have wit-
nessed a substantial expansion in research related to the
biology of CAFs. These cells modulate cancer metas-
tasis through remodeling of the extracellular matrix,
secretion of growth factors, modulation of angiogenesis
and drug resistance. a-SMA positive CAFs were found
to be abundant in the tumors derived from WNT4-ove-
rexpressing SW480 cells in tumor-bearing mice (10).
Tumors developed from WNT4-overexpressing SW480
cells were larger in size in xenografted mice. WNT4
promoted the recruitment and activation of fibroblasts
via B-catenin-dependent pathway (10).
DKK3 (DICKKOPF Homolog-3) is
activity antagonist and serves as, a
bitor of WNT/B-catenin pathway
terpenoid increased the expres
bited WNT/B-catenin path

WNT ligand
acellular inhi-

proliferation and met osteosarcoma cells via

downregulation -3p expression (11).
Activation, o 1gna1ing is antagonized by the

SFRPs ( secr ed-related proteins). miRNA-

454-3p digectlyptargeted DKK3 and SFRP1 and caused

activat T/B-catenin pathway (12). There was
\pulmonary metastasis in the mice trans-
ith"miRNA-454-3p-expressing-MCF-7 cells.
lockade of WNT/B-catenin signaling by
on of B-catenin severely impaired the miRNA-
-3p-mediated increase in the metastatic potential of
cer cells. Borders of miRNA-454-3p-expressing-
CF-7 primary tumors demonstrated spike-like mor-
phological features that penetrated into the surrounding
muscles (12).

WD repeat-containing protein 74 (WDR74) has been
reported to stabilize B-catenin in lung cancer cells (13).
There was a marked reduction in the tumor nodules or
almost no tumor nodules in mice injected with WDR74-
silenced PC9 cells. Moreover, there was a significant
decline in the number of micro-metastatic lesions in
mice injected with WDR74-silenced PC9 cells. Whe-
reas, larger metastatic lesions were noted on the surface
of lungs in mice injected with WDR74-overexpressing-
PC9 cells (13).

It seems clear that stability and nuclear accumulation
of B-catenin is necessary to activate or repress target
gene networks.

NOTCH pathway

Ligand-triggered activation sequentially induced
proteolytic cleavages of the members of the NOTCH
family of receptors. Proteolytic processing caused the
release of NICD (Notch intracellular domain). Once
released, NICD accumulates in the nucleus and works
synchronously with the DNA-binding molecule CSL
and co-activator protein MAML (Mastermind-like
transcriptional co-activator-1) for the transcriptional
regulation of target gene network.

NSD3, a histone methyltransferase is frequently
overexpressed in wider variety of cancers. NSD3-in-
duced methylation of H3K36 is critical for metastasis.
ADAMI10 and ADAMI17 are well characterized and
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have been shown to play a crucial role in the cleavage
and activation of NOTCH receptors (14). In NSD3-
overexpressing MCF7 cells, ADAMI12 knockdown
abolished NSD3-induced NICD1 accumulation. NSD3
was recruited to the promoter regions of NOTCHS3,
DLL4, ADAMI12 and promoted di- and tri-methylation
at H3K36 regions to transcriptionally upregulate the
expression of these genes. Besides, histone H3 acety-
lation was increased, whereas, H3K27me3 levels were
decreased at the regions. Dissociation of EZH2 and co-
recruitment of p300 acetyltransferase and RNA-poly-
merase-11 facilitated histone acetylation. Collectively,
these findings provided evidence that long isoform of
NSD3-long interacted with RNA-polymerase-II and
EZH2 to effectively block EZH2-mediated H3K27me3.
More importantly, multicomponent machinery consis-
ting of NSD3, p300 acetyltransferase and RNA-poly-
merase-11 formed a transcriptionally active complex
at the promoter regions of NOTCH-related genes for
H3K36me2/3-dependent expression of the target genes.
In an orthotopic xenograft, NSD3-induced rapidly
growing tumors were noted to be inhibited by treatment
with y-secretase inhibitors and mice harboring tumors
derived from NSD3-overexpressing MDA-MB-231
cancer cells showed higher sensitivity to y-secretase
inhibitors. Importantly, injection of NSD3-overexpres-
sing MDA-MB-231 cancer cells into mice showed that
NSD3-induced pulmonary metastases of breast tumors
were inhibited significantly by y-secretase inhibitors
(14).

Glycosyltransferase EGF domain-specific O-link
GlcNAc transferase (EOGT) has been shown to glyc
sylate NOTCHI1 (15). SHCBP1 (SHC SH2 domain-bin-
ding protein-1) has been reported to interact with

SHCBP1 inhibited E-cadherin ex
ficantly enhanced NICD enrich

gion of E-cadherin but knockd 0
severely interfered
nal downregulation of

HCBP1/EOGT
ted transcriptio-
Mice injected with

NICD (16). Subsequently, FBXW?7, an E3 ligase reco-
gnized phosphorylated NICD and promoted ubiquitin-
dependent degradation. Tight binding of RFC4 (DNA
replication factor) to NICD1 competitively abrogated
CDK&8/FBXW7-mediated phosphorylation and poly-
ubiquitination of NICD1. Mutant NICD-expressing-
NSCLC cells generated excessive pulmonary metas-
tases when they were intravenously injected and formed
palpable tumors even when cells were subcutaneously
inoculated. More importantly, RFC4 silencing failed to
inhibit metastasizing ability of NICD1-mutant NSCLC
cells (16).

Notably, percentage and number of pulmonary me-
tastases in mice inoculated with HEY 1-silenced-143B

cells were reported to be significantly reduced (17).
Furthermore, the area of lung metastasis in the animal
models inoculated with HEY 1-silenced-143B cells was
also significantly smaller in size (17).

After an overview of oncogenic cell signaling pa-
thways, we will provide a summary of citrus-derived
pharmacologically active molecules having significant
properties to inhibit or prevent metastasis.

Citrus-derived bioactive ingredients

Naringin

Naringin has a molecular weight of 580.5. Naringin
has been shown to effectively inhibit metastasis.

The trans-differentiation of epithelial ‘€ells into me-
senchymal cells, a complex procegss i
epithelial-to-mesenchymal tramsi
role in cancer progression. Importa
switch in EMT is regulate & tranScriptional
factors, including SNAIL, ine=finger E-box-bin-
ding Homeobox) and oop-helix transcrip-
tion factors. Naringin
vels of ZEBI in r
reduced the leye

a cells (18). Naringin also

ix metalloproteinase (MMP2).
evented lung degeneration and

ence of pulmonary metastatic nodules

in micéimp with MG63 cells (18).
ingin concentration-dependently inhibited glu-
b

e m sm of melanoma A375 cells. Furthermore,
in significantly reduced the phosphorylation of c-

()

C .

Naringin reduced the protein levels and enzymatic
ivities of MMP2 and MMP9 (20). Additionally, na-
ringin efficiently reduced phosphorylation of ERK (ex-
tracellular signal-regulated kinase), c-Jun N-terminal
kinase and p38 MAPK. Collectively, naringin blocked
MAPK signaling cascade including ERK, JNK and p38
(20).

Naringin dose-dependently decreased invasion and
migratory potential of U887 MG cells (21). Naringin
suppressed the levels of MMP2 and MMP9. Naringin
also targeted FAK by blocking the phosphorylation of
397" tyrosine of FAK (21). Collectively, these findings
indicated that naringin inhibited the growth and metas-
tasis of U87 MG partially by inhibition of FAK signa-
ling cascades.

miRNAs inhibit the functionality of protein-coding
transcripts, that results in alterations in multiple aspects
of molecular mechanisms. Oncogenic signaling cas-
cades can be regulated either through single microR-
NAs or interconnected regulatory networks controlled
by multiple microRNAs that participate in reciprocal
feedback interactions with the targets that they regulate.
VCAMI1 (Vascular cell adhesion molecule-1) of the
immunoglobulin superfamily has been reported to be
interconnected with metastasis (22). miR-126 directly
targeted VCAMI in different cancers. Naringin stimu-
lated the expression of miR-126 and enhanced miR-
126-mediated targeting of VCAMI in chondrosarcoma
cells (22).

Levels of p-AKT, p-mTOR, VCAMI1 and NF-«B
were noted to be reduced in miR-126-overexpressing
non-small cell lung cancer cells (23). More importantly,
naringin-mediated anticancer effects were found to be

Cell Mol Biol (Noisy le Grand) 2021 | Volume 67 | Issue 2

180



Ammad Ahmad Farooqi ef al.

Antimetastatic effects of Citrus-derived bioactive ingredients: Mechanistic insights.

more pronounced in miR-126-overexpressing cancer
cells (23).

Collectively, these findings suggested that naringin
pleiotropically modulated oncogenic proteins and EMT-
associated proteins for inhibition of metastasis.

Naringenin

Naringenin is an efficient and medicinally significant
citrus-derived product. In this section, we will summa-
rize metastasis-inhibitory role of naringenin via inacti-
vation of TGFB/SMAD and Wnt/B-catenin pathways.
We have also discussed how circular RNAs play fun-
damental role in metastasis and warrant further research
mainly in context of naringenin-mediated inhibition of
metastasis.

Mouse TGFB1 was lentivirally transduced into
mouse breast carcinoma (4T1-Luc2) cells and then
transformant cells (4T1/TGFB1) were inoculated the
into Balb/c mice (24). There was an extensive pulmona-
ry metastasis derived from 4T1/TGFB1 tumors. Howe-
ver, administration of naringenin or 1D11 (TGFpI
blocking antibody) caused significant blockade of pul-
monary metastasis for both 4T1/TGFB1 tumors as well
as 4T1/RFP tumors and increased survival of the mice.
Importantly, mice inoculated with TGFB1-expressing
4T1 cancer cells had notably higher systemic immu-
nosuppression. Furthermore, these mice represented a
higher proportion of myeloid-derived suppressor cells
and regulatory T cells and a lower fraction of activated
T cells and IFNy expression in CD8" T cells. Naringe-
nin reduced TGFP1 secretion from the cells thus lea-
ding to an intracellular accumulation of TGFf1. Nari
genin blocked TGFf1 trafficking from the trans-Golgi
network by suppression of PKC activity and reduced
TGFP1 secretion from breast cancer cells (24).

TGFB/SMAD3 signaling transcriptionall
led the expression of TIMP2 (tissue inhibito¥sie
loproteinase-2) and MMP2 (25). Studi
phosphorylated-SMAD3 transcripti
MMP2 and simultaneously repr
of TIMP2 (Fig. 1). Treatment
lated SMAD?7, whereas narin
activation. Developm
intestine and lung wer

tic acid. Lung inoma and melanoma developed in
an encapsulated’growth pattern subcutaneously in mice
combinatorially treated with both drugs (25).

Oral administration of naringenin significantly re-
duced the number of pulmonary metastatic nodules and
prolonged the life span of tumor resected mice (26).
Moreover, antitumor activity displayed by T cells was
superior in naringenin treated mice alongwith an in-
creased proportion of IFNy and IL-2 expressing T cells
(26).

Naringenin suppressed TGFB1-induced migration
and invasion of pancreatic PANC-1 and ASPC-1 cancer
cells (27). TGFB1/SMAD?3 signaling played fundamen-
tal role in metastasis. However, naringenin efficiently
reduced protein levels and phosphorylated levels of

SMAD3. Whereas, SMAD3 overexpression signifi-
cantly impaired the inhibitory effects of naringenin on
TGFp1-induced migration. TGFB1 enhanced EMT and
drug resistance by increasing the levels of vimentin,
N-cadherin, MMP2 and MMP9. However, naringenin
inhibited TGFB1/SMAD3 pathway and markedly sup-
pressed the levels of EMT-markers and matrix metallo-
proteinases (27).

It has previously been convincingly revealed that
tumor growth and metastasis were noted to be consi-
derably enhanced in mice having fibrotic lungs (28).
Mice with pulmonary fibrosis are vulnerable to a high
risk of lung cancer and metastasis. Therefore, for a bet-
ter understanding of the key role of pulmonary fibrosis
microenvironment as a critical regulator of lung tumor
progression, normal lung cells orfibrdti cells were
co-injected with breast 4T1qca ce BALB/c
mice. Pulmonary fibrosis pro d olonization of
cancer cells in the lungs. N 'm&n inhibited
lung metastasis but also ificr e survival rate of
the mice with pulmon,

Semi-natural dert narlngenm 6-C-(E-

phenylethenyl) 6 -CEPN) was found to be
efficient against lls (29). 6-CEPN inhibited the
metastatic di of liver cancer cells in xeno-

grafted . ung metastasis was found to be conside-
rably ifhib1 mice inoculated with Huh7 cells after
‘Nh 6-CEPN. Intriguingly, 6-CEPN effecti-
inagtivated Wnt/B-catenin signaling by promoting
egradation of B-catenin and inhibition of its nuclear
lation (Fig. 1). Furthermore, GSK3p upregu-

on also played critical role in enhancing 6-CEPN-
diated inhibitory effects on Wnt/B-catenin signaling

Naringenin remarkably inhibited the pulmonary
invasion of melanoma cells in C57BL6/N mice trans-
planted with B16-F10 cells (30).

Naringenin and paclitaxel-loaded solid lipid nano-
particles (SLNs) surface modified with cyclic peptides

<

LRPS/LRPG a1 Frizzled

N\
CRasin pvL
RPC™ Gsk-3p

2

1
Y

| —
[

6-CEPN

00U o

Figure 1. Naringenin-mediated regulation of oncogenic signa-
ling cascades. Hetero-tetramerization of TBRI and TBRII induces
signal transduction. SMAD proteins transcriptionally control the

expression of target genes. Naringenin inhibited SMAD3 mediated
regulation of MMP2 and TIMP2. 6-C-(E-phenylethenyl) narin-
genin (6-CEPN) inhibited Wnt/B-catenin signaling by promoting
B-catenin degradation.
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demonstrated noteworthy targeted anti-cancer activity
(31). Surface functionalization of SLNs with cyclic pep-
tides significantly improved the release rate and drug
absorption performance (31).

Gene expression landscape is a central driver of va-
rious steps of cancer and gene expression is fine-tuned
by non-coding RNAs. CircFOXMI1 is an oncogenic cir-
cular RNA reportedly involved in invasion and metasta-
sis (32). CircFOXM1 potentiated the expression of dif-
ferent oncogenic proteins in lung cancer cells. Naringe-
nin dose-dependently reduced circFOXMI1 expression
in A549 and PC-9 cells. Enforced expression of circ-
FOXM1 reversed the inhibitory effects of naringenin on
migration and invasion of A549 and PC-9 cells. SPAGS5
(Sperm-associated antigen 5) promoted the migratory
and invasive potential of lung cancer cells. CircFOXM1
stimulated the expression of SPAGS5 by interfering with
miR-3619-5p-mediated targeting of SPAGS in lung
cancer cells (Fig. 2). In xenografted mice studies, cir-
cFOXMI1 and SPAGS5 were found to be downregulated
in naringenin group, while miR-3619-5p was induced.
However, circFOXM1 overexpression reversed the
inhibitory effects of naringenin on tumor growth in
xenografted mice (32). Nevertheless, existing evidence
is insufficient to support the potential role of naringin
and naringenin in the regulation of non-coding RNAs in
cancer. There is a need to identify broader list of circular
RNAs as well as long non-coding RNAs which can be
activated or inhibited by naringenin for the prevention
of metastasis.

Naringenin increased the expression of caspase
and reduced the levels of MMP2 and MMP9 in lun
cancer cells (33).

Tangeretin
Intraperitoneal injection of tangeretin in -
gression of the tumor mass in mice xe d

MDA-MB-231 cells (34).

It has been shown that radiation induice n gas-
tric cancer cells (35). Radiation caused‘downregulation
of E-cadherin and stimulated t -cadherin

ortantly, tangeretin
jated EMT, as evi-
levels of N-cadherin

and vimentin and not
cadherin. Tang i

GED1/2, as well as HEY-1 in irra-
diated-c 3). Upregulation of miR-410
and simu duction in the levels of NOTCH1

cells transfected with miRNA-410 mimics. Tangeretin
caused alleviation of radiation-induced weight loss in
tumor-bearing mice. Tangeretin notably inhibited lung
metastasis in irradiated tumor-bearing mice (35).

pH-sensitive tangeretin-ZnO quantum dots have
been shown to demonstrate high anticancer activity.
Tangeretin-ZnO quantum dots efficiently reduced the
levels of VEGF, MMP2 and MMP9 in H358 cells (36).

Tangeretin inhibited the growth of the tumors de-
rived from gastric cancer SGC-7901 cells. Tangeretin
treatment did not cause reduction in the liver weight and
spleen index (37).

Atorvastatin and tangeretin delivered through RGD
peptide decorated nanocarriers resulted in significantly

miR-3619-5p

. |— Naringenin

miR-3619-5p

SPAGS

NOTCH

Ligand D

Figure 3. Nobiletin and tangeretin effectively inhibited NOTCH-
driven pathway.

higher distribution of drugs in the tumor (38). More
importantly, drugs loaded in nano-systems did not
show off-target effects as there was low concentration
of drugs in kidney and heart. The blood concentration-
time profiles indicated that there was a rapid clearance
of free drugs from the circulation as compared to the
drugs delivered through nano-systems. Importantly,
concentration of the drugs remained high for a longer
period of time in the blood when they were delivered
through nanoparticles. HT-29 cells were subcutaneously
injected into the right fossa axillaris of mice to generate
a colon cancer xenograft. Both drugs atorvastatin and
tangeretin delivered through RGD peptide decorated
nanocarriers efficiently induced regression of the tumor
mass (38).

Nobiletin
Nobiletin is also a critically acclaimed citrus-derived
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product having unique properties to inhibit metasta- pathways for the inhibition of metastasis.

sis. Nobiletin has been shown to interfere with TGFp/

SMAD, NOTCH and NF-kB -mediated regulation of Hesperetin

gene networks which fuel metastasis. In this section, we Hesperetin inhibited NF-kB-mediated upregulation

have mapped the protein networks reportedly involved of P-glycoprotein in A549/DDP cells (46). Hesperetin

in the progression of metastasis and how nobiletin inac- treatment followed by administration of cisplatin signi-

tivates these pathways to inhibit metastasis. ficantly reduced tumor growth in the mice subcuta-
PI3K/AKT pathway inhibited GSK3B-triggered neously injected with A549/DDP cells (46).

B-catenin degradation (39). B-catenin translocated into Pioneering research-works have shown that CD8+ T

the nucleus and interacted with lymphoid enhancer cells play fundamental role in the immunological res-

factor/T-cell factor (LEF/TCF) transcriptional com- ponses and can efficiently kill tumor cells using CTL

plexes. TGFB-induced nuclear accumulation of B-catenin functions (47). Additionally, activity of CD4+ T cells is

and stimulated the expression of SLUG. However, no- crucial for the cytotoxicity. Importantly, both Thl cells

biletin blocked TGFf-induced nuclear accumulation of and Th2 cells are activated and participate in humoral

-catenin in glioma cells. Nobiletin mediated inhibitory immunological response and cellular immunological

effects were not reported to be significant against glio- response. Maturation of Th1 cel

ma U343 cells which did not express SLUG. Nobiletin maturation of CD8+ T cells. Ipis ning that
induced regression of the tumor mass in rodent models CD8+ T cell maturation is a r tive kil-
bearing U87-Luc implanted xenografts (39). ling of the tumor cells by s i Faand IFNy.

Nobiletin prevented the transcriptional activity of Inhibition of the function§ o
SMADs induced by TGFp in non-small cell lung can- advantageous approachl to
cer cells (40). SMAD3 overexpression severely inter- is a central transcriptional fa
fered with the ability of nobiletin to inhibit the TGFp1- B16F10 antige
induced increase in N-cadherin and simultaneous rever- decrease in the

crease immunity. FOXP3
for regulatory T cells.

eretin caused significant
jion rate of CD4+ T cells into

sal of TGFB-stimulated suppression of E-cadherin. Pre- regulatory T ‘cel wth rate of BI6F10 melanoma
vious studies have shown that SMAD?3 transcriptionally is inlibited by\immunization with the B16F10 antigen
controlled the expression of E-cadherin and N-cadherin. and heS§pere ize of tumors in the tumor-bearing
More importantly, the number of pulmonary metastatic mi e&Ygliﬁcantly smaller as compared to BI6F10
nodules was reduced to a greater extent in nobiletin- oup. Moreover, survival rate of the mice trea-
treated A549 xenograft nude mice (40). tediwith inactivated B16F10 antigen and hesperetin was
Nobiletin remarkably reduced hypoxia-induc ignificantly higher as compared to B16F10 antigen-
EMT, migratory and invasive capacity of H12 treated group (47).
cells, accompanied with reduced expression levels of Hesperetin led to an increase in the levels of APAF1,

NOTCHI1, JAGGEDI1/2 and target genes HEY-
HES-1 (41). Furthermore, inhibition of NOTCHI s
ficantly abrogated hypoxia-induced cell migrati
marked reduction in levels of SNAILI1
TWISTI (41).

HGF (Hepatocyte growth factor
Met transduce the signals intrace
role in metastasis (42). Nobileti
HGF-mediated activation ofjc-

and cytochrome C, caspase-9 and caspase-3 (48). Hespere-
i tin caused an increase in Bax and concurrently reduced
Bcl-2 levels. Intraperitoneally injected hesperetin caused
suppression of tumor growth in mice transplanted with
hepatocellular carcinoma cells (48).

Hesperetin dose-dependently reduced histone methy-
lation on H3K79. Hesperetin led to significant reduction
in the levels of DOTIL in MKN45 and HGC27 cells
(49). CREB-binding protein (CBP) possess intrinsic
histone acetyltransferase (HAT) activity. CBP mediated
acetylation of DOT1L prevented its binding with E3 ubi-

s of tumor cells (43). Nobi-

letin exe ry effects on metastatic properties , RNFS$
of MDA-M Is by blockade of NF-kB-mediated S “boric
transcriptiona ulation of CXCR4 (43). M

Nobiletin caused suppression of Wnt/B-catenin and MY ——
NF-kB transduction pathways in hypoxia-stimulated Ac
renal cell carcinoma cells (44). Nobiletin stabilized the @ l
levels of IkB and inhibited the nuclear accumulation of

NF-kB in renal cancer cells (44). cre
CD36 (cluster of differentiation-36) belongs to the -
class B scavenger receptor family (45). CD36 has been

reported to play contributory role in metastasis. STAT3 Hesperctin

transcriptionally upregulated CD36. However, nobile-

tin inactivated CD36/STAT3/NF-«B signaling axis and Figure 4. CBP-mediated acetylation of DOT1L protected DOT1L

eﬂiCIently blocked mlgratory potentlal Of breast cancer from degradation mainly through impairment of the interaction

cells (45). between DOTIL and RNF8. DOTIL-mediated methylation of
Excitingly, nobiletin has been shown to pharma- H3K79 caused transcriptional upregulation of MMP2, MMP9, N-

cologically target TGFB/SMAD, NOTCH and NF-xB cadherin and Twist.
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quitin ligase and consequent degradation (Fig.4). Hes-
peretin inhibited CBP-mediated acetylation of DOT1L.
Enforced expression of DOTI1L (wild-type) increased
H3K79me?2 in the transcriptional regulatory regions of
MMP2, MMP9, N-cadherin and Twist. Knockdown of
DOTIL significantly inhibited the metastatic spread of
MKN4S5 cells to the lung in tumor-bearing mice (49).

Hesperidin

There is an exciting piece of evidence which suggests
that gamma-irradiated hesperidin is far more effective
as compared to intact hesperidin for the inhibition of
tumor growth (50). Gamma-irradiated hesperidin subs-
tantially suppressed the number of pulmonary metasta-
tic nodules in C57BL6 mice intravenously injected with
B16BL6 cells. Additionally, data also clearly revealed
that gamma-irradiated hesperidin achieved noteworthy
and significant inhibition of pulmonary metastases of
B16BL6 cells (50). Likewise, Hesperidin caused signi-
ficant reduction in the invasive capacity of MG-63 os-
teosarcoma cells (51).

Limonene

Administration of monoterpenes such as perillic acid
and limonene remarkably reduced the metastatic tumor
nodule formation (52).

Frequent overexpression of COL8A1 in vascular
endothelial cells as well as tumor cells has been extensi-
vely reported (53). COL8A1-expressing-Hepal-6 cells
clearly exhibited rapid formation of the tumors in xeno-
grafted mice. COL8A1 overexpression inhibited D-li-
monene-mediated tumor regression in xenografted mi
(53).

Concluding remarks

portant bioactive components prese
shown that many chemicals have
chemopreventive activity. In thj
an overview of the oncogenic
citrus-fruits derived biacti

in the cell they interact and to
s and stoichiometries of multiple

context-specific'toles of NOTCH will eventually need
previously unprecedented understanding of the wiring
of regulatory networks in which it operates for carci-
nogenesis and metastasis.

TGF/SMAD, Wnt/B-catenin, EMT associated mar-
kers and non-coding RNAs have been shown to be regu-
lated by different chemicals obtained from citrus fruits.
Pharmacological targeting of these interconnected on-
cogenic pathways will be advantageous because these
pathways induce therapeutic resistance and metastasis
in xenografted mice. Consequently, drug-resistant me-
tastatic cancers should be screened through a biomar-
ker-driven strategy that validates single-agent or multi-
targeted approach depending on the molecular signature

of individual tumors.
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