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Abstract: The RASSF1A tumour suppressor is a scaffold protein that is involved in cell signalling.
Increasing evidence shows that this protein sits at the crossroad of a complex signalling network,
which includes key regulators of cellular homeostasis, such as Ras, MST2/Hippo, p53, and death
receptor pathways. The loss of expression of RASSF1A is one of the most common events in solid
tumours and is usually caused by gene silencing through DNA methylation. Thus, re-expression
of RASSF1A or therapeutic targeting of effector modules of its complex signalling network, is a
promising avenue for treating several tumour types. Here, we review the main modules of the
RASSF1A signalling network and the evidence for the effects of network deregulation in different
cancer types. In particular, we summarise the epigenetic mechanism that mediates RASSF1A promoter
methylation and the Hippo and RAF1 signalling modules. Finally, we discuss different strategies that
are described for re-establishing RASSF1A function and how a multitargeting pathway approach
selecting druggable nodes in this network could lead to new cancer treatments.

Keywords: RASSF1A; tumour suppressor; cancer; therapy; apoptosis and Hippo pathway; DNMTP

1. Introduction

RASSF1A, which is a well described tumour suppressor, is one of the most commonly deregulated
genes in human cancers [1]. RASSF1A is a scaffold protein member of the C-terminal RASSF family [2]
and is encoded by the RASSF1 gene [2,3]. This gene expresses eight isoforms due to alternative
splicing, and RASSF1A along with RASSF1C are the most abundantly expressed isoforms. RASSF1A
is a signalling hub that plays an important role in signal transduction, where it seems to mediate a
complex network that includes the ERK, Hippo, apoptotic and p53 subnetworks [3]. RASSF1A is
also a downstream effector of KRAS mediating the antiproliferative signal that is triggered by the
activation of this proto-oncogene [4]. The RASSF1A signalling network (SN) can mediate the regulation
of different biological functions, such as apoptosis, cell cycle arrest, regulation of the microtubule
network, migration, and autophagy [3,5,6]. Unsurprisingly, the deregulation of RASSF1A function
results in the development of different pathologies, including cancer and cardiovascular diseases [7].
However, we still have a very patchy picture of the RASSF1A SN (particularly its upstream regulators)
and how this tumour suppressor inputs different signals to effector pathways.

The study of RASSF1A at the molecular level and the characterisation of the mechanistic properties
of its signalling network are complicated by the very nature of scaffold proteins. These proteins do
not have enzymatic functions and they exert their biological effect by bringing their effector proteins
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together [8,9]. The assembly of these protein complexes increases the local concentration of signalling
nodes, which can accelerate biochemical reactions and also compartmentalise signalling into specific
protein complexes or subcellular localisations. Importantly, under physiological conditions, scaffold
proteins have an optimal concentration of expression, where the stoichiometry of the substrates and
the scaffold lead to the complete assembly of scaffolded proteins, thereby optimising the biochemical
reaction rates between them (Figure 1) [9,10]. The expression of the scaffold protein below or above
this optimal concentration window results in an inhibition or suboptimal regulation of the molecular
reactions mediated by the bound effectors [11]. Importantly, changes in expression levels of the scaffold
proteins are associated with pathological deregulation of signalling networks in several diseases [12].
In the case of RASSF1A, the most common mode of deregulation is the loss of expression by gene
promoter hypermethylation [2]. Additionally, it is possible that, in several tumours, RASSF1A is
still expressed, but at suboptimal (due to loss of heterozygosity of the 3p21.3 region [3]) or even
supra-optimal concentration. In all of these scenarios, the deregulation of RASSF1A will lead to a
defective regulation of its signal transduction network, which seems to be a common event in cancer
development [13–16]. In this review, we give an overview of the current knowledge of the RASSF1A SN
with special consideration for how the different subnetworks may contribute to the tumour suppressor
function of RASSF1A. Of note, we refer to signalling modules rather than classical effector pathways
and to the individual proteins in the network as nodes in order to give a systems level description for
the SN. We specifically focus on the different strategies that have been tested in pre-clinical and clinical
models to rescue RASSF1A deregulation. Finally, we discuss potential therapeutic strategies that may
be developed to target the different modules of the RASSF1A SN.
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2. Regulation of the RASSF1A Protein 

As a scaffold protein, the RASSF1A functions are mediated by protein-protein interaction with 
its effectors (Figure 1). Changes in RASSF1A protein expression and post-translational modifications 
(PTM) affect the formation of these protein complexes and regulate the activation of the RASSF1A 
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DNA methylation of two CpG islands located at its promoter regulates RASSF1A expression 
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Figure 1. RASSF1A signalling is dependent on its level of expression and the stoichiometry of its
complexes. As exemplified by the RASSF1A-scaffolded complex (blue and orange boxes), if there is no
RASSF1A expression, or sub optimal expression, there is low complex formation and the signal will
be low (left); in the case of intermediate RASSF1A expression, signal will be high (centre), this is the
physiological range of expression; if there is too much RASSF1A the signal will be low (right).

2. Regulation of the RASSF1A Protein

As a scaffold protein, the RASSF1A functions are mediated by protein-protein interaction with
its effectors (Figure 1). Changes in RASSF1A protein expression and post-translational modifications
(PTM) affect the formation of these protein complexes and regulate the activation of the RASSF1A
SN [17].
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2.1. Epigenetic Regulation of RASSF1A Expression

DNA methylation of two CpG islands located at its promoter regulates RASSF1A expression
(Figure 2A and recently reviewed by Malpeli et al [18]). This methylation is mediated by DNA
methyltransferases, such as DNMT1, DNMT3A, and DNMT3B [19–21]. While methylation of
the RASSF1A promoter has been shown in cells without affecting the expression of the gene,
hypermethylation results in RASSF1A loss of expression [18]. This seems to occur in normal cells
and it has been related to physiological processes, such as ageing [22]. Unfortunately, very little is
known about the physiological regulation of RASSF1A expression by methylation, though it is likely
mediated by cell signalling. However, aberrant hypermethylation of the RASSF1A promoter is one
of the most common events in cancer and it has been shown to be caused by the deregulation of
DMNTs [19–21]. Thus, in pathological conditions, such as cancer and viral infection, hypermethylation
of the RASSF1A promoter results in the deregulation of its complex SN and is thought to be necessary
for the development of disease. Interestingly, RASSF1A promoter hypermethylation seems to result
in the transcription of its splicing isoform RASSF1C, which can bind and regulate several RASSF1A
effectors with opposite outcomes [23]. Recent evidence has shed light on the mechanisms that regulate
the pathogenic hypermethylation of RASSF1A. Kufe’s group has shown that MUC1-C binds to the
RASSF1A promoter and recruits the co-repressor ZEB1 [24]. The MUC1-C-ZEB1 complex recruits
DNMT3B, which methylates the CpG island located at the RASSF1A promoter. It is possible that the
same mechanism regulates the physiological expression of RASSF1A, but further experiments are
necessary for determining this. This process has also been mirrored by p53 binding to the RASSF1A
promoter, which results in DAXX recruitment [25]. DAXX recruits DMNT1 to the RASSF1A promoter,
leading to hypermethylation of its CpG islands and the loss of expression. As already mentioned, viral
infection also induces the loss of expression of RASSF1A by promoter hypermethylation. For example,
Hepatitis virus (HV) A, B, and C induce methylation in hepatocytes affecting a great number of tumour
suppressor genes, including RASSF1A, which has shown high association with the development
of hepatocellular carcinoma (HCC) [26–28]. The mechanisms that regulate HV-dependent DNA
methylation are not completely understood, but they are likely to be mediated by inflammatory signals
and direct regulation of DNMTs by viral proteins, such as HBx [29]. Additionally, important evidence
links RASSF1A hypermethylation to human papilloma virus (HPV) infection-dependent cervical
carcinoma and it might prevent the activation of p53 antioncogenic signals [30–33]. Importantly, the
silencing of RASSF1A by hypermethylation has been shown to occur at the same time as promoter
hypermethylation of the TP73 gene, which is an effector of RASSF1A [34,35]. This concomitant loss of
expression of RASSF1A and p73 proteins can be induced by HPV and associated with HCC. Finally,
RASSF1A expression has also been shown to be regulated by Epstein-Barr Virus (EBV) infection, where
it is linked to B-Cell transformation [36]. In this case, the viral protein EBNA3C promotes DNMT
expression and activity, which results in RASSF1A promoter hypermethylation. EBV-dependent loss
of expression of RASSF1A might also be related to the development of other cancer types, such as
nasopharyngeal carcinoma [37].
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MUC-1-ZEB1 and DAXX-p53 (left) and viral proteins (right). (B). Schematic of RASSF1A protein 
structure. RASSF1A contains different domains: C1/DAG (diacylglycerol), ATM (ataxia-telangiectasia 
mutated) domain, RA (Ras association) domain and SARAH (Salvador-Hippo-RASSF) domain. 
Several residues are phosphorylated (red) by the indicated kinases regulating the degradation of the 
RASSF1A protein and the mediation of different biological functions by this tumour suppressor. 
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GSK3-β on several residues (S175, S178, and S179) was shown to promote its interaction with 14-3-3 
proteins preventing RASSF1A interaction with several pro-apoptotic proteins [41]. PKC has also been 
shown to phosphorylate RASSF1A at S193 and S203 residues preventing RASSF1A activity in the 
reorganisation of the microtubule network [42]. PKC dependent phosphorylation of RASSF1A has 
recently been shown in hypoxic conditions, resulting in stabilisation of RASSF1A and its binding to 
HIF1α, the master regulator of the hypoxic response [43]. Similarly, Aurora A kinase regulates 
RASSF1A by phosphorylating the residues T202 and S203 in the Ras association domain, which leads 
to the loss of RASSF1A association with microtubules during mitosis [44,45]. Importantly, RASSF1A 
phosphorylation does not only regulate RASSF1A function by modulating protein-protein 
interaction, but they also regulate protein stability. In this regard, the phosphorylation of RASSF1A 
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S203 during G1-S transition. In this case, RASSF1A phosphorylation allows the binding of Skp2 a 
subunit of the Skp1-Cul1-F-box (SCF) ubiquitin ligase complex targeting RASSF1A for proteasomal 
degradation, leading to cell cycle progression [38]. It must be noted that RASSF1A ubiquitination 
might occur independent of phosphorylation, as indicated by the observation that Cullin-4A, which 

Figure 2. (A). Epigenetic regulation of RASSF1A expression. DNA hypermethylation of the RASSF1A
promoter mediated by DNMT1 and DNMT3 complexes associated with different proteins including
MUC-1-ZEB1 and DAXX-p53 (left) and viral proteins (right). (B). Schematic of RASSF1A protein
structure. RASSF1A contains different domains: C1/DAG (diacylglycerol), ATM (ataxia-telangiectasia
mutated) domain, RA (Ras association) domain and SARAH (Salvador-Hippo-RASSF) domain. Several
residues are phosphorylated (red) by the indicated kinases regulating the degradation of the RASSF1A
protein and the mediation of different biological functions by this tumour suppressor.

