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ABSTRACT

Ras-association domain family (RASSF) proteins are tumor suppressors and have gained phenomenal limelight because of their mechanistic role in the prevention/
inhibition of carcinogenesis and metastasis. Decades of research have demystified wide ranging activities of RASSF molecules in multiple stages of cancers. Although
major fraction of RASSF molecules has tumor suppressive roles, yet there is parallel existence of proof-of-concept about moonlighting activities of RASSF proteins as
oncogenes. RASSF proteins tactfully rewire signaling cascades for prevention of cancer and metastasis but circumstantial evidence also illuminates oncogenic role of
different RASSF proteins in different cancers. In this review we have attempted to provide readers an overview of the complex interplay between non-coding RNAs

and RASSF proteins and how these versatile regulators shape the landscape of carcinogenesis and metastasis.

1. Introduction

Increasingly it is being realized that RASSF proteins connect to a
surprisingly broader range of signaling cascades that regulate carcino-
genesis and metastasis. RASSF molecules are non-enzymatic adaptors
structurally characterized by the identification of Ras-association (RA)
domain as well as a C-terminal Salvador-Rassf-Hippo (SARAH) domain.
Intriguingly, RASSF1A, a comprehensively studied family member
particularly works as a ubiquitous tumor suppressor [1,2]. Different
other RASSF proteins have also been structurally and functionally
analyzed in wide variety of cancers. Intricate crosstalks of RASSF pro-
teins with different signaling cascades have fundamental role in multiple
stages of cancer and metastasis.

Cutting-edge research works have shown that transcription of the
mammalian genome is enormously complex. In this context, discovery
of microRNA was ground-breaking and revolutionized our understand-
ing about “central dogma” of molecular biology [3-6]. High-throughput
RNA sequencing studies have shown that transcription of the human
genome generates different types of long noncoding RNAs that have no
apparent protein-coding functions [7-12]. Circular RNAs (circRNAs) are
single-stranded covalently closed RNA molecules. Molecular biologists
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have begun to demystify the central physiological roles of circRNAs in
normal development and pathogenesis of different diseases [13-16].

A glimpse into the molecular biology of multiple emerging non-
coding RNA systems reveals comprehensive landscape of their func-
tions and roles in regulation of RASSF-driven signaling. In recent years,
compelling evidence has emerged indicating that RASSF members have
been linked to cell death and inhibition of carcinogenesis.

In this review we have summarized most recent and exciting
experimental evidence about the interplay between non-coding RNAs
and RASSF proteins. We have exclusively discussed RASSF1A, RASSF2,
RASSF3, RASSF4, RASSF5, RASSF6, RASSF7, RASSF8, RASSF9 and
RASSF10 in different cancers.

2. RASSF1

Seminal research works have shown that K-Ras activation and
RASSF1A-defective background promoted carcinogenesis in transgenic
mouse model (17). Transgenic mice having K-Ras4b%1?P under the
control of doxycycline were crossed with RASSF1A knockout mice to
scientifically analyze how K-Ras activity promoted cancer in the absence
of RASSF1A [17]. The results highlighted that RASSF1A loss
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Fig. 1. Diagrammatic representation of RASSF proteins. (A) RASSF1A inhibited nuclear accumulation of YAP. (B) Assembly of RASSF2 and MST1 as a multi-protein
complex is essential in the maintenance of RASSF2 stability. (C) RUNX1-ETO transcriptionally repressed RASSF2. (D) RASSF4 promoted caspase-mediated cleavage
of MST1. Proteolytically processed MST1 moved into the nucleus of JNK and phosphorylation of histones. (E) PAX3-FOXO1 fusion oncoprotein transcriptionally

upregulated RASSF4.

consequently resulted in carcinogenesis.

Series of cutting-edge studies had earlier shown that phosphoryla-
tion of YAP and TAZ by RASSF1A/MST/LATS cascade resulted in
cytoplasmic retention and subsequent proteasomal degradation (Fig. 1).
Sphere forming ability of RASSF1A-overexpressing CNE-2 cells was
found to be reduced [18]. RASSF1A restoration caused significant
reduction in the proliferative and sphere forming properties of
RASSF1A-knockdown CNE-1 cells. Nuclear accumulation of YAP1 was
profoundly abolished in RASSF1A-overexpressing CNE-2 cells. Transient
knockdown of YAP1 reduced secretion of PDGF-BB and sphere forming
properties of cancer cells. Additionally, human recombinant PDGF-BB
induced an increase in the sphere formation and invasive abilities of
YAP1-silenced RASSF1A-depleted CNE-1 cells [18]. Collectively, scien-
tific evidence provided proof-of-concept that RASSF1A mediated the
inhibition of PDGFB via YAP1 inactivation in NPC cells.

Ursolic acid, a medicinally important bioactive molecule effectively
induced YAP phosphorylation [19]. RASSF1, MST1, MST2 and p-YAP
were noted to be increased in the UA-treated xenograft tumor tissues.
Importantly, E-cadherin level was enhanced, whereas MMP9, Twist and
Vimentin levels were noted to be reduced in Ursolic acid-treated tissues
of tumor xenografts in nude mice [19]. Overall, these experimentally
verified evidence indicated that RASSF1 interfered with nuclear accu-
mulation of YAP and prevented carcinogenesis.

3. RASSF2

RUNX1-ETO transcriptionally repressed RASSF2 in leukemic cells
(Fig. 1) [20]. Co-expression of RASSF2 and RUNX1-ETO resulted in a
significant delay in RE9a leukemia onset. The delay in the onset of
leukemia was linked with notable reduction in leukemic burden in the
peripheral blood and less severe anemia. MST1/2 was indispensable for
RASSF2-mediated inhibitory effects on RUNX1-ETO-induced leukemic
transformation. RASSF2 deletion mutant lacking the SARAH domain
completely lost its capability to impair RUNX1-ETO-driven leukemic
transformation and simultaneous induction of apoptotic death in
RUNX1-ETO-expressing cells [20].

RASSF2 level was found to be reduced in MST1 depleted cells [21].
Assembly of RASSF2 and MST1 as a multi-protein complex is essential in
the maintenance of RASSF2 stability (Fig. 1). RASSF2 level in MST1 ™/~
mice was reduced to varying levels in various organs. RASSF2 is a
substrate for MST1 kinase and also greatly potentiates MST1 activity.
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RASSF2 overexpression activated JNK pathway in association with
PARP activation and cleavage of caspase-3 [21].

Excitingly, series of experiments had shown that mutations in the
nuclear localization signal severely hampered the nuclear accumulation
of RASSF2A [22]. RASSF2A expressing MCF7 cancer cells were inocu-
lated in SCID mice and over the course of 140 days, palpable tumors
were not observed [22].

4. RASSF3

MMTV/neu transgenic mouse line has been shown to be suitable for
studies related to HER2/neu-related breast cancer [23]. Upregulation of
RASSF3 has been reported in mammary glands of tumor-resistant
MMTV/neu rodent model in comparison to tumor-susceptible litter-
mates. RASSF3 is upregulated in neu-specific mammary tumors in
comparison to adjacently located normal tissues. Importantly, RASSF3
upregulation hampered the proliferation rate of HER2/neu positive
breast cancer cells (human and rodent), possibly through apoptotic
death. Incidence of development of mammary tumors in
RASSF3-overexpressing bi-transgenic mice model was considerably
delayed in comparison to MMTV/neut’" littermates [23].

Downregulation of RASSF3 was found to be correlated strongly with
promoter hypermethylation in somatotroph adenomas [24]. Trichosta-
tin A and 5-Aza stimulated RASSF3 expression in somatotroph adenoma
cells. p53 silencing suppressed apoptotic death and restored cell growth
in RASSF3-overexpressing GH3 cells. Collectively, these results revealed
that p53 knockdown robustly blocked the antitumor effects of RASSF3
[24].

5. RASSF4

Treatment of human myeloma cell lines with decitabine (DNMT in-
hibitors) and quisinostat (HDAC inhibitors) significantly enhanced
RASSF4 levels [25]. RASSF4 overexpression significantly increased
bortezomib sensitivity in JJN3 and XG-7 cells. Furthermore, multiple
myeloma patients having high expression of RASSF4 show superior
overall survival upon bortezomib treatment. Likewise, animal models
inoculated with RASSF4-overexpressing cells demonstrated a consider-
able improvement in the overall survival rates. There was a strong in-
crease in the phosphorylated levels of SAPK/JNK, p53, c-Jun,
p38-MAPK in RASSF4-overexpressing cells. Activation of MST1 is
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Fig. 2. Diagrammatic representation of RASSF-mediated signaling. (A) RASSF5 promoted endocytosis-driven lysosomal degradation of TNFRI. (B) RASSF5 induced
HIPK1 degradation by the E3 ubiquitin ligase activities of MDM2. (C). RASSF5 protected BAX from ITCH-mediated ubiquitylation to promote TNF-induced apoptotic
death. (D) RASSF7 promoted E3 ligase Cullin-4B-mediated ubiquitylation and proteasomal degradation of c-Myc. RASSF7 abolished c-Myc- driven binding of the co-
activator TRRAP to the promoter regions of the target genes. (E) ELK1 transcriptionally upregulates miR-30c and miR-21. These miRNAs target RASSF8 and promote
cancer progression. RASSF8 impaired oncogenic signaling by increasing IxkB-mediated inactivation of NF-kB.

controlled by caspase-dependent cleavage, resulting in approximately
35 kDa cleavage fragments (Fig. 1). These hyperactive MST1 fragments
shuttle to the nucleus from cytoplasm and activate JNK cascade,
resulting in the phosphorylation of histones (H2B, H2AX), condensed
chromatin and apoptotic death. Enforced expression of RASSF4
although activated MST1 but the level of hyperactive MST1 was pro-
foundly increased in the cells co-treated with bortezomib [25].

Oncogenic role: PAX3-FOXO1 fusion oncoprotein transcriptionally
upregulated RASSF4 (Fig. 1) [26]. RASSF4-silenced Rh28 aRMS xeno-
grafts exhibited a significant delay in gaining maximum tumor burden.
RASSF4-silenced tumors contained larger cells with prominent nucleoli,
increased cytoplasm and an abundance of cells with large, multinucle-
ated giant cells and irregularly shaped nuclei [26].

6. RASSF5

RASSF5 induced poly-ubiquitination and proteasomal degradation
of HIPK1. RASSF5 induced HIPK1 degradation by the E3 ubiquitin ligase
activities of MDM2 [27]. RASSF5 acted as a scaffold protein and
enhanced physical interaction between MDM2 and HIPK1. Subcutane-
ous xenografts derived from HIPK1-silenced-A549 cells were smaller in
size [27].

Depletion of RASSF5 substantially suppressed TNFoa-mediated
apoptotic death mainly through its interactions with pro-apoptotic ki-
nase MST1 [28]. MST1 knockdown also induced resistance development
against TNFa-induced apoptosis. For a detailed analysis of the central
roles of RASSF5 in experimental models, RASSF5-deficient rodent
models were generated. RASSF5 inactivation in mouse embryonic fi-
broblasts (MEFs) resulted in resistance to TNFa- and TRAIL-mediated
apoptotic death. Essentially, RASSF5-null mice were found to be
greatly resistant to TNFa-induced apoptotic death and did not activate
MST1. Importantly, RASSF5 loss also caused spontaneous immortaliza-
tion of MEFs during earlier passages and RASSF5-null immortalized
MEFs were transformed fully by K-RasG12V [28]. These findings clearly
indicated that loss of RASSF5 increased the susceptibility of
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tumorigenesis.

TNF/TNFR pathway transduced pro-survival signals by activation of
NF-kB [29]. RASSF5 promoted endocytosis-driven lysosomal degrada-
tion of TNFRI (Fig. 2). RASSF5 increased K48-linked ubiquitylation of
TNFRI and enhanced its lysosomal degradation. RASSF5 facilitated the
assembly of ITCH-induced destruction complexes. RASSF5 protected
BAX from ITCH-mediated ubiquitylation to promote TNF-induced
apoptotic death (Fig. 2). In response to TNF injections, RASSF5*/* tu-
mors exhibited a substantially higher regression rates as compared to
RASSF5~/~ tumors. TNF injections triggered activation of BAX, PARP
cleavage, and apoptotic death in RASSF5-overexpressing tumors but not
in RASSF5-silenced tumors [29]. Overall, these interesting findings
indicated that RASSF5 switched TNF-driven signals from pro-survival to
pro-apoptotic by inactivation of NF-kB and enhancing the stability of
BAX.

Treatment of rhabdomyosarcoma with DNMT inhibitors led to
upregulation of RASSF1 and RASSF5 by demethylation of promoter re-
gions [30]. Both these molecules activated classical Hippo pathway and
increased YAP1 inactivation by phosphorylation. However, surprisingly,
YAP1 is activated non-canonically by YES1 protein. YAP1 and YES1
interacted in the nucleus of the Rh30 alveolar rhabdomyosarcoma cells.
Moreover, YES1 knockdown promoted cytoplasmic accumulation of
YAP1 and caused transcriptional repression of YAP1-target genes [30].
YAP1 is bi-directionally regulated by Hippo-mediated and
Hippo-independent (via YES1) in rhabdomyosarcoma.

7. RASSF6

Levels of MMP2 and MMP9 were found to be reduced in RASSF6-
overexpressing-HepG2 cells. Shrinkage of the tumor xenografts was
noticed in mice inoculated with RASSF6-overexpressing-HepG2 cells
[31].

RASSF6-stably expressing cells demonstrated shrinkage of tumor
weight and size, but RASSF6-silenced-HT-29 cells caused expansion of
the tumor mass in rodent models [32].
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786-0 cells reconstituted with RASSF6 led to evident reduction in
sorafenib resistance. Sorafenib induced apoptotic death in RASSF6-
overexpressing ACHN/R cells. Functionally, RASSF6 overexpression
steadily suppressed MCL-1 levels in ACHN/R cells. Treatment of ACHN/
R-RASSF6-expressing cells with JNK inhibitors restored MCL-1 levels
and sorafenib resistance. Tumor mass derived from ACHN cells was
more sensitive to treatments as compared to tumors derived from
RASSF6-knockdown cells [33].

Oncogenic roles: Ubiquitylation levels of TRIM16 were greatly
enhanced by RASSF6, which tagged TRIM16 to undergo proteasomal
degradation. Pulmonary metastatic nodules were reported to be
considerably reduced in the mice injected with RASSF6-silenced cells
[34].

8. RASSF7

RASSF7 promoted E3 ligase Cullin-4B-mediated ubiquitylation and
proteasomal degradation of c-Myc [35]. CUL4B protein levels were
noted to be reduced in RASSF7-depleted cancer cells. Additionally,
RASSF7 interfered with c-Myc-mediated transcriptional regulation of
target gene networks. Previous studies had shown that c-Myc-induced
recruitment of co-activator TRRAP caused transcriptional regulation of
target genes (Fig. 2). However, RASSF7 abolished c-Myc- driven binding
of the co-activator TRRAP to the promoter regions of the target genes.
Furthermore, RASSF7 also impaired formation of heterodimeric com-
plexes between c-Myc and Max [35].

Oncogenic role: RASSF7 overexpression caused reduction in the
phosphorylated levels of MST1/2, LATS1 and YAP. Loss of phosphory-
lation of YAP potently enhanced its nuclear accumulation. Tumor vol-
ume and weights, as well as the number of pulmonary metastatic
nodules were increased in mice inoculated with RASSF7-overexpressing
cancer cells [36].

9. RASSF8

RASSF8 inhibition resulted in an increase in the levels of VEGF-C and
promoted VEGF-C-driven downstream signaling. Importantly,
lymphatic vessel densities in the tumors developed from RASSF8-
overexpressing cells were low. On the contrary, lymphatic vessel den-
sities were found to be profoundly increased in tumors developed from
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RASSF8 knockdown cells [37].

ELK1 has been shown to transcriptionally upregulate miR-30c and
miR-21 in cancer cells [38]. MiR-30c and miR-21 targeted RASSF8 and
promoted cancer progression. RASSF8 impaired oncogenic signaling by
increasing IkB-mediated inactivation of NF-xB (Fig. 2). Whereas,
miR-30c and miR-21 promoted nuclear transportation of NF-kB.
K-Ras®U'C120  mice were systemically administered  with
LNA-anti-miR-21 and intraperitoneally injected with cisplatin for anal-
ysis of lung tumorigenesis. miR-21 silencing caused complete eradica-
tion of the appearance of hyperplasia and adenomas [38].

RASSF8 co-localized with p-catenin at the cell peripheral regions in
H1792 and A549 lung cancer cells. However, p-catenin is re-localized
from cell-cell contacts and undergoes trafficking from peripheral re-
gions to the cytoplasm and nucleus. p65 is localized to the cell periphery
and co-localizes with p-catenin at Adherens junctions. Likewise, after the
depletion of RASSF8, p65 undergoes re-location from cell-cell contacts
and accumulates in the cytoplasm and nuclear compartments. -Catenin
and p65 move into the nucleus and control the target transcriptional
networks to promote carcinogenesis [39].

10. RASSF9

TAK1 phosphorylated RASSF9 at Serine-284th which resulted in
notable reduction in dimerization of RAS proteins, that caused inhibi-
tion of the RAF/MEK/ERK signal transduction. RASSF9 knockdown
delayed growth and proliferative potential of cancer cells [40].

RASSF9 positively regulated RAS pathway by promoting the
dimerization of RAS proteins which activated downstream transduction
cascades including MEK and ERK to drive proliferation of tumor cells.
There was an evident increase in p-MEK and p-ERK levels in tumor tis-
sues of mice injected subcutaneously with RASSF9-overexpressing-
A549 cells [41].

11. RASSF10

RASSF10 is a haplo-insufficient tumor suppressor and the loss of one
allele is sufficient for its loss of functions and contributory role in
carcinogenesis [42].

RASSF10 expression is regulated by TGFp in cancer cells. There is an
increase in RASSF10 levels in TGFp-treated A549 cancer cells. SNAI2 is a
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Fig. 3. Shows (A-B) Different proteins like PML/RARa and NFkB have been shown to transcriptionally upregulate miR-181. miR-181 has the ability to target
RASSF1A and promote carcinogenesis. (C) RASSF1A increased the levels of miR-711 and promoted miR-711-induced targeting of CDK4. (D) FENDRR blocked miR-
214-3p mediated targeting of TET2. TET2 stimulated the expression of RASSF1A. (E) ANRASSF1 recruited PRC2 to the promoter region of RASSF1A thus reducing the

expression of RASSF1A.
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Fig. 4. Shows (A) DNMT3B enhanced proliferation of cancer cells through epigenetic inactivation of RASSF1A and Claudin-6. (B) miR-342 targeted DNMT1 and
blocked pulmonary metastasis. DNMT1 epigenetically inactivated RASSF1A, RECK and ADAM23 and promoted pulmonary metastasis. (C) miR-373-mediated tar-

geting of MBD2 induced upregulation of tumor suppressive RASSF1A.

transcriptional repressor of E-cadherin and CDH1 is downregulated in
TGFp-treated cancer cells. Interestingly, E-cadherin levels were also
found to be reduced upon the knockdown of RASSF10. Structurally,
RASSF10 interacted with ASPP2 and potently enhanced its stability.
Knockdown of RASSF10 or ASPP2 triggered SMAD2 phosphorylation.
Loss of RASSF10 or ASPP2 caused constitutive activation of TGFp
pathway and epithelial-to-mesenchymal transition [43].

Binding of RASSF10 through its coiled-coil domains to LRP6 reduced
p-LRP6 levels, eventually prohibiting nuclear transportation of f-cat-
enin. RASSF10 inhibited proliferative and invasive potential of NSCLC
cells [44].

RASSF10 demonstrated rapid ubiquitination followed by proteaso-
mal degradation in Nucleophosmin-knockdown cells. Lysine residues at
183rd and 476th positions are potential ubiquitination sites in RASSF10.
Nucleophosmin abolished ubiquitination and proteasomal degradation
of RASSF10 by downregulation of the expression of E3 ligase RNF2.
RASSF10 failed to promote nuclear accumulation of GADD45a in
Nucleophosmin-depleted cells. RASSF10-induced GADD45a upregula-
tion was abrogated in p53 knockdown cells [45].

RASSF10 overexpression led to an increase in the levels of Bax and
Bad but decreased BCL-2 and BCL-XL in MHCC97H and Huh7 cells.
RASS10 knockdown suppressed E-cadherin levels but increased N-cad-
herin and Vimentin in Hep3B cells. Tumor growth rates were found to be
reduced in mice implanted with RASSF10-overexpressing MHCC97H
cells [46].

After providing a schematic overview of RASSF proteins for our
readers, we will now analyze how non-coding RNAs regulate different
RASSF proteins during various steps of cancer progression.

Regulation of RASSF by non-coding RNAs: Mounting evidence
about the critical role of non-coding RNAs in the regulation of RASSF
proteins is intriguing and systematically unveiling the fundamental role
of these interactions in shaping multiple steps of carcinogenesis and
metastasis.

12. RASSF1A

RASSF1A is the best-characterized example of the RASSF family and
major fraction of our knowledge regarding the molecular functions of
these proteins emanates from studies related to RASSF1A.

RASSF1A inhibited the growth of cancer cells by reducing the
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phosphorylation  of  JNK [47].  Tumors  derived from
RASSF1A-overexpressing-SMMC7721 cells were smaller in size. Levels
of p-JNK and JNK were found to be reduced in RASSF1A-overexpressing
tumors. miR-602 promoted the recurrence of liver cancer by inhibition
of RASSF1A [47].

RASSF1A has also been shown to be directly targeted by miR-181a-
5p in osteosarcoma cells [48]. Migratory and invasive capacities were
suppressed significantly upon the knockdown of miR-181a-5p in 143B
and MG63 cells. IL-1p secreted by M2-TAMs exerted the effects through
NFxB signaling pathway. Consequently, IL-1p secreted by M2-TAMs
potently promoted osteosarcoma metastases by NFkB/miRNA-181a-5-
p/RASSF1A cascade (Fig. 3) [48].

RASSF1A knockdown attenuated the effects of miR-181a down-
regulation on the apoptosis of SGC-7901 cells. miR-181a targeted
RASSF1A and inhibited apoptosis in cancer cells [49]. Collectively, these
findings indicated that miR-181a acted as an oncogenic miRNA and
interfered with apoptotic death of cancer cells.

miRNA-181a/b is triggered by PML/RAR« (oncogenic fusion pro-
tein) (Fig. 3) [50]. There was a significant increase in the expression of
miRNA-181a/b in PML/RARa knock-in mouse samples. Moreover, there
was a significant reduction in tumor suppressor RASSF1A levels in
PML/RAR«x knock-in mice [50].

Traditional Chinese medicine formula Jianpi-Huayu (JPHY) was
found to be effective against hepatocellular carcinoma [51]. Tumors
were smaller in size in mice treated with JPHY. JPHY reduced the
expression of miR-602 and simultaneously increased the levels of
RASSF1A [51].

RASSF1A increased the expression of miR-711 in SGC-7901 cancer

cells [52]. CDK4 levels were noted to be reduced in
miR-711-mimics-transfected SGC-7901 cells but high in the
miR-711-inhibitors-transfected SGC-7901 cancer cells. RASSF1A

inhibited proliferation of gastric cancer cells by miR-711- mediated
targeting of CDK4 [52].

miR-602 has been shown to negatively regulate RASSF1A to promote
carcinogenesis. There was a notable increase in apoptosis in HepG2 and
HepG2-HBX cells after miR-602 inhibition [53].

However, surprisingly, RASSF1C has oncogenic role. It has been
convincingly revealed that overexpression of RASSF1C downregulated
tumor suppressor miR-33a but RASSF1C knockdown upregulated miR-
33a expression in lung cancer cells. Furthermore, RASSF1C
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overexpression led to a rapid increase in the levels of f-catenin, SNAIL
and vimentin [54].

It is important to consider the delicate balance between RASSF1A
and RASSFIC in the experiments in order to gain relatively deeper
mechanistic insights to their distinct and/or overlapping contributory
role in carcinogenesis and metastasis. More efforts are expected from
basic and clinical oncologists to elucidate the actual functions of
RASSF1A and RASSF1C isoforms in wide variety of cancers and how
non-coding RNAs can regulate different isoforms to inhibit/prevent
cancer progression.

Epigenetic regulation of RASSF1IA: DNMT3B is involved in hyper-
methylation of promoter regions of RASSF1A and Claudin-6 (CLDN6)
(shown in Fig. 4) [55]. Reconstitution of miR-7 and miR-218 caused
marked suppression in the interaction of DNMT3B with promoters of
RASSF1A and Claudin-6. Acetylation of H3 at promoter regions of
RASSF1A and CLDN6 was also reported to be increased by miR-218 and
miR-7 in MDA-MB-231 cancer cells [55].

DNMT1 is directly targeted by miR-342 [56]. miR-342 over-
expression led to reduction in DNA methylation in promoter regions of
RASSF1A, RECK and ADAM23 in SW480 cells (shown in Fig. 4). In-
jections of miR-342-overexpressing-SW480 cancer cells did not produce
pulmonary metastatic nodules in any of the mice [56].

MBD2 (Methyl-CpG-binding domain protein-2) is also directly tar-
geted by miR-373. miR-373-mediated targeting of MBD2 induced
upregulation of tumor suppressive RASSF1A (shown in Fig. 4) [57].

Enforced expression of miR-152 and miR-148a in KMCH and Mz-
ChA-1 cells caused significant increment in the levels of RASSF1A and
pl6INK4a concomitantly with suppression in DNMT1 levels [58].
Mz-ChA-1 cholangiocarcinoma cells were stably transfected with
full-length IL-6 and inoculated in experimental mice. There was an
evident increase in basal expression of DNMT1 and simultaneous
reduction in the levels of p16INK4a and RASSF1A in Mz-IL-6 xenografts
[58].

Regulation by LncRNAs: MiR-214-3p promoted invasion and migra-
tion of cancer cells. miR-214-3p directly targeted TET2 [59]. FENDRR
blocked miR-214-3p mediated targeting of TET2. Importantly, TET2
stimulated the expression of RASSF1A (Fig. 3). MGC803 cells treated
with the miR-214-3p mimics increased the methylation status of
RASSF1A but MGC803 cells treated with miR-214-3p inhibitors caused
significant reduction in the methylation levels of RASSF1A [59].

Intronic IncRNA (ANRASSF1) recruited PRC2 to the promoter region
of RASSF1A, reducing the expression of RASSF1A (Fig. 3) [60]. Ectop-
ically overexpressed ANRASSF1 reduced RASSF1A levels and increased
the proliferative ability of HeLa cells, whereas silencing of ANRASSF1
led to a notable increase in the levels of RASSF1A. ANRASSF1 over-
expression caused a robust increase in both histone H3K27me3 repres-
sive marks and PRC2 occupancy, specifically at the promoter regions of
RASSF1A [60].

Role of circular RNAs in the regulation of RASSF1A: circ_0078767
antagonized miR-330-3p-mediated targeting of RASSF1A [61].
circ_0078767 suppressed proliferation and invasion of cancer cells by
blockade of miR-330-3p-mediated inhibition of RASSF1A pathway.
Importantly, tumors overexpressing circ_ 0078767-A549 grew at a rapid
rate and had larger volumes. circ_.0078767 silencing mediated tumori-
genesis was reversed by co-transfections with miR-330-3p inhibitors or
RASSF1A. RASSF1A levels were lower in tumor tissues of experimental
mice as compared to adjacently located tissues. miR-330-3p level in the
tumors was considerably upregulated as compared to adjacently located
tissues, but circ_0078767 expression was lower in the tumor tissues
[61].

13. Regulation of RASSF2
hsa_circ_0059354 is derived from RASSF2 and located on chromo-

some 20 and thus termed as circRASSF2 [62]. miR-302b-3p targets
IGF-1R to inhibit carcinogenesis. circRASSF2 potentiates the expression
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of IGF-1R by inhibition of miR-302b-3p-mediated targeting of IGF-1R.
Depletion of circRASSF2 caused significant regression of growth rates
and weight of xenografted tumors [62].

miR-200 family has been shown to demonstrate oncogenic effects in
colorectal cancer by direct targeting of the tumor suppressor RASSF2
[63].

PAR4 is a direct binding partner of RASSF2 and any decline in the
levels of RASSF2 severely impairs PAR4-driven apoptotic death in tumor
cells [64]. PAR4 protein was enriched in the conditioned media of
normal fibroblasts, but not in the CM of CAFs. Levels of RASSF2 and
PAR4 were found to be reduced in miR-7 mimics-treated normal fibro-
blasts whereas notable increase in the levels of RASSF2 and PAR4 was
noticed in miR-7-silenced-CAFs. HN13 cancer cells cultured in
CAF-derived conditioned media demonstrated an increase in the pro-
liferative activity as compared to conditioned-media derived from
normal fibroblasts (NFs) [64]. Collectively, these findings indicated that
cancer-associated fibroblasts promoted growth of cancer cells through a
miR-7-RASSF2-PAR-4 axis.

14. Regulation of RASSF4

RASSF4 overexpression inhibited the proliferative potential and
promoted the apoptotic death in HSC2 and Ca9-22 cancer cells, which
was reversed by miR-626 mimics. RASSF4 overexpression blocked Wnt/
B-catenin signaling cascade, accompanied by significant reduction in the
levels of FZD1 and f-catenin [65].

M1 TAMs have tumor-suppressive functions but M2 TAMs can
effectively promote metastasis [66]. M2 macrophages promoted the
migratory and invasive capacities of A549 cells. Following treatment
with GW4869 (inhibitors of exosome release), M2 macrophages failed to
potentiate the migratory as well as invasive properties of A549 cancer
cells. Overall, these findings indicated that exosomes derived from M2
macrophages played critical roles in augmenting the migratory and
invasive features of A549 cancer cells. M2 macrophages-derived exo-
somes prompted invasion and epithelial-to-mesenchymal transition of
A549 cancer cells through transportation of miRNA-155 and
miRNA-196a-5p. Importantly, miR-155 and miR-196a-5p targeted
RASSF4 in cancer cells. M2-derived exosomes markedly enhanced the
lung metastasis. However, miR-155 and miR-196a-5p-knockdown exo-
somes did not promote pulmonary metastasis. miR-196a-5p and
miR-155-knockdown M2-derived exosomes considerably reduced the
metastatic spread of A549 cancer cells. Furthermore, M2-derived exo-
somes treated with inhibitors of miR-196a-5p and miR-155 caused
reduction in vimentin and promoted E-cadherin for the inhibition of
metastasis [66].

15. Regulation of RASSF5

Overexpression of MAPKS8IP1P2 inhibited, while MAPKS8IP1P2
silencing caused an increase in anchorage-independent growth rate of
the thyroid cancer cells [67]. MAPKSIP1P2 overexpression enhanced,
whereas MAPKS8IP1P2 inhibition reduced the apoptotic death rate of
thyroid cancer cells. MAPK8IP1P2 overexpression efficiently triggered
the activities of caspase-9/caspase-3 and levels of pro-apoptotic BAD
and BAX. Furthermore, levels of anti-apoptotic BCL2L1 and BCL2 were
found to be notably reduced. MAPK8IP1P2 overexpression led to an
increase in the levels of p-MST1/2, p-LATS1 as well as
phosphorylated-YAP1 along with a reduction in nuclear accumulation of
YAP1 and TAZ. LATS1/2-dependent phosphorylation of YAP resulted in
YAP sequestration in the cytoplasm, consequent ubiquitination and
degradation. MAPKSIP1P2 triggers the activation of Hippo pathway in
thyroid cancer cells by sequestering away miR-146b-3p to relieve
repressive effects of miRNA-146b-3p on RASSF1/RASSF5. miR-146b-3p
mimics blocked MAPKSIP1P2 overexpression-mediated increase in the
levels of RASSF1, RASSF5 and NF2. miR-146b-3p mimics also caused
inactivation of Hippo pathway in MAPKSIP1P2-overexpressing K1
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cancer cells. Importantly, tumors in lymph nodes derived from
MAPKS8IP1P2-overexpressing cancer cells demonstrated evident reduc-
tion in the number of tumor cells and shrinkage of the tumor burden.
Contrarily, the tumors in lymph nodes derived from
MAPKS8IP1P2-silenced cancer cells demonstrated enlarged tumor mass
and increased number of tumor cells [67].

OIN1 knockdown caused a significant suppression of the prolifera-
tion of SKOV3 and A2780 cancer cells [68]. OIN1 overexpression
considerably downregulated RASSF5 and ADORA1 levels in SKOV3 and
A2780 cancer cells. Intra-tumoral injections of OIN1-specific siRNAs led
to regression of the tumors in mice inoculated with A2780 cancer cells.
Importantly, levels of ADORA1 and RASSF5 were found to be enhanced
in dissected xenograft tumors injected with OIN1-specific siRNAs [68].

16. Regulation of RASSF6

RASSF6 has been shown to play a central role in tumor suppression.
Different IncRNAs and circular RNAs have been reported to potentiate
the expression of RASSF6.

Tumors derived from miR-181a-5p-overexpressing-gastric cancer
cells were notably bigger in size [69]. Furthermore, there was an evident
increase in the number of metastatic nodules within peritoneal cavities
of tumor-bearing mice. miR-181a-5p directly targeted RASSF6 and
activated MAPK signaling cascade. More importantly, knockdown or
overexpression of RASSF6 partially counteracted the effects exerted by
downregulation or upregulation of miR-181a-5p on the peritoneal
metastatic capability of gastric cancer cells [69].

RASSF6 knockdown significantly enhanced the migration capacities
of SW480 and LoVo cells [70]. RASSF6 downregulation caused activa-
tion of LEF1, SNAIL1, and TWIST1, while simultaneous repression of
E-cadherin. MiR-496 targeted RASSF6 and triggered the activation of
WNT pathway in colorectal cancer cells [70].

LncRNA TUSC?7 effectively inhibited progression of osteosarcoma
through the miR-181a/RASSF6 axis [71]. TUSC7 blocked
miR-181a-induced targeting of RASSF6. Tumor volumes of
TUSC7-overexpressing mice were found to be significantly reduced.
RASSF6 expression was considerably enhanced in response to TUSC7
overexpression [71].

CASC2 acted as a sponge for miR-181a and enhanced the levels of
RASSF6, ATM and PTEN in osteosarcoma cells [72]. Ectopic expression
of CASC2 suppressed the colony formation and invasion of osteosarcoma
cells [72].

circITCH not only reduced migration and invasion but also efficiently
promoted apoptotic death of osteosarcoma cells. circITCH antagonized
miR-524-mediated targeting of RASSF6 and induced apoptotic death.
Tumor growth was found to be notably reduced in mice inoculated with
circITCH-overexpressing MG-63 cells [73].
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17. RASSF8

RASSF8 is another tumor suppressor reportedly involved in the in-
hibition of cancer progression. Different miRNAs have been shown to
promote cancer via inhibition of RASSF8.

miR-505-5p directly targeted RASSF8 and promoted proliferation
and colony formation of osteosarcoma cells. Tumor growth rates were
found to be notably reduced in mice inoculated with miR-505-5p-
silenced osteosarcoma cells [74].

In another study it was shown that miR-505 contributed to metho-
trexate resistance in colorectal cancer cells. RASSF8 overexpression
blocked cell cycle of colorectal cancer cells, accelerated apoptotic death.
Furthermore, miR-505 not only enhanced methotrexate-driven migra-
tion and invasiveness of LS174T cells but also reduced methotrexate-
mediated cell apoptosis through RASSF8 downregulation [75].

RASSF8 overexpression significantly inhibited the proliferation and
invasive abilities of BGC-823 gastric cancer cells [76].
miR-377-mediated targeting of RASSF8 in gastric cancer cells. RASSF8
overexpression caused significant suppression of the proliferation of
BGC-823 cancer cells, whereas miR-377 abolished RASSF8-induced
reduction in the proliferation properties of gastric cancer cells [76].

Likewise, miR-320a also directly targeted RASSF8 in ovarian cancer
cells [77]. E-cadherin was considerably downregulated, while vimentin
expression was increased in miR-320a-overexpressing-SKOV3 cancer
cells. Growth of the tumors was noted to be remarkably enhanced in
mice inoculated with miR-320a-overexpressing SKOV3 cancer cells
[771.

HIF-1a transcriptionally upregulated miR-224 in gastric cancer cells.
miR-224 acted as an oncogenic miRNA and directly inhibited RASSF8
[78]. NFkB-induced transcriptional activities were also found to be
enhanced in RASSF8 knockdown-MGC-803 and SGC-7901 cancer cells.
Tumor xenografts derived from miR-224 antagomir-treated cancer cells
were smaller in size [78].

circPTPRA efficiently interfered with miR-96-5p-mediated targeting
of RASSF8 in NSCLC «cells [79]. Mice injected with
circPTPRA-knockdown H23 cells demonstrated significant increase in
lung metastatic lesions. Contrarily, mice injected with
circPTPRA-overexpressing-H23 cells demonstrated fewer lung lesions
[79].

18. RASSF9

RASSF9 overexpression caused reduction in the levels of p-AKT and
concomitantly enhanced p53 levels in breast cancer cells. However,
miR-1254 targeted RASSF9 and promoted cancer [80].

Likewise, miR-1269 also inhibited RASSF9 in gastric cancer cells and
abolished apoptotic death. miR-1269 promoted pro-survival signaling
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by activation of AKT in gastric cancer cells [81].
19. Concluding remarks

RASSF members have gained attention because of their characteris-
tically unique ability to inhibit proliferation and invasion of cancer cells.
More excitingly, regulation of RASSF members by non-coding RNAs is
another are of intense and cutting-edge research (Fig. 5). However, this
is the beginning of a new era in the field of RASSF-mediated pleiotropic
roles in carcinogenesis. We still have to analyze how different non-
coding RNAs regulate RASSF for cancer prevention and inhibition.
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