2.2. RASSF1A Regulation by Post-Translational Modifications (PTM)

Several PTMs have been shown to regulate RASSF1A functions. RASSF1A is phosphorylated
at different residues [28,38,39], which changes RASSF1A affinity to some of its effectors (Figure 2B).
Mechanistically, the best characterised phosphorylation affects the RASSF1A S131, which has been
shown to be phosphorylated by ATM in response to DNA damage [39]. This phosphorylation
promotes the interaction of RASSF1A with MST2, leading to cell cycle arrest. The observation that
a nonsynonymous single nucleotide polymorphism (A133S), which prevents the phosphorylation
of the S131, seems to increase resistance to radiotherapy in some patients with soft tissue sarcoma,
highlights the importance of this residue [40]. Additionally, the phosphorylation of RASSF1A by
GSK3-β on several residues (S175, S178, and S179) was shown to promote its interaction with 14-3-3
proteins preventing RASSF1A interaction with several pro-apoptotic proteins [41]. PKC has also been
shown to phosphorylate RASSF1A at S193 and S203 residues preventing RASSF1A activity in the
reorganisation of the microtubule network [42]. PKC dependent phosphorylation of RASSF1A has
recently been shown in hypoxic conditions, resulting in stabilisation of RASSF1A and its binding
to HIF1α, the master regulator of the hypoxic response [43]. Similarly, Aurora A kinase regulates
RASSF1A by phosphorylating the residues T202 and S203 in the Ras association domain, which leads
to the loss of RASSF1A association with microtubules during mitosis [44,45]. Importantly, RASSF1A
phosphorylation does not only regulate RASSF1A function by modulating protein-protein interaction,
but they also regulate protein stability. In this regard, the phosphorylation of RASSF1A S203 by Aurora
A kinase is needed for RASSF1A to be recognised by the APC ubiquitination complex [46]. As a
result, RASSF1A, is degraded in late mitosis, allowing for cell cycle progression. The importance
of RASSF1A phosphorylation and the control of its protein levels by ubiquitination was further
supported by results from Lim’s group showing that CDK4 also phosphorylates RASSF1A at S203
during G1-S transition. In this case, RASSF1A phosphorylation allows the binding of Skp2 a subunit of
the Skp1-Cul1-F-box (SCF) ubiquitin ligase complex targeting RASSF1A for proteasomal degradation,
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leading to cell cycle progression [38]. It must be noted that RASSF1A ubiquitination might occur
independent of phosphorylation, as indicated by the observation that Cullin-4A, which is part of
the CUL4A-DDB1-RING complex, scaffolds the interaction of RASSF1A with DDB1, and subsequent
ubiquitination by this E2 ligase [47]. Finally, RASSF1A interaction with TGFβ allows for the E3
ubiquitin ligase ITCH to ubiquitinate RASSF1A, which promotes its degradation and the translocation
of YAP to the nucleus [48]. In summary, these examples clearly demonstrate the importance of PTMs
in the regulation of RASSF1A signalling. As many of the proteins that regulate RASSF1A PTMs
are commonly deregulated in tumour cells [49], they may be the key to understanding how the
deregulation of the RASSF1A SN leads to cell transformation.

3. RASSF1A Signalling Network

There are several reviews that focus on the current knowledge of the RASSF1A SN [2,3,17,50].
In this section, we want to summarise the main modules of the RASSF1A SN with a focus on the
possible treatments for cancers, where this protein is deregulated (summarised in Figure 3).
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Figure 3. The RASSF1A signalling network is regulated by the death receptors and receptor tyrosine
kinases. The signalling network includes the cell cycle, Hippo, p53, MAPK, AKT, Rho, and apoptotic
signalling modules. The pill icons indicate possible nodes to target for therapeutic intervention
in cancer.

3.1. Extracellular Signals and Upstream Regulators of RASSF1A

Very few extracellular signals have been demonstrated to regulate RASSF1A. Importantly,
RASSF1A signalling is regulated by pro-apoptotic insults, which activate both intrinsic and extrinsic
apoptotic modules. Thus, RASSF1A is a mediator of the death receptor (DR) family and has been shown
to be regulated by the DRs FAS, TNFR, and TRAILR [51–54]. Upon the activation of these receptors
by their ligands TNFα, TRAIL, or FASLG, RASSF1A can interact with some of the proteins of the
death-inducing signalling complex (DISC) and mediate the activation of the extrinsic apoptotic module.
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In particular, RASSF1A has been shown to bind to DAXX, one of the DISC proteins, which results in the
regulation of p53 transcriptional activity [55]. The activation of the DRs also recruits MOAP-1 to the
DISC mediating the interaction of this protein with RASSF1A [53]. MOAP-1 undergoes a conformational
change when in complex with RASSF1A that results in the activation of this pro-apoptotic protein.
Activated MOAP-1 has been shown to trigger the extrinsic apoptotic module by regulating the BCL2
proteins [56]. Finally, several groups have shown that the DRs promote the interaction of RASSF1A
with MST1/2 Ser/Thr kinases, which are core kinases of the Hippo pathway [51,57,58]. However, it is
unknown as to whether this complex requires the participation of DISC proteins [6]. ATM and ATR
are other well-known activators of the RASSF1A pro-apoptotic signal [39]. These kinases are activated
by the DNA damage response and, therefore, link RASSF1A with the intrinsic apoptotic module.

RASSF1A signalling is also regulated by mitogenic stimuli, which activate receptor tyrosine
kinases (RTKs), such as the epidermal growth factor receptor (EGFR) [59]. These signals control
RASSF1A effects on the regulation of cell cycle progression and microtubule organisation [5]. RASSF1A
is a negative regulator of these functions and it has been shown to impede cell cycle progression through
different mechanisms. Importantly, KRAS seems to be the main activator of RASSF1A upon mitogenic
stimulation [4] and RASSF1A has been shown to mediate the pro-apoptotic signals that have been
described for the KRAS oncogene. As such, RASSF1A has opposite effects to the best-characterised
effectors of KRAS, RAF kinases, and PI3K. In particular, we have shown that the EGFR can promote the
interaction of RASSF1A with MST2, but it prevents the pro-apoptotic signal mediated by MST2 [59].
Thus, EGFR regulates the crosstalk of the Hippo and RAF-MEK-ERK modules. Additionally, the EGFR
activates the PI3K module, which results in the activation of AKT [60]. This kinase further contributes
to the inhibition of MST2 by direct phosphorylation in a RASSF1A dependent fashion [60]. Therefore,
mitogenic stimuli prevent RASSF1A pro-apoptotic signals. However, constant activation of RAS results
in the activation of the RASSF1A pro-apoptotic signal due to EGFR or KRAS mutation [48,59].

Calcium has also been shown to regulate RASSF1A signalling [61]. It was shown that PMCA4b,
which is a plasma membrane Ca2+ pump, interacts with RASSF1A. Interestingly, this binding resulted
in the inhibition of the EGFR-dependent activation of ERK, further demonstrating the role of RASSF1A
in the regulation of KRAS effectors. Unfortunately, this observation from Neysis’ group was not further
investigated and very little is known regarding the role of PMCA4 in the RASSF1A SN. Since recent
data have shown that RASSF1A plays a key role in heart homeostasis [62] where calcium signalling,
which is central in the regulation of myocyte physiology, [63] might prove to be a key regulator of
RASSF1A function.

3.2. Downstream RASSF1A Effector Signalling Network

The previous sections already demonstrate that RASSF1A regulates a complex SN, which is still
being characterised. In this section, we want to briefly summarise the best studied downstream effector
modules. For extended reviews see references [2,3,5,50,64].

3.2.1. Canonical Apoptotic Pathways

As mentioned above, RASSF1A directly activates the extrinsic apoptotic pathway downstream of
the DRs through the regulation of MOAP-1 in a RAS dependent fashion [65]. Upon TNFR signalling,
RASSF1A is released from 14-3-3 proteins and can recruit MOAP-1, relieving this latter protein from
auto-inhibition. Subsequently, the RASSF1A-MOAP-1 complex mediates the activation of BAX by
direct interaction, which causes BAX translocation to the mitochondria. Additionally, RASSF1A was
shown to regulate BAX activity through MST1 [66]. In this case, MST1 directly phosphorylates the
antiapoptotic BH3 protein BCL-xL allowing for BAX translocation to the mitochondria. The direct
regulation of the tumour suppressor p53-MDM2 complex is another clear link between RASSF1A
signalling and the canonical apoptotic pathways [55]. Concomitantly, RASSF1A binds to the DR
associated protein DAXX, which results in the disruption of the interaction between MDM2 and
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HAUSP, resulting in MDM2 auto-ubiquitination and degradation inducing p53 stabilisation, which
leads to cell cycle arrest and apoptosis.

3.2.2. Hippo Pro-Apoptotic Pathway

The kinases MST1 and MST2 were two of the first described RASSF1A interactors [67]. These
kinases are the homologues of Drosophila Hippo kinase that give the name to the pathway. LATS1/2
kinases are the major effectors of MST1/2, which inactivate the transcriptional activity of YAP/TAZ
proteins, according to the canonical view of the pathway [6]. Nevertheless, early experiments showed
that RAS promotes the interaction of RASSF1A with MST1/2, resulting in the activation of MST1/2
kinase activity and triggering apoptosis [51,67]. Conversely, the inhibitory binding of RAF1 to MST2
prevents activation and apoptosis induction. These interactions were shown to be regulated by DR
and RTKs [51,59]. We showed that upon pro-apoptotic conditions, RASSF1A scaffolds the MST2
interaction with LATS1 facilitating the phosphorylation of LATS1 by MST2, which leads to YAP1
phosphorylation and its nuclear translocation [51]. In this case, YAP1 interacts with p73, leading to the
formation of the YAP1-p73 complex and the transcription of pro-apoptotic genes, when the pathway is
activated by RASSF1A. Moreover, RASSF1A also mediates the activation of other effectors of the Hippo
pathway through the core kinases MST1/2 and LATS1/2. For instance, oncogenic KRAS promotes
the stabilisation of p53 in a RASSF1A dependent fashion in colorectal cancer [4]. In this case, active
LATS1 binds to MDM2 preventing the ubiquitination and degradation of p53. The O’Neill group
has shown that ATM/ATR activates the Hippo pathway in a RASSF1A dependent fashion regulating
p73 dependent transcription [39]. This group also showed that, upon DNA damage, ATM/ATR
phosphorylation of RASSF1A promotes LATS1 inhibition of CDK2, leading to the stabilisation of
DNA replication forks [64]. Importantly, different groups have shown that RASSF1A can regulate
Hippo member functions without engaging the full pathway. For example, RASSF1A regulates YAP1
activity downstream of TGFβ by restricting the interaction of YAP1 with SMAD2, and TGFβ induced
RASSF1A degradation is necessary to allow for the formation of the YAP1/SMAD2 complex and its
nuclear translocation [48]. Furthermore, RASSF1A can counteract the YAP1 mediated transcriptional
repression of tumour suppressor genes in a p53 dependent fashion [68]. RASSF1A can also mediate
the direct phosphorylation of H2B by MST2, which is required to allow for repair in response to DNA
damage [69]. Finally, the RASSF1A-Hippo module seems to regulate, and be closely regulated by,
the RAF-ERK and AKT pathways though different crosstalk mechanisms [4,60,70,71]. Importantly,
several members of the Hippo pathway are commonly deregulated in tumours, which, together with
the high rate of loss of expression of RASSF1A, indicates that this module of the RASSF1A SN plays a
fundamental role in the regulation of cellular homeostasis.

3.2.3. Cell Cycle Regulation

The role of RASSF1A in cell cycle regulation is well established and several proteins have been
shown to mediate this effect [5]. In general, RASSF1A is an inhibitor of cell cycle progression, explaining
why its loss of expression could lead to cell transformation. This role of RASSF1A is related to the
regulation of CDK-cyclin complexes through a plethora of interactors [5]. Several PTMs regulate and
coordinate RASSF1A-dependent signalling during the different cell cycle phases. One of the very
first RASSF1A effectors described was the APC/CDC20 complex, which is a multiprotein complex
that controls the transition from metaphase to anaphase by triggering the degradation of S-phase
and M-phase cyclins and the cohesion complex, thereby allowing for sister chromatid separation to
ensue [72,73]. RASSF1A inhibits APC/CDC20 activation by binding to CDC20, thus maintaining high
CDK1 activity and prometaphase arrest [46,74]. The phosphorylation of RASSF1A by Aurora A/B
kinases converts RASSF1A from an APC/CDC20 inhibitor to a substrate, which results in RASSF1A
degradation and mitotic progression [46]. RASSF1A was also shown to regulate cell cycle progression
through interacting and enhancing the activity of the transcription factor p120 E4F, a repressor of
Cyclin A expression [75,76]. RASSF1A also suppresses cell cycle progression through inhibiting its
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direct interactor JNK, resulting in cyclin D1 downregulation, the accumulation of the p27Kip1 CDK2/4
inhibitor, and cell cycle arrest [77,78].

Another link of RASSF1A signalling with cell cycle regulation is its role as a modulator of
microtubule dynamics [79–81]. Interaction with microtubules was the first described function of
RASSF1A. Subsequently, several studies have shown that RASSF1A interacts with MAP1B and
MAP1S/C19ORF5 and it dynamically associates with different microtubular structures, including the
cytoskeleton and the mitotic spindle [79]. During mitosis, RASSF1A localisation changes from the
centrosome to the spindle poles and the mid body [82]. RASSF1A seems to regulate the mechanical
properties of these structures through direct interaction with the microtubules by a basic region between
amino acids 120–288 [66]. The stabilisation of microtubules is an important property for preserving
genomic stability and the tumour suppressor function of RASSF1A [80]. Interestingly, several of
RASSF1A regulators and effectors, such as Aurora A, PKC, MST2, and LATS1, also localise to these
structures, indicating that some modules of the RASSF1A SN could also be regulated during these
mitotic processes to secure the correct segregation of chromosomes [5,82].

3.2.4. WNT/β-Catenin Pathway

The WNT/β-catenin pathway plays an important role in the regulation of cellular proliferation and
this pathway is often de-regulated in cancer [83,84]. β-catenin is a protein with a dual function as a cell
adhesion molecule in complex with cadherins and as a transcription factor when released from cadherin.
Several PTMs, including phosphorylation by GSK3-β and ubiquitination by the SCFβ-TrCP complex,
followed by degradation, regulated free β-catenin. The activity of this β-catenin destruction complex is
blocked by WNT ligands that allow accumulation of β-catenin and its subsequent translocation to the
nucleus, where it activates the expression of proliferation genes [83,84]. Different reports have shown
that β-catenin can be regulated by RASSF1A [6]. RASSF1A increases GSK3-β-mediated β-catenin
phosphorylation, leading to enhanced β-catenin degradation and the inhibition of the WNT/β-catenin
pathway [85]. Conversely, GSK3-β can phosphorylate RASSF1A, which prevents its binding to and
activation of the MOAP-1 apoptosis pathway [41]. It is worth noting that the Hippo and WNT pathways
crosstalk through their transcriptional effectors YAP and β-catenin associating to transcribe stemness
genes. RASSF1A expression diverts YAP from this complex to bind to p73, leading to the transcription
of differentiation genes [86].

3.2.5. Rho Family Signalling Pathways

A role of RASSF1A in the regulation of Rho signalling has also been shown. Rho signalling
is mediated by the small GTPases Rho, Rac, and CDC42 and it is involved in the regulation of cell
migration, transcription, and cytokinesis [87]. This module is a key regulator of metastasis and RAS
dependent transformation with RhoA promoting these processes while RhoB inhibits them [88,89].
Different groups showed that RAS negatively regulates Rho signalling through RASSF1A. For instance,
RhoA is a direct interactor of RASSF1A and promotes Smurf1-dependent RhoA ubiquitination, leading
to RhoA degradation, and, as a consequence, prevents oncogenic Rho functions [90]. Moreover,
RASSF1A can modulate the activity of Rho family of guanidine exchange factors, such as VAV2,
ECT2, and GEFH1, which promote the activation of Rho proteins [91]. In particular, several groups
have shown that RASSF1A regulates the activity of GEFH1 [91–93]. In fact, RASSF1A induces the
dephosphorylation of the inhibitory S885 in GEFH1, which in turn allows for GEFH1 to activate the
anti-metastatic RhoB GTPase [91]. NDR2, the kinase phosphorylating and suppressing GEFH1, is
inhibited by RASSF1A, which results in the stimulation of RhoB activity [93]. RhoB also enhances the
NDR2 mediated phosphorylation of YAP, which prevents YAP from translocating to the nucleus and
regulating transcription [91,93]. Through this signalling module, RASSF1A can regulate cell migration
and invasion, rationalising why the loss of RASSF1A expression can lead to metastasis.
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3.2.6. Other Modules of the RASSF1A Signalling Network

Ever growing evidence has shown that RASSF1A can regulate other well-known signalling
pathways. Among them is the aforementioned role of RASSF1A in the regulation of the hypoxia
response. Dabral et al. [43] performed a comprehensive mechanistic characterisation of how RASSF1A
and HIF-1α regulate each other in the context of pulmonary hypertension. HIF-1α induces RASSF1A
transcription through direct binding to the RASSF1A promoter. Under hypoxic conditions, PKC
phosphorylates RASSF1A, leading to increased RASSF1A stability and promoting RASSF1A-HIF-1α
interaction, which prevents HIF-1α degradation. Further studies are necessary for fully understanding
the physiological role of this positive feedback loop, but the observation that RASSF1A knockout
animals do not show pulmonary hypertension indicates that this feedback is a pathophysiological
function of RASSF1A.

In addition to mediating the DNA damage response, RASSF1A might be involved in the DNA
repair machinery. RASSF1A forms a complex with the xeroderma pigmentosum A (XPA) DNA repair
protein upon DNA damage and regulates the XPA acetylation-deacetylation cycle by recruiting the
deacetylase SIRT1 to its substrate XPA upon UV treatment [94]. In this module, RASSF1A promotes
DNA repair together with the stabilisation of the replication forks [64]. Importantly, the RASSF1A
A133S SNP variant inhibits XPA deacetylation, stabilises a RASSF1A-XPA complex, and decreases
DNA repair [94]. Interestingly, the RASSF1A A133S SNP variant has been identified in a range of
cancers [95], and its association with mutations in BRCA1/2—two other DNA repair genes—might
indicate the inhibition of DNA repair as pathogenetic basis for the cancer association of this variant.

Finally, it must be stressed that, as already illustrated in the previous sections, different crosstalk
mechanisms link RASSF1A with the RAF-ERK and AKT pathways. Our view is that it is impossible
to understand RASSF1A signalling and its role in cancer isolated from the signalling network that
includes these RAS effectors. Some of these crosstalks are related to the regulation of the Hippo
pro-apoptotic signalling. RAF1 interaction regulates free β-catenin, but we have also shown that
MST2 and LATS1 regulate the RAF1-MEK1 interaction and signalling in a RASSF1A dependent
manner [60,70]. Importantly, while wild type BRAF does not bind to MST1, the oncogenic mutant
BRAFV600E can bind to this tumour suppressor, which could conceivably shut down the anti-oncogenic
signal mediated by MST1/2 in several cancer types [96]. Additionally, AKT inhibition of MST1/2 by
direct phosphorylation is prevented by RASSF1A interaction with MST2 [60,97]. Conversely, MST1 was
shown to phosphorylate and inhibit AKT [98], which has been related to a possible role of RASSF1A in
the activation of autophagy and suppression of oncogenic transformation in HCC [99]. Interestingly, a
role of AKT in the induction of RASSF1A promoter hypermethylation has also been proposed [100],
which could constitute an interesting intercalated negative feedback loop, where AKT1 and MST1/2
can mutually inhibit each other, with AKT, in addition, being able to suppress the expression of the
MST1/2 activator RASSF1A that is relevant for the pathological silencing of this tumour suppressor.
The regulation of RASSF1A by GSK3β, as mentioned above, is another point of crosstalk among these
modules [41]. Although not well characterised, CNK1, which is another scaffold protein, might be
key in coordinating cross-regulation among these pathways [101]. CNK can bind RASSF1A, MST2,
AKT, and RAF proteins, which constitutes a physical interaction platform for these different pathways,
but the RASSF1A mediated regulation of the ERK and AKT modules by these complexes might be
MST1/2 independent.

4. RASSF1A SN Druggability: Possible Points of Interference and Challenges

The role of RASSF1A in cell transformation is widely accepted and the loss of expression of this
protein is one of the most common events in solid tumours [1]. Therefore, trying to restore the normal
function of RASSF1A in cancerous cells that have lost its expression could lead to new therapeutic
options for a wide range of cancer types. In the following section, we summarise some of the therapies
that have been tested to treat RASSF1A defective tumours and propose some strategies for targeting
RASSF1A SN nodes. However, it must be highlighted that targeting a scaffold is not an easy task and
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several approaches must be considered when exploring the possible strategies to target the RASSF1A
SN for cancer therapy. The main challenge is that RASSF1A has no known enzymatic activity and
epigenetic modifications generally cause its loss of function. Based on these observations most efforts
to restore RASSF1A tumour suppressor function are focussed on targeting the epigenetic machinery
that mediates RASSF1A DNA promoter methylation. Demethylating therapies are already used in
cancer therapy and several new drugs are at different stages of clinical development [102]. Some of
these agents are well accepted as chemo-sensitizers and it is possible that part of this effect is due
to re-activating RASSF1A expression in cancer cells. However, the success of these treatments in
RASSF1A deficient tumours might be limited by concomitant mutations of genes that are part of
the RASSF1A SN, which we have delineated here. For this reason, a putative point of intervention
could be developing RASSF1A mimetic agents that can rescue RASSF1A functions. The challenge
with RASSF1A mimetics would probably be that, as a scaffold, most of its functions are mediated by
protein-protein interaction and it is not clear how one could substitute these functions with drugs.

A more successful opportunity to rescue RASSF1A deregulation in cancer could come from the
knowledge that we have of RASSF1A SN. The loss of expression of RASSF1A leads to the activation of
pro-oncogenic signals mediated by several of the modules of the network. Importantly, we already
have an arsenal of targeted drugs for some of the nodes of this SN that are deregulated in cancer, such
as CDKs, Aurora kinases, RAFs, and AKT. Hence, the development of effective treatments against
tumours that have lost the normal RASSF1A SN function might require multi-targeting of different key
network nodes that are deregulated when RASSF1A function is lost (Figure 3). Based on our current
knowledge of the RASSF1A SN, we have to consider that some of its tumour suppressor functions
could be inhibited, even in tumours that retain RASSF1A expression. Such inhibition could be mediated
by two mechanisms; (i) PTMs that affect the affinity of RASSF1A for its effectors (phosphorylation)
or promote degradation of this scaffold (ubiquitination); and, (ii) the deregulation of the expression
or activity of nodes in the RASSF1A effector SN. Taking this into account, it is possible that we can
develop several new strategies that aim to rescue RASSF1A loss of function by developing targeted or
combination therapies that consider the whole RASSF1A SN.

5. Therapeutic Intervention

5.1. Inhibition of DNA Methylation

5.1.1. Non-Nucleoside DNA Methyltransferase Inhibitors

The development of DNMT inhibitors (DNMTi) for the treatment of tumours is a hot topic
of research in drug development (for a thorough review see [102]). To date, there are two such
drugs that are approved for the treatment of haematological diseases and leukaemias, 5-azacytidine
(AZA), and 2’-deoxy-5-azacytindine (5-aza-CdR). These drugs are nucleoside analogues that can be
incorporated into DNA and—when methylated by a DNMT—produce a covalent DNMT-DNA complex
that inactivates DNMTs by subsequent degradation of the trapped enzymes and also initiates DNA
damage [103]. In vitro and in vivo data have shown that AZA and 5-aza-CdR mediate the re-expression
of RASSF1A in different cell lines [104]. Most of these studies confirm that the re-expression of RASSF1A
results in the reactivation of apoptosis and RASSF1A mediated cell cycle inhibition. For instance,
AZA treatment of retinoblastoma HXO-RB44 cells promotes the expression of RASSF1A and the
induction of RASSF1A dependent apoptosis [105]. Moreover, in non-small cell lung cancer cell lines,
the re-expression of RASSF1A induced by AZA and 5-aza-CdR treatment arrested cell cycle progression
in G0/G1 phase and inhibited cell migration [106]. In mouse models of uveal melanoma, where UM-15
cells express RASSF1A after treatment with AZA, the formation of intraocular tumours was prevented
and the development of subcutaneous tumours was delayed [107]. A serious potential problem with
DNMTi is that they cause widespread demethylation of genes, which can lead to the re-expression
of tumour suppressor and cancer cell death genes, but can also activate the expression of oncogenic
genes. This was illustrated by observations in MCF7 cells, where the re-expression of RASSF1A led to
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activation of apoptosis, but also to a simultaneous expression increase in a series of pro-metastatic
genes [107]. This might prevent the use of these agents as single agents, but they are expected to be
effective as part of combination therapy. This problem could be alleviated by using more selective
compounds at low concentrations that help in sensitising the cell to other drugs. For instance, SGI-110,
a second generation 5-aza-CdR pro-drug that is already being tested in clinical trials [108,109], was
shown to promote RASSF1A expression and prime ovary and testis cancer cells to respond to cisplatin
treatment [110,111].

5.1.2. Other DNMT Inhibitors

Other types of DNMTi target the enzymatic activity of DNMTs by binding to the catalytic region
and they are known as non-nucleoside analogues [107]. These types of DNMTi have not been tested
yet in clinical trials and there is very little information relating them to the specific de-repression of
RASSF1A gene expression. Several strategies have been proposed to target these enzymes, in addition
to direct inhibitors of DMNTs. One of them is targeting metabolic pathways that are necessary for
the modification of DNA by DMNTs. In this strategy, it has been proposed that the Methionine Cycle
could be inhibited, which produces S−adenosyl methionine, a major donor of methyl groups in the
cell. This type of inhibitors includes classical anti-folates such as methotrexate, which is one of the
oldest chemotherapeutic agents, but also new antifolates. Promisingly, TMECG, which is one of the
novel-antifolate agents, mediates RASSF1A promoter demethylation in melanoma and breast cancer
cells, especially when used in combination with dipyramidole (DIPY) [112]. These compounds prevent
the synthesis of S-adenosyl-methionine, the substrate of DNMTs, which in turn results in a decrease in
DNA methylation.

5.1.3. Natural Agents

The natural anti-oncogenic compounds are one area of drug discovery where RASSF1A
re-expression has been related to possible anti-cancer therapy and even cancer prevention. Although
many of these studies need follow up research in appropriate pre-clinical models, a striking number
of these natural compounds seem to act, at least in part, by inhibiting DNMTs and promoting
RASSF1A expression (for a review see [104]). None of these compounds are thought to act as
cytidine analogues, but they are thought to mediate their effects on DMNT through a different
mechanism of actions. One such mechanism is the regulation of metabolic routes, as already
illustrated by the anti-folate inhibitors that are mentioned above. Thus, there is evidence that folate
could lead to the increase in RASSF1A promoter methylation [113]. However, other natural methyl
donors, such as methionine and vitamin B12, were shown to reduce RASSF1A promoter methylation,
which indicates that these compounds might have different effects on DNA methylation [114].
Another group of natural compounds seems to work as DNMT activity inhibitors that target different
regulators of these proteins through several mechanisms of action. First, mahanine, which is a natural
antioxidant agent that is present in the curry tree, was shown to induce RASSF1A expression [115,116].
Mechanistically, mahanine seems to induce proteosomal degradation of DNMTs by preventing the
stabilising phosphorylation of these enzymes by AKT. Mahanine was shown to inhibit PDK1, which
is a kinase that phosphorylates and activates AKT downstream of PI3K [116]. On the other hand,
direct inhibition of DNMT has been observed to be mediated by peperomin E, a polyphenol, which
results in the expression of RASSF1A, RUNX3, APC, and p16INK4 in lung cancer cells and mouse
lung tumours [117]. This compound can bind the active site of DNMT1, which inhibits its activation
and promotes its degradation. Importantly, DNMT degradation by natural compounds has been
shown as mechanism of action of several natural compounds that promote RASSF1A expression in
cancer cells. For instance, the phytochemical PEITC reduces the expression of DNMT1, DNMT3A
and DNMT3B, resulting in the induction of RASSF1A dependent apoptosis in lung cancer cells [118].
Additionally, a group of polyphenols has been shown to mediate DNMT degradation, although the
actual mechanisms by which they achieve this effect have not been properly studied. This group
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includes curcumin, emodin, and resveratrol, and they can also promote the expression of other
tumour suppressor genes that are downregulated by DNA methylation [119–121]. Interestingly, it
has also been reported that, in rats fed with olive oil, DMNT activity decreases with a concomitant
reduction of RASSF1A and TIMP3 gene methylation, while corn oil promotes DMNT activity and
DNA methylation [122]. Finally, 3,3-dindolylmethane (DIM) was shown to increase the expression of
RASSF1A and promotion of MST1/2-LAST1 complex in gastric cancer cells, although it has not been
shown that this is caused by the RASSF1A promotor DNA demethylation [123]. Altogether, these
reports show the ability of natural compounds to prevent and reverse RASSF1A gene methylation.
The characterisation of the mechanism of action of these compounds might lead to new avenues for
the treatment of RASSF1A defective tumours.

5.2. Inactivation of the Hippo Pathway and How This Can Be Reverted

Of all the modules of the RASSF1A signalling network, the Hippo/MST pathway has been most
clearly associated with the tumour suppressor activity of this protein. Thus, the RASSF1A loss of
expression leads to a shutdown of pro-apoptotic signalling by the Hippo pathway while promoting
YAP1 proliferative signalling [6]. Additionally, the loss of RASSF1A pro-apoptotic signalling can occur
by the loss of expression of MST1/2 and LATS1/2 in some cancer types. Hence, a possible strategy to
rescue the loss of the RASSF1A pro-apoptotic signal would be to reactivate the core kinases of the
Hippo pathway or prevent YAP1 pro-oncogenic signalling. In this vein, it has been proposed that the
disruption of the YAP1-TEAD interaction would prevent the transcription of oncogenic genes [123].
Different studies have shown that verteporfin, a drug that is approved for the treatment of macular
degeneration, prevents YAP1-TEAD dependent transcription. In several cell lines, this photosensitiser
shows an anti-oncogenic effect that is related to a decrease in YAP1-TEAD activity [124–126]. Verteporfin
was shown to sensitise triple negative breast cancer cells to taxol and radiation, allowing for the
activation of DNA damage-induced apoptosis [127]. This drug is now widely used as an inhibitor of
YAP1 oncogenic signalling in preclinical experiments [126], and clinical trials have commenced for
prostate, breast, and pancreatic cancer [128]. Of note, no study has tested the relationship between
verteporfin treatment and RASSF1A expression, but it would be very informative to see whether
verteporfin could rescue the loss of RASSF1A. Importantly, additional drug screens identified statins,
dasatinib, and pazopanib, as potential inhibitors of YAP1 oncogenic signalling [129,130]. We should
expect to see information soon whether YAP inhibition is part of the mechanism of action of this
compounds since these drugs are already FDA approved. It would be very informative to test whether
there is any correlation between response to these treatments and RASSF1A expression, based on the
knowledge that we have of the RASSF1A-Hippo pathway.

Theoretically, the activation of the MST1/2 and LATS1/2 pro-apoptotic signal in the absence of
RASSF1A could lead to the rescue of the anti-oncogenic signal that is mediated by RASSF1A. However,
it would be very challenging to develop drugs that activate these kinases and they could potentially
lead to severe side effects. Nevertheless, there might be ways to induce the activation of these kinases by
targeting other proteins in the RASSF1A SN. For instance, a recent report has shown that, in enterocytes,
MST2 signalling is negatively regulated by FGFR4 in response to an increase in the concentration of
intestinal bile acids [131]. This work showed that the inactivation of MST2 in response to bile acid is
caused by inhibitory interaction with RAF1. Moreover, the authors showed that, in animal models,
the depletion of bile acid metabolism by drug treatment could lead to the activation of MST1/2 and
prevent oncogenesis. Although this work did not test if RASSF1A could be affected by bile acids, the
observation serves as a proof of principle that MST1/2 can be reactivated in some tumours. Critically,
this work indicated that disrupting the RAF1 inhibitory effect on MST2 could be a potential treatment
for some cancers, providing the opportunity to develop RASSF1A mimetics. One possibility would be
to develop small molecules that can interfere the inhibitory interaction of MST1/2 with RAF proteins.
In fact, work from our group showed that a small amino-terminal stearoylated MST2 peptide disruptor
could be used to disrupt the MST2-RAF1 interaction and affect the normal development of the heart of
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Zebrafish [70]. It is tempting to speculate that RASSF1A mimetics could be a treatment for tumours
harbouring this oncogene while taking into account that BRAFV600E binds and inhibits MST1/2 in
cancer cell lines.

5.3. BAX Mimetics

Another effector module that can be targeted to rescue the loss of expression of RASSF1A is
the DR-MOAP-1-BAX pathway. As explained above, RASSF1A can induce the activation of the
pro-apoptotic BAX protein via MOAP-1 [65]. The loss of RASSF1A expression also contributes
to mechanisms of resistance to TRAIL treatment [132]. Additionally, the prevention of BAX
oligomerization and translocation to the mitochondria is commonly observed in cancer cells. BAX is
part of the BH3 family of pro-apoptotic proteins and it is negatively regulated BCL2 and other
anti-apoptotic member of this family. For this reason, different BH3 mimetics have been developed
that prevent the interaction of BCL2 with BAX [133]. Such drugs are highly effective in the treatment
of multiple myeloma [134], although it is unknown whether the response is related to RASSF1A
expression status. Interestingly, a small study of Chinese multiple myeloma patients showed frequent
RASSF1A hypermethylation [135]. Thus, BH3 mimetics should be evaluated as an option to treat
RASSF1A deficient tumours.

5.4. Perspective: Multitargeting of the RASSF1A Signalling Network

The last two decades have seen the development of a plethora of drugs that are designed to
specifically target single proteins that are the main drivers of cancer development. Although some
of these agents are now widely used in the clinic and they are invaluable additions to the arsenal
of treatments for cancer, many of these agents have failed to live up to expectations. In parallel, we
have increased our knowledge regarding SNs and the importance that rewiring of these networks
plays in the lack of response and development of resistance to targeted therapies [136]. Based on this
evidence, it is worth considering that we need to combinatorially target several nodes in its SN in order
to successfully rescue the tumour suppressor activity of RASSF1A. One thing that we must consider is
that RASSF1A signalling function might also be lost in those tumours that still express this protein.
It is common that cancer cells keep intact pro-apoptotic machinery, but the cells lose sensitivity to
pro-apoptotic signals [137]. In the case of tumours that express RASSF1A, this sensitivity could be lost
by the hyper-activation of the proteins that regulate its PTMs. Moreover, aberrant PTM of RASSF1A
might result in incomplete rescue of its tumour suppressor function, even if we could restore RASSF1A
using DNMTi. In both scenarios, targeting one or several of the enzymes that negatively regulate
RASSF1A anticancer properties might lead to successful treatments. Taking this into consideration,
we may already have several drugs that are available to be used in combination with other agents to
reactivate RASSF1A function. For instance, CDK4/6 inhibitors are already approved for the treatment
of breast cancer [138,139]. These drugs prevent hyper-phosphorylation of the Retinoblastoma 1 protein
and they might prevent the CDK4 inhibitory phosphorylation of RASSF1A favouring proliferation.
Similarly, targeting Aurora A and PKC would prevent the negative effect of these proteins on RASSF1A.
Aurora kinase inhibitors are being currently tested in clinical trials with limited efficacy for solid
tumours, but they are promising agents for the treatment of hematologic malignancies, especially
in combination with other kinase inhibitors [140]. It would be interesting to test whether RASSF1A
expression status might contribute to the low efficacy of these drugs and whether re-expression of
RASSF1A could increase their efficacy. Another RASSF1A regulating kinase that is the object of
intensive research as a therapeutic target for several diseases is GSK3-β. However, this protein might
function as a tumour suppressor or oncogene in different cancer types, and the use of GSK3-β inhibitors
for cancer treatment needs further study [140]. Finally, TGFβ inhibitors that have also been tested in
clinical trials might prevent RASSF1A degradation in certain cancer types [141]. Another strategy
for restoring RASSF1A physiological expression could be preventing its ubiquitination by ubiquitin
ligases. The rationale for developing E1, E2, and E3 ligases inhibitors is strong and several drugs have
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been tested in preclinical models, but they are yet to be tested in the clinic [142]. However, proteasome
inhibitors, such as bortezomib, are already used for cancer treatment and they may help rescuing the
expression of RASSF1A. Intriguingly, another member of the RASSF family, RASSF4 re-expression has
been shown to potentiate the effect of bortezomib in multiple myeloma cell lines when this drug is used
in combination with MEK1/2 inhibitor [143], which indicates that the same might occur for RASSF1A.

Importantly, while looking at the topology of the RASSF1A SN, it is clear that the AKT and
RAF-ERK pathway closely regulates the tumour suppressor activity of this protein. These pathways
are activated in most cancer cells and combination therapies for different cancer types have shown
positive results [144,145]. Several lines of evidence show that RASSF1A expression may increase the
effectiveness of these treatments and even prevent the acquisition of resistance to these treatments. On
the other hand, a combination of DNMTi that reinstate RASSF1A expression in combination with RAF
inhibitors may lead to the activation of apoptosis in BRAF mutant tumours. Another possibility that
could be explored is whether inhibition of EGFR oncogenic signal might lead to the activation of the
RASSF1A pro-apoptotic signal downstream of mutant KRAS [59].

Finally, the pharmacological inhibition of RASSF1A promoter hypermethylation could result in
an increase of the response to death receptor treatments. For instance, TRAIL agonists have been tested
in clinical trials, but they have shown low efficacy as single agents, and many patients developed
resistance [146]. This resistance might be caused by the downregulation of RASSF1A expression and
prevention of the activation of MOAP-1-BAX and Hippo pathway pro-apoptotic signals [53]. For this
reason, the combination of TRAIL agonist treatment with treatments that lead to the expression of
RASSF1A could increase the effectiveness of TNF targeting therapy.

6. Conclusions

There is much that we still have to learn about the physiological role of RASSF1A in signal
transduction and how its deregulation contributes to cell transformation. However, restoring the
normal regulation of its signalling network, or at least the modules that lead to cell transformation,
could lead to the development of novel therapeutic options with improved outcomes for several
cancer types.
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YAP Yes-associated protein
MST1/2 mammalian sterile 20-like kinase 1⁄2
RASSF Ras association domain family
SARAH Salvador-RASSF-Hippo
TEAD TEA domain family member
TAZ Tafazzin
AKT v-akt murine thymoma viral oncogene homolog
Ras rat sarcoma virus oncogene
RAF Rat fibrosarcoma
PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase
FASR Fas receptor
DR death receptor
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DNMT DNA methylase
TNFR Tumour necrosis factor
ERK Extracellular Signal Regulated kinase
PKC Protein Kinase C
GSK3 Serine/threonine protein kinase Gsk3
TGF Transforming growth factor
PTM Post-translational modification
CDK Cyclin-dependent kinase
SN Signalling network
BAX BCL2-associated X protein
TRAILR tumour necrosis factor (ligand) superfamily, member 10 receptor
MOAP1 modulator of apoptosis 1
FDA food and drug agency
CNK1 connector enhancer of kinase suppressor of Ras 1
SNP single nucleotide polymorphism
UV ultraviolet
HIF1α hypoxia inducible factor 1 alpha
H2B histone 2B
EGFR Epidermal growth factor receptor
HPV Herpes virus
EBV Epstein-Barr Virus
HV Hepatitis virus
HCC Hepatocellular carcinoma
APC anaphase promoting complex

References

1. Grawenda, A.M.; O’Neill, E. Clinical utility of RASSF1A methylation in human malignancies. Br. J. Cancer
2015, 113, 372–381. [CrossRef] [PubMed]

2. Agathanggelou, A.; Cooper, W.N.; Latif, F. Role of the Ras-association domain family 1 tumor suppressor
gene in human cancers. Cancer Res. 2005, 65, 3497–3508. [CrossRef] [PubMed]

3. Donninger, H.; Vos, M.D.; Clark, G.J. The RASSF1A tumor suppressor. J. Cell Sci. 2007, 120, 3163–3172.
[CrossRef] [PubMed]

4. Matallanas, D.; Romano, D.; Al-Mulla, F.; O’Neill, E.; Al-Ali, W.; Crespo, P.; Doyle, B.; Nixon, C.; Sansom, O.;
Drosten, M.; et al. Mutant K-Ras activation of the proapoptotic MST2 pathway is antagonized by wild-type
K-Ras. Mol. Cell 2011, 44, 893–906. [CrossRef] [PubMed]

5. Donninger, H.; Schmidt, M.L.; Mezzanotte, J.; Barnoud, T.; Clark, G.J. Ras signaling through RASSF proteins.
Semin. Cell Dev. Biol. 2016, 58, 86–95. [CrossRef]

6. Fallahi, E.; O’Driscoll, N.A.; Matallanas, D. The MST/Hippo Pathway and Cell Death: A Non-Canonical
Affair. Genes 2016, 7, 28. [CrossRef]

7. Zhou, W.; Zhao, M. How Hippo Signaling Pathway Modulates Cardiovascular Development and Diseases.
J. Immunol. Res. 2018, 2018, 3696914. [CrossRef]

8. Zeke, A.; Lukacs, M.; Lim, W.A.; Remenyi, A. Scaffolds: Interaction platforms for cellular signalling circuits.
Trends Cell Biol. 2009, 19, 364–374. [CrossRef]

9. Good, M.C.; Zalatan, J.G.; Lim, W.A. Scaffold proteins: Hubs for controlling the flow of cellular information.
Science 2011, 332, 680–686. [CrossRef]

10. Ferrell, J.E., Jr. What do scaffold proteins really do? Sci. STKE 2000, 2000, pe1. [CrossRef]
11. Kolch, W. Coordinating ERK/MAPK signalling through scaffolds and inhibitors. Nat. Rev. Mol. Cell Biol.

2005, 6, 827–837. [CrossRef] [PubMed]
12. Liang, Y.; Sheikh, F. Scaffold Proteins Regulating Extracellular Regulated Kinase Function in Cardiac

Hypertrophy and Disease. Front. Pharmacol. 2016, 7, 37. [CrossRef] [PubMed]
13. Calipel, A.; Abonnet, V.; Nicole, O.; Mascarelli, F.; Coupland, S.E.; Damato, B.; Mouriaux, F. Status of

RASSF1A in uveal melanocytes and melanoma cells. Mol. Cancer Res. 2011, 9, 1187–1198. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/bjc.2015.221
http://www.ncbi.nlm.nih.gov/pubmed/26158424
http://dx.doi.org/10.1158/0008-5472.CAN-04-4088
http://www.ncbi.nlm.nih.gov/pubmed/15867337
http://dx.doi.org/10.1242/jcs.010389
http://www.ncbi.nlm.nih.gov/pubmed/17878233
http://dx.doi.org/10.1016/j.molcel.2011.10.016
http://www.ncbi.nlm.nih.gov/pubmed/22195963
http://dx.doi.org/10.1016/j.semcdb.2016.06.007
http://dx.doi.org/10.3390/genes7060028
http://dx.doi.org/10.1155/2018/3696914
http://dx.doi.org/10.1016/j.tcb.2009.05.007
http://dx.doi.org/10.1126/science.1198701
http://dx.doi.org/10.1126/stke.2000.52.pe1
http://dx.doi.org/10.1038/nrm1743
http://www.ncbi.nlm.nih.gov/pubmed/16227978
http://dx.doi.org/10.3389/fphar.2016.00037
http://www.ncbi.nlm.nih.gov/pubmed/26973524
http://dx.doi.org/10.1158/1541-7786.MCR-10-0437
http://www.ncbi.nlm.nih.gov/pubmed/21788308


Cancers 2020, 12, 229 16 of 22

14. Honorio, S.; Agathanggelou, A.; Wernert, N.; Rothe, M.; Maher, E.R.; Latif, F. Frequent epigenetic inactivation
of the RASSF1A tumour suppressor gene in testicular tumours and distinct methylation profiles of seminoma
and nonseminoma testicular germ cell tumours. Oncogene 2003, 22, 461–466. [CrossRef]

15. Peters, I.; Rehmet, K.; Wilke, N.; Kuczyk, M.A.; Hennenlotter, J.; Eilers, T.; Machtens, S.; Jonas, U.; Serth, J.
RASSF1A promoter methylation and expression analysis in normal and neoplastic kidney indicates a role in
early tumorigenesis. Mol. Cancer 2007, 6, 49. [CrossRef]

16. Yeo, W.; Wong, W.L.; Wong, N.; Law, B.K.; Tse, G.M.; Zhong, S. High frequency of promoter hypermethylation
of RASSF1A in tumorous and non-tumourous tissue of breast cancer. Pathology 2005, 37, 125–130. [CrossRef]

17. Amin, K.S.; Banerjee, P.P. The cellular functions of RASSF1A and its inactivation in prostate cancer.
J. Carcinogenes 2012, 11, 3. [CrossRef]

18. Malpeli, G.; Innamorati, G.; Decimo, I.; Bencivenga, M.; Nwabo Kamdje, A.H.; Perris, R.; Bassi, C. Methylation
Dynamics of RASSF1A and Its Impact on Cancer. Cancers 2019, 11, 959. [CrossRef]

19. Bai, J.; Zhang, X.; Hu, K.; Liu, B.; Wang, H.; Li, A.; Lin, F.; Zhang, L.; Sun, X.; Du, Z.; et al. Silencing
DNA methyltransferase 1 (DNMT1) inhibits proliferation, metastasis and invasion in ESCC by suppressing
methylation of RASSF1A and DAPK. Oncotarget 2016, 7, 44129–44141. [CrossRef]

20. Palakurthy, R.K.; Wajapeyee, N.; Santra, M.K.; Gazin, C.; Lin, L.; Gobeil, S.; Green, M.R. Epigenetic silencing
of the RASSF1A tumor suppressor gene through HOXB3-mediated induction of DNMT3B expression.
Mol. Cell 2009, 36, 219–230. [CrossRef]

21. Wang, J.; Bhutani, M.; Pathak, A.K.; Lang, W.; Ren, H.; Jelinek, J.; He, R.; Shen, L.; Issa, J.P.; Mao, L.
Delta DNMT3B variants regulate DNA methylation in a promoter-specific manner. Cancer Res. 2007, 67,
10647–10652. [CrossRef] [PubMed]

22. Waki, T.; Tamura, G.; Sato, M.; Motoyama, T. Age-related methylation of tumor suppressor and tumor-related
genes: An analysis of autopsy samples. Oncogene 2003, 22, 4128–4133. [CrossRef] [PubMed]

23. Dubois, F.; Bergot, E.; Levallet, G. Cancer and RASSF1A/RASSF1C, the Two Faces of Janus. Trends Cancer
2019, 5, 662–665. [CrossRef] [PubMed]

24. Rajabi, H.; Hata, T.; Li, W.; Long, M.D.; Hu, Q.; Liu, S.; Raina, D.; Kui, L.; Yazumizu, Y.; Hong, D.; et al.
MUC1-C represses the RASSF1A tumor suppressor in human carcinoma cells. Oncogene 2019. [CrossRef]

25. Zhang, H.; He, J.; Li, J.; Tian, D.; Gu, L.; Zhou, M. Methylation of RASSF1A gene promoter is regulated by
p53 and DAXX. FASEB J. 2013, 27, 232–242. [CrossRef] [PubMed]

26. Zekri, A.R.N.; Raafat, A.M.; Elmasry, S.; Bahnassy, A.A.; Saad, Y.; Dabaon, H.A.; El-Kassas, M.; Shousha, H.I.;
Nassar, A.A.; El-Dosouky, M.A.; et al. Promotor methylation: Does it affect response to therapy in chronic
hepatitis C (G4) or fibrosis? Ann. Hepatol. 2014, 13, 518–524. [CrossRef]

27. Khan, F.S.; Ali, I.; Afridi, U.K.; Ishtiaq, M.; Mehmood, R. Epigenetic mechanisms regulating the development
of hepatocellular carcinoma and their promise for therapeutics. Hepatol. Int. 2017, 11, 45–53. [CrossRef]

28. Dong, X.; He, H.; Zhang, W.; Yu, D.; Wang, X.; Chen, Y. Combination of serum RASSF1A methylation and
AFP is a promising non-invasive biomarker for HCC patient with chronic HBV infection. Diagn. Pathol. 2015,
10, 133. [CrossRef]

29. Qiu, X.; Zhang, L.; Lu, S.; Song, Y.; Lao, Y.; Hu, J.; Fan, H. Upregulation of DNMT1 mediated by HBx
suppresses RASSF1A expression independent of DNA methylation. Oncol. Rep. 2014, 31, 202–208. [CrossRef]

30. Zheng, F.; Yu, H. RASSF1A promoter methylation was associated with the development, progression and
metastasis of cervical carcinoma: A meta-analysis with trial sequential analysis. Arch. Gynecol. Obstet. 2018,
297, 467–477. [CrossRef]

31. Yin, F.; Wang, N.; Wang, S.; Yu, F.; Sun, X.; Yu, X.; Luo, B.; Zhao, C.; Wang, Y. HPV16 oncogenes E6 or/and E7
may influence the methylation status of RASSFIA gene promoter region in cervical cancer cell line HT-3.
Oncol. Rep. 2017, 37, 2324–2334. [CrossRef]

32. Li, J.Y.; Huang, T.; Zhang, C.; Jiang, D.J.; Hong, Q.X.; Ji, H.H.; Ye, M.; Duan, S.W. Association between
RASSF1A Promoter Hypermethylation and Oncogenic HPV Infection Status in Invasive Cervical Cancer:
A Meta-Analysis. Asian Pac. J. Cancer Prev. 2015, 16, 5749–5754. [CrossRef] [PubMed]

33. Lei, Y.; Hu, C.; Xu, H.; Tian, Y. HPV16 infection regulates RASSF1A transcription mediated by p53.
Mol. Med. Rep. 2013, 8, 413–418. [CrossRef] [PubMed]

34. Zekri, A.R.; Bahnasy, A.A.; Shoeab, F.E.; Mohamed, W.S.; El-Dahshan, D.H.; Ali, F.T.; Sabry, G.M.; Dasgupta, N.;
Daoud, S.S. Methylation of multiple genes in hepatitis C virus associated hepatocellular carcinoma. J. Adv. Res.
2014, 5, 27–40. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.onc.1206119
http://dx.doi.org/10.1186/1476-4598-6-49
http://dx.doi.org/10.1080/00313020500058623
http://dx.doi.org/10.4103/1477-3163.93000
http://dx.doi.org/10.3390/cancers11070959
http://dx.doi.org/10.18632/oncotarget.9866
http://dx.doi.org/10.1016/j.molcel.2009.10.009
http://dx.doi.org/10.1158/0008-5472.CAN-07-1337
http://www.ncbi.nlm.nih.gov/pubmed/18006804
http://dx.doi.org/10.1038/sj.onc.1206651
http://www.ncbi.nlm.nih.gov/pubmed/12821947
http://dx.doi.org/10.1016/j.trecan.2019.10.001
http://www.ncbi.nlm.nih.gov/pubmed/31735284
http://dx.doi.org/10.1038/s41388-019-0940-1
http://dx.doi.org/10.1096/fj.12-215491
http://www.ncbi.nlm.nih.gov/pubmed/23038753
http://dx.doi.org/10.1016/S1665-2681(19)31251-7
http://dx.doi.org/10.1007/s12072-016-9743-4
http://dx.doi.org/10.1186/s13000-015-0317-x
http://dx.doi.org/10.3892/or.2013.2848
http://dx.doi.org/10.1007/s00404-017-4639-7
http://dx.doi.org/10.3892/or.2017.5465
http://dx.doi.org/10.7314/APJCP.2015.16.14.5749
http://www.ncbi.nlm.nih.gov/pubmed/26320446
http://dx.doi.org/10.3892/mmr.2013.1529
http://www.ncbi.nlm.nih.gov/pubmed/23779024
http://dx.doi.org/10.1016/j.jare.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25685469


Cancers 2020, 12, 229 17 of 22

35. Mariano, F.V.; Rincon, D.; Gondak, R.O.; Jorge, R.; Lopes, M.A.; Altemani, A.; de Almeida, O.P.; Kowalski, L.P.
Carcinoma ex-pleomorphic adenoma of upper lip showing copy number loss of tumor suppressor genes.
Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2013, 116, 69–74. [CrossRef]

36. Zhang, S.; Pei, Y.; Lang, F.; Sun, K.; Singh, R.K.; Lamplugh, Z.L.; Saha, A.; Robertson, E.S. EBNA3C facilitates
RASSF1A downregulation through ubiquitin-mediated degradation and promoter hypermethylation to
drive B-cell proliferation. PLoS Pathog. 2019, 15, e1007514. [CrossRef]

37. Ooft, M.L.; van Ipenburg, J.; van Loo, R.; de Jong, R.; Moelans, C.; Braunius, W.; de Bree, R.; van Diest, P.;
Koljenovic, S.; Baatenburg de Jong, R.; et al. Molecular profile of nasopharyngeal carcinoma: Analysing
tumour suppressor gene promoter hypermethylation by multiplex ligation-dependent probe amplification.
J. Clin. Pathol. 2018, 71, 351–359. [CrossRef]

38. Song, M.S.; Song, S.J.; Kim, S.J.; Nakayama, K.; Nakayama, K.I.; Lim, D.S. Skp2 regulates the antiproliferative
function of the tumor suppressor RASSF1A via ubiquitin-mediated degradation at the G1-S transition.
Oncogene 2008, 27, 3176–3185. [CrossRef]

39. Hamilton, G.; Yee, K.S.; Scrace, S.; O’Neill, E. ATM regulates a RASSF1A-dependent DNA damage response.
Curr. Biol. 2009, 19, 2020–2025. [CrossRef]

40. Yee, K.S.; Grochola, L.; Hamilton, G.; Grawenda, A.; Bond, E.E.; Taubert, H.; Wurl, P.; Bond, G.L.; O’Neill, E.
A RASSF1A polymorphism restricts p53/p73 activation and associates with poor survival and accelerated
age of onset of soft tissue sarcoma. Cancer Res. 2012, 72, 2206–2217. [CrossRef]

41. Ghazaleh, H.A.; Chow, R.S.; Choo, S.L.; Pham, D.; Olesen, J.D.; Wong, R.X.; Onyskiw, C.; Baksh, S. 14-3-3
mediated regulation of the tumor suppressor protein, RASSF1A. Apoptosis 2010, 15, 117–127. [CrossRef]
[PubMed]

42. Verma, S.K.; Ganesan, T.S.; Parker, P.J. The tumour suppressor RASSF1A is a novel substrate of PKC.
FEBS Lett. 2008, 582, 2270–2276. [CrossRef] [PubMed]

43. Dabral, S.; Muecke, C.; Valasarajan, C.; Schmoranzer, M.; Wietelmann, A.; Semenza, G.L.; Meister, M.;
Muley, T.; Seeger-Nukpezah, T.; Samakovlis, C.; et al. A RASSF1A-HIF1alpha loop drives Warburg effect in
cancer and pulmonary hypertension. Nat. Commun. 2019, 10, 2130. [CrossRef] [PubMed]

44. Rong, R.; Jiang, L.Y.; Sheikh, M.S.; Huang, Y. Mitotic kinase Aurora-A phosphorylates RASSF1A and
modulates RASSF1A-mediated microtubule interaction and M-phase cell cycle regulation. Oncogene 2007,
26, 7700–7708. [CrossRef]

45. Richter, A.M.; Schagdarsurengin, U.; Rastetter, M.; Steinmann, K.; Dammann, R.H. Protein kinase A-mediated
phosphorylation of the RASSF1A tumour suppressor at Serine 203 and regulation of RASSF1A function.
Eur. J. Cancer 2010, 46, 2986–2995. [CrossRef]

46. Chow, C.; Wong, N.; Pagano, M.; Lun, S.W.; Nakayama, K.I.; Nakayama, K.; Lo, K.W. Regulation of
APC/CCdc20 activity by RASSF1A-APC/CCdc20 circuitry. Oncogene 2012, 31, 1975–1987. [CrossRef]

47. Jiang, L.; Rong, R.; Sheikh, M.S.; Huang, Y. Cullin-4A.DNA damage-binding protein 1 E3 ligase complex
targets tumor suppressor RASSF1A for degradation during mitosis. J. Biol. Chem. 2011, 286, 6971–6978.
[CrossRef]

48. Pefani, D.E.; Pankova, D.; Abraham, A.G.; Grawenda, A.M.; Vlahov, N.; Scrace, S.; O’Neill, E. TGF-beta
Targets the Hippo Pathway Scaffold RASSF1A to Facilitate YAP/SMAD2 Nuclear Translocation. Mol. Cell
2016, 63, 156–166. [CrossRef]

49. Senft, D.; Qi, J.; Ronai, Z.A. Ubiquitin ligases in oncogenic transformation and cancer therapy. Nat. Rev. Cancer
2018, 18, 69–88. [CrossRef]

50. Pefani, D.E.; O’Neill, E. Safeguarding genome stability: RASSF1A tumor suppressor regulates BRCA2 at
stalled forks. Cell Cycle 2015, 14, 1624–1630. [CrossRef]

51. Matallanas, D.; Romano, D.; Yee, K.; Meissl, K.; Kucerova, L.; Piazzolla, D.; Baccarini, M.; Vass, J.K.; Kolch, W.;
O’Neill, E. RASSF1A elicits apoptosis through an MST2 pathway directing proapoptotic transcription by the
p73 tumor suppressor protein. Mol. Cell 2007, 27, 962–975. [CrossRef] [PubMed]

52. Baksh, S.; Tommasi, S.; Fenton, S.; Yu, V.C.; Martins, L.M.; Pfeifer, G.P.; Latif, F.; Downward, J.; Neel, B.G. The
tumor suppressor RASSF1A and MAP-1 link death receptor signaling to Bax conformational change and cell
death. Mol. Cell 2005, 18, 637–650. [CrossRef] [PubMed]

53. Foley, C.J.; Freedman, H.; Choo, S.L.; Onyskiw, C.; Fu, N.Y.; Yu, V.C.; Tuszynski, J.; Pratt, J.C.; Baksh, S.
Dynamics of RASSF1A/MOAP-1 association with death receptors. Mol. Cell Biol. 2008, 28, 4520–4535.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.oooo.2012.12.015
http://dx.doi.org/10.1371/journal.ppat.1007514
http://dx.doi.org/10.1136/jclinpath-2017-204661
http://dx.doi.org/10.1038/sj.onc.1210971
http://dx.doi.org/10.1016/j.cub.2009.10.040
http://dx.doi.org/10.1158/0008-5472.CAN-11-2906
http://dx.doi.org/10.1007/s10495-009-0451-6
http://www.ncbi.nlm.nih.gov/pubmed/20069457
http://dx.doi.org/10.1016/j.febslet.2008.05.028
http://www.ncbi.nlm.nih.gov/pubmed/18514071
http://dx.doi.org/10.1038/s41467-019-10044-z
http://www.ncbi.nlm.nih.gov/pubmed/31086178
http://dx.doi.org/10.1038/sj.onc.1210575
http://dx.doi.org/10.1016/j.ejca.2010.06.128
http://dx.doi.org/10.1038/onc.2011.372
http://dx.doi.org/10.1074/jbc.M110.186494
http://dx.doi.org/10.1016/j.molcel.2016.05.012
http://dx.doi.org/10.1038/nrc.2017.105
http://dx.doi.org/10.1080/15384101.2015.1035845
http://dx.doi.org/10.1016/j.molcel.2007.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17889669
http://dx.doi.org/10.1016/j.molcel.2005.05.010
http://www.ncbi.nlm.nih.gov/pubmed/15949439
http://dx.doi.org/10.1128/MCB.02011-07
http://www.ncbi.nlm.nih.gov/pubmed/18474619


Cancers 2020, 12, 229 18 of 22

54. Oceandy, D.; Amanda, B.; Ashari, F.Y.; Faizah, Z.; Azis, M.A.; Stafford, N. The Cross-Talk Between the
TNF-alpha and RASSF-Hippo Signalling Pathways. Int. J. Mol. Sci. 2019, 20, 2346. [CrossRef] [PubMed]

55. Song, M.S.; Song, S.J.; Kim, S.Y.; Oh, H.J.; Lim, D.S. The tumour suppressor RASSF1A promotes MDM2
self-ubiquitination by disrupting the MDM2-DAXX-HAUSP complex. EMBO J. 2008, 27, 1863–1874.
[CrossRef] [PubMed]

56. Tan, K.O.; Tan, K.M.; Chan, S.L.; Yee, K.S.; Bevort, M.; Ang, K.C.; Yu, V.C. MAP-1, a novel proapoptotic protein
containing a BH3-like motif that associates with Bax through its Bcl-2 homology domains. J. Biol. Chem.
2001, 276, 2802–2807. [CrossRef]

57. Vichalkovski, A.; Gresko, E.; Cornils, H.; Hergovich, A.; Schmitz, D.; Hemmings, B.A. NDR kinase is activated
by RASSF1A/MST1 in response to Fas receptor stimulation and promotes apoptosis. Curr. Biol. 2008, 18,
1889–1895. [CrossRef]

58. Oh, H.J.; Lee, K.K.; Song, S.J.; Jin, M.S.; Song, M.S.; Lee, J.H.; Im, C.R.; Lee, J.O.; Yonehara, S.; Lim, D.S. Role
of the tumor suppressor RASSF1A in Mst1-mediated apoptosis. Cancer Res. 2006, 66, 2562–2569. [CrossRef]

59. Romano, D.; Maccario, H.; Doherty, C.; Quinn, N.P.; Kolch, W.; Matallanas, D. The differential effects of
wild-type and mutated K-Ras on MST2 signaling are determined by K-Ras activation kinetics. Mol. Cell Biol.
2013, 33, 1859–1868. [CrossRef]

60. Romano, D.; Matallanas, D.; Weitsman, G.; Preisinger, C.; Ng, T.; Kolch, W. Proapoptotic kinase MST2
coordinates signaling crosstalk between RASSF1A, Raf-1, and Akt. Cancer Res. 2010, 70, 1195–1203. [CrossRef]

61. Armesilla, A.L.; Williams, J.C.; Buch, M.H.; Pickard, A.; Emerson, M.; Cartwright, E.J.; Oceandy, D.; Vos, M.D.;
Gillies, S.; Clark, G.J.; et al. Novel functional interaction between the plasma membrane Ca2+ pump 4b and
the proapoptotic tumor suppressor Ras-associated factor 1 (RASSF1). J. Biol. Chem. 2004, 279, 31318–31328.
[CrossRef] [PubMed]

62. Del Re, D.P.; Sadoshima, J. RASSF1A Signaling in the Heart: Novel Functions beyond Tumor Suppression.
Mol. Biol. Int. 2012, 2012, 154283. [CrossRef] [PubMed]

63. Fearnley, C.J.; Roderick, H.L.; Bootman, M.D. Calcium signaling in cardiac myocytes. Cold Spring Harb.
Perspect. Biol. 2011, 3, a004242. [CrossRef] [PubMed]

64. Pefani, D.E.; Latusek, R.; Pires, I.; Grawenda, A.M.; Yee, K.S.; Hamilton, G.; van der Weyden, L.;
Esashi, F.; Hammond, E.M.; O’Neill, E. RASSF1A-LATS1 signalling stabilizes replication forks by restricting
CDK2-mediated phosphorylation of BRCA2. Nat. Cell Biol. 2014, 16, 962–971. [CrossRef]

65. Vos, M.D.; Dallol, A.; Eckfeld, K.; Allen, N.P.; Donninger, H.; Hesson, L.B.; Calvisi, D.; Latif, F.; Clark, G.J.
The RASSF1A tumor suppressor activates Bax via MOAP-1. J. Biol. Chem. 2006, 281, 4557–4563. [CrossRef]

66. Rong, R.; Jin, W.; Zhang, J.; Sheikh, M.S.; Huang, Y. Tumor suppressor RASSF1A is a microtubule-binding
protein that stabilizes microtubules and induces G2/M arrest. Oncogene 2004, 23, 8216–8230. [CrossRef]

67. Praskova, M.; Khoklatchev, A.; Ortiz-Vega, S.; Avruch, J. Regulation of the MST1 kinase by
autophosphorylation, by the growth inhibitory proteins, RASSF1 and NORE1, and by Ras. Biochem. J. 2004,
381, 453–462. [CrossRef]

68. Jimenez, A.P.; Traum, A.; Boettger, T.; Hackstein, H.; Richter, A.M.; Dammann, R.H. The tumor suppressor
RASSF1A induces the YAP1 target gene ANKRD1 that is epigenetically inactivated in human cancers and
inhibits tumor growth. Oncotarget 2017, 8, 88437–88452. [CrossRef]

69. Pefani, D.E.; Tognoli, M.L.; Pirincci Ercan, D.; Gorgoulis, V.; O’Neill, E. MST2 kinase suppresses rDNA
transcription in response to DNA damage by phosphorylating nucleolar histone H2B. EMBO J. 2018, 37.
[CrossRef]

70. Romano, D.; Nguyen, L.K.; Matallanas, D.; Halasz, M.; Doherty, C.; Kholodenko, B.N.; Kolch, W. Protein
interaction switches coordinate Raf-1 and MST2/Hippo signalling. Nat. Cell Biol. 2014, 16, 673–684. [CrossRef]

71. Borreguero-Munoz, N.; Fletcher, G.C.; Aguilar-Aragon, M.; Elbediwy, A.; Vincent-Mistiaen, Z.I.;
Thompson, B.J. The Hippo pathway integrates PI3K-Akt signals with mechanical and polarity cues to
control tissue growth. PLoS Biol. 2019, 17, e3000509. [CrossRef] [PubMed]

72. Kernan, J.; Bonacci, T.; Emanuele, M.J. Who guards the guardian? Mechanisms that restrain APC/C during
the cell cycle. Biochim. Biophys. Acta Mol. Cell Res. 2018, 1865, 1924–1933. [CrossRef] [PubMed]

73. Watson, E.R.; Brown, N.G.; Peters, J.M.; Stark, H.; Schulman, B.A. Posing the APC/C E3 Ubiquitin Ligase to
Orchestrate Cell Division. Trends Cell Biol. 2019, 29, 117–134. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms20092346
http://www.ncbi.nlm.nih.gov/pubmed/31083564
http://dx.doi.org/10.1038/emboj.2008.115
http://www.ncbi.nlm.nih.gov/pubmed/18566590
http://dx.doi.org/10.1074/jbc.M008955200
http://dx.doi.org/10.1016/j.cub.2008.10.060
http://dx.doi.org/10.1158/0008-5472.CAN-05-2951
http://dx.doi.org/10.1128/MCB.01414-12
http://dx.doi.org/10.1158/0008-5472.CAN-09-3147
http://dx.doi.org/10.1074/jbc.M307557200
http://www.ncbi.nlm.nih.gov/pubmed/15145946
http://dx.doi.org/10.1155/2012/154283
http://www.ncbi.nlm.nih.gov/pubmed/22577551
http://dx.doi.org/10.1101/cshperspect.a004242
http://www.ncbi.nlm.nih.gov/pubmed/21875987
http://dx.doi.org/10.1038/ncb3035
http://dx.doi.org/10.1074/jbc.M512128200
http://dx.doi.org/10.1038/sj.onc.1207901
http://dx.doi.org/10.1042/BJ20040025
http://dx.doi.org/10.18632/oncotarget.18177
http://dx.doi.org/10.15252/embj.201798760
http://dx.doi.org/10.1038/ncb2986
http://dx.doi.org/10.1371/journal.pbio.3000509
http://www.ncbi.nlm.nih.gov/pubmed/31613895
http://dx.doi.org/10.1016/j.bbamcr.2018.09.011
http://www.ncbi.nlm.nih.gov/pubmed/30290241
http://dx.doi.org/10.1016/j.tcb.2018.09.007
http://www.ncbi.nlm.nih.gov/pubmed/30482618


Cancers 2020, 12, 229 19 of 22

74. Song, M.S.; Song, S.J.; Ayad, N.G.; Chang, J.S.; Lee, J.H.; Hong, H.K.; Lee, H.; Choi, N.; Kim, J.; Kim, H.; et al.
The tumour suppressor RASSF1A regulates mitosis by inhibiting the APC-Cdc20 complex. Nat. Cell Biol.
2004, 6, 129–137. [CrossRef]

75. Fenton, S.L.; Dallol, A.; Agathanggelou, A.; Hesson, L.; Ahmed-Choudhury, J.; Baksh, S.; Sardet, C.;
Dammann, R.; Minna, J.D.; Downward, J.; et al. Identification of the E1A-regulated transcription factor
p120 E4F as an interacting partner of the RASSF1A candidate tumor suppressor gene. Cancer Res. 2004, 64,
102–107. [CrossRef]

76. Ahmed-Choudhury, J.; Agathanggelou, A.; Fenton, S.L.; Ricketts, C.; Clark, G.J.; Maher, E.R.; Latif, F.
Transcriptional regulation of cyclin A2 by RASSF1A through the enhanced binding of p120E4F to the cyclin
A2 promoter. Cancer Res. 2005, 65, 2690–2697. [CrossRef]

77. Whang, Y.M.; Kim, Y.H.; Kim, J.S.; Yoo, Y.D. RASSF1A suppresses the c-Jun-NH2-kinase pathway and
inhibits cell cycle progression. Cancer Res. 2005, 65, 3682–3690. [CrossRef]

78. Yoo, Y.A.; Na, A.R.; Lee, M.S.; Yoon, S.; Kim, J.S.; Yoo, Y.D. RASSF1A suppresses oncogenic H-Ras-induced
c-Jun N-terminal kinase activation. Int. J. Oncol. 2006, 29, 1541–1547. [CrossRef]

79. Dallol, A.; Cooper, W.N.; Al-Mulla, F.; Agathanggelou, A.; Maher, E.R.; Latif, F. Depletion of the Ras
association domain family 1, isoform A-associated novel microtubule-associated protein, C19ORF5/MAP1S,
causes mitotic abnormalities. Cancer Res. 2007, 67, 492–500. [CrossRef]

80. Vos, M.D.; Martinez, A.; Elam, C.; Dallol, A.; Taylor, B.J.; Latif, F.; Clark, G.J. A role for the RASSF1A tumor
suppressor in the regulation of tubulin polymerization and genomic stability. Cancer Res. 2004, 64, 4244–4250.
[CrossRef]

81. Liu, L.; Tommasi, S.; Lee, D.H.; Dammann, R.; Pfeifer, G.P. Control of microtubule stability by the RASSF1A
tumor suppressor. Oncogene 2003, 22, 8125–8136. [CrossRef] [PubMed]

82. Song, S.J.; Kim, S.J.; Song, M.S.; Lim, D.S. Aurora B-mediated phosphorylation of RASSF1A maintains
proper cytokinesis by recruiting Syntaxin16 to the midzone and midbody. Cancer Res. 2009, 69, 8540–8544.
[CrossRef] [PubMed]

83. Krishnamurthy, N.; Kurzrock, R. Targeting the Wnt/ β -catenin pathway in cancer: Update on effectors and
inhibitors. Cancer Treat. Rev. 2018, 62, 50–60. [CrossRef] [PubMed]

84. Nusse, R.; Clevers, H. Wnt/ β -Catenin Signaling, Disease, and Emerging Therapeutic Modalities. Cell 2017,
169, 985–999. [CrossRef]

85. Wang, W.G.; Chen, S.J.; He, J.S.; Li, J.S.; Zang, X.F. The tumor suppressive role of RASSF1A in osteosarcoma
through the Wnt signaling pathway. Tumour Biol. 2016, 37, 8869–8877. [CrossRef]

86. Papaspyropoulos, A.; Bradley, L.; Thapa, A.; Leung, C.Y.; Toskas, K.; Koennig, D.; Pefani, D.E.; Raso, C.;
Grou, C.; Hamilton, G.; et al. RASSF1A uncouples Wnt from Hippo signalling and promotes YAP mediated
differentiation via p73. Nat. Commun. 2018, 9, 424. [CrossRef]

87. Sadok, A.; Marshall, C.J. Rho GTPases: Masters of cell migration. Small GTPases 2014, 5, e29710. [CrossRef]
88. Chi, X.; Wang, S.; Huang, Y.; Stamnes, M.; Chen, J.L. Roles of rho GTPases in intracellular transport and

cellular transformation. Int. J. Mol. Sci. 2013, 14, 7089–7108. [CrossRef]
89. Qiu, R.G.; Chen, J.; McCormick, F.; Symons, M. A role for Rho in Ras transformation. Proc. Natl. Acad.

Sci. USA 1995, 92, 11781–11785. [CrossRef]
90. Lee, M.G.; Jeong, S.I.; Ko, K.P.; Park, S.K.; Ryu, B.K.; Kim, I.Y.; Kim, J.K.; Chi, S.G. RASSF1A Directly

Antagonizes RhoA Activity through the Assembly of a Smurf1-Mediated Destruction Complex to Suppress
Tumorigenesis. Cancer Res. 2016, 76, 1847–1859. [CrossRef]

91. Dubois, F.; Keller, M.; Calvayrac, O.; Soncin, F.; Hoa, L.; Hergovich, A.; Parrini, M.C.; Mazieres, J.;
Vaisse-Lesteven, M.; Camonis, J.; et al. RASSF1A Suppresses the Invasion and Metastatic Potential of
Human Non-Small Cell Lung Cancer Cells by Inhibiting YAP Activation through the GEF-H1/RhoB Pathway.
Cancer Res. 2016, 76, 1627–1640. [CrossRef] [PubMed]

92. Dubois, F.; Jean-Jacques, B.; Roberge, H.; Benard, M.; Galas, L.; Schapman, D.; Elie, N.; Goux, D.; Keller, M.;
Maille, E.; et al. A role for RASSF1A in tunneling nanotube formation between cells through GEFH1/Rab11
pathway control. Cell Commun. Signal. 2018, 16, 66. [CrossRef] [PubMed]

93. Keller, M.; Dubois, F.; Teulier, S.; Martin, A.P.J.; Levallet, J.; Maille, E.; Brosseau, S.; Elie, N.; Hergovich, A.;
Bergot, E.; et al. NDR2 kinase contributes to cell invasion and cytokinesis defects induced by the inactivation
of RASSF1A tumor-suppressor gene in lung cancer cells. J. Exp. Clin. Cancer Res. 2019, 38, 158. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/ncb1091
http://dx.doi.org/10.1158/0008-5472.CAN-03-2622
http://dx.doi.org/10.1158/0008-5472.CAN-04-3593
http://dx.doi.org/10.1158/0008-5472.CAN-04-2792
http://dx.doi.org/10.3892/ijo.29.6.1541
http://dx.doi.org/10.1158/0008-5472.CAN-06-3604
http://dx.doi.org/10.1158/0008-5472.CAN-04-0339
http://dx.doi.org/10.1038/sj.onc.1206984
http://www.ncbi.nlm.nih.gov/pubmed/14603253
http://dx.doi.org/10.1158/0008-5472.CAN-09-1554
http://www.ncbi.nlm.nih.gov/pubmed/19887622
http://dx.doi.org/10.1016/j.ctrv.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29169144
http://dx.doi.org/10.1016/j.cell.2017.05.016
http://dx.doi.org/10.1007/s13277-015-4660-z
http://dx.doi.org/10.1038/s41467-017-02786-5
http://dx.doi.org/10.4161/sgtp.29710
http://dx.doi.org/10.3390/ijms14047089
http://dx.doi.org/10.1073/pnas.92.25.11781
http://dx.doi.org/10.1158/0008-5472.CAN-15-1752
http://dx.doi.org/10.1158/0008-5472.CAN-15-1008
http://www.ncbi.nlm.nih.gov/pubmed/26759237
http://dx.doi.org/10.1186/s12964-018-0276-4
http://www.ncbi.nlm.nih.gov/pubmed/30305100
http://dx.doi.org/10.1186/s13046-019-1145-8
http://www.ncbi.nlm.nih.gov/pubmed/30979377


Cancers 2020, 12, 229 20 of 22

94. Donninger, H.; Clark, J.; Rinaldo, F.; Nelson, N.; Barnoud, T.; Schmidt, M.L.; Hobbing, K.R.; Vos, M.D.; Sils, B.;
Clark, G.J. The RASSF1A tumor suppressor regulates XPA-mediated DNA repair. Mol. Cell Biol. 2015, 35,
277–287. [CrossRef] [PubMed]

95. Gordon, M.; El-Kalla, M.; Baksh, S. RASSF1 Polymorphisms in Cancer. Mol. Biol. Int. 2012, 2012, 365213.
[CrossRef]

96. Lee, S.J.; Lee, M.H.; Kim, D.W.; Lee, S.; Huang, S.; Ryu, M.J.; Kim, Y.K.; Kim, S.J.; Kim, S.J.; Hwang, J.H.;
et al. Cross-regulation between oncogenic BRAF(V600E) kinase and the MST1 pathway in papillary thyroid
carcinoma. PLoS ONE 2011, 6, e16180. [CrossRef]

97. Kim, D.; Shu, S.; Coppola, M.D.; Kaneko, S.; Yuan, Z.Q.; Cheng, J.Q. Regulation of proapoptotic mammalian
ste20-like kinase MST2 by the IGF1-Akt pathway. PLoS ONE 2010, 5, e9616. [CrossRef]

98. Cinar, B.; Fang, P.K.; Lutchman, M.; Di Vizio, D.; Adam, R.M.; Pavlova, N.; Rubin, M.A.; Yelick, P.C.;
Freeman, M.R. The pro-apoptotic kinase Mst1 and its caspase cleavage products are direct inhibitors of Akt1.
EMBO J. 2007, 26, 4523–4534. [CrossRef]

99. Li, W.; Yue, F.; Dai, Y.; Shi, B.; Xu, G.; Jiang, X.; Zhou, X.; Pfeifer, G.P.; Liu, L. Suppressor of hepatocellular
carcinoma RASSF1A activates autophagy initiation and maturation. Cell Death Differ. 2019, 26, 1379–1395.
[CrossRef]

100. Blanchard, T.G.; Lapidus, R.; Banerjee, V.; Bafford, A.C.; Czinn, S.J.; Ahmed, H.; Banerjee, A.
Upregulation of RASSF1A in Colon Cancer by Suppression of Angiogenesis Signaling and Akt Activation.
Cell Physiol. Biochem. 2018, 48, 1259–1273. [CrossRef]

101. Rabizadeh, S.; Xavier, R.J.; Ishiguro, K.; Bernabeortiz, J.; Lopez-Ilasaca, M.; Khokhlatchev, A.; Mollahan, P.;
Pfeifer, G.P.; Avruch, J.; Seed, B. The scaffold protein CNK1 interacts with the tumor suppressor RASSF1A
and augments RASSF1A-induced cell death. J. Biol. Chem. 2004, 279, 29247–29254. [CrossRef] [PubMed]

102. Agrawal, K.; Das, V.; Vyas, P.; Hajduch, M. Nucleosidic DNA demethylating epigenetic drugs—A
comprehensive review from discovery to clinic. Pharmacol. Ther. 2018, 188, 45–79. [CrossRef] [PubMed]

103. Stresemann, C.; Lyko, F. Modes of action of the DNA methyltransferase inhibitors azacytidine and decitabine.
Int. J. Cancer 2008, 123, 8–13. [CrossRef] [PubMed]

104. Dammann, R.H.; Richter, A.M.; Jimenez, A.P.; Woods, M.; Kuster, M.; Witharana, C. Impact of Natural
Compounds on DNA Methylation Levels of the Tumor Suppressor Gene RASSF1A in Cancer. Int. J. Mol. Sci.
2017, 18, 2160. [CrossRef]

105. Liu, R.; Zhang, X.H.; Zhang, K.; Li, W.; Wang, W.J.; Luo, D.X.; Gao, L. 5-Aza-2′-deoxycytidine inhibits
retinoblastoma cell by reactivating epigenetically silenced RASSF1A gene. Int. J. Ophthalmol. 2014, 7, 51–56.
[CrossRef]

106. Mengxi, D.; Qian, W.; Nan, W.; Xiaoguang, X.; Shijun, L. Effect of DNA methylation inhibitor on RASSF1A
genes expression in non-small cell lung cancer cell line A549 and A549DDP. Cancer Cell Int. 2013, 13, 91.
[CrossRef]

107. Dratviman-Storobinsky, O.; Cohen, Y.; Frenkel, S.; Merhavi-Shoham, E.; El, S.D.; Binkovsky, N.; Pe’er, J.;
Goldenberg-Cohen, N. The role of RASSF1A in uveal melanoma. Invest. Ophthalmol. Vis. Sci. 2012, 53,
2611–2619. [CrossRef]

108. Kantarjian, H.M.; Roboz, G.J.; Kropf, P.L.; Yee, K.W.L.; O’Connell, C.L.; Tibes, R.; Walsh, K.J.; Podoltsev, N.A.;
Griffiths, E.A.; Jabbour, E.; et al. Guadecitabine (SGI-110) in treatment-naive patients with acute myeloid
leukaemia: Phase 2 results from a multicentre, randomised, phase 1/2 trial. Lancet Oncol. 2017, 18, 1317–1326.
[CrossRef]

109. Yoo, C.B.; Jeong, S.; Egger, G.; Liang, G.; Phiasivongsa, P.; Tang, C.; Redkar, S.; Jones, P.A. Delivery of
5-aza-2′-deoxycytidine to cells using oligodeoxynucleotides. Cancer Res. 2007, 67, 6400–6408. [CrossRef]

110. Fang, F.; Munck, J.; Tang, J.; Taverna, P.; Wang, Y.; Miller, D.F.; Pilrose, J.; Choy, G.; Azab, M.;
Pawelczak, K.S.; et al. The novel, small-molecule DNA methylation inhibitor SGI-110 as an ovarian
cancer chemosensitizer. Clin. Cancer Res. 2014, 20, 6504–6516. [CrossRef]

111. Albany, C.; Hever-Jardine, M.P.; von Herrmann, K.M.; Yim, C.Y.; Tam, J.; Warzecha, J.M.; Shin, L.; Bock, S.E.;
Curran, B.S.; Chaudhry, A.S.; et al. Refractory testicular germ cell tumors are highly sensitive to the second
generation DNA methylation inhibitor guadecitabine. Oncotarget 2017, 8, 2949–2959. [CrossRef] [PubMed]

112. Montenegro, M.F.; Sanchez-del-Campo, L.; Fernandez-Perez, M.P.; Saez-Ayala, M.; Cabezas-Herrera, J.;
Rodriguez-Lopez, J.N. Targeting the epigenetic machinery of cancer cells. Oncogene 2015, 34, 135–143.
[CrossRef] [PubMed]

http://dx.doi.org/10.1128/MCB.00202-14
http://www.ncbi.nlm.nih.gov/pubmed/25368379
http://dx.doi.org/10.1155/2012/365213
http://dx.doi.org/10.1371/journal.pone.0016180
http://dx.doi.org/10.1371/journal.pone.0009616
http://dx.doi.org/10.1038/sj.emboj.7601872
http://dx.doi.org/10.1038/s41418-018-0211-7
http://dx.doi.org/10.1159/000492012
http://dx.doi.org/10.1074/jbc.M401699200
http://www.ncbi.nlm.nih.gov/pubmed/15075335
http://dx.doi.org/10.1016/j.pharmthera.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29454856
http://dx.doi.org/10.1002/ijc.23607
http://www.ncbi.nlm.nih.gov/pubmed/18425818
http://dx.doi.org/10.3390/ijms18102160
http://dx.doi.org/10.3980/j.issn.2222-3959.2014.01.09
http://dx.doi.org/10.1186/1475-2867-13-91
http://dx.doi.org/10.1167/iovs.11-7730
http://dx.doi.org/10.1016/S1470-2045(17)30576-4
http://dx.doi.org/10.1158/0008-5472.CAN-07-0251
http://dx.doi.org/10.1158/1078-0432.CCR-14-1553
http://dx.doi.org/10.18632/oncotarget.13811
http://www.ncbi.nlm.nih.gov/pubmed/27936464
http://dx.doi.org/10.1038/onc.2013.605
http://www.ncbi.nlm.nih.gov/pubmed/24469033


Cancers 2020, 12, 229 21 of 22

113. Pirouzpanah, S.; Taleban, F.A.; Mehdipour, P.; Atri, M. Association of folate and other one-carbon related
nutrients with hypermethylation status and expression of RARB, BRCA1, and RASSF1A genes in breast
cancer patients. J. Mol. Med. 2015, 93, 917–934. [CrossRef] [PubMed]

114. Ottini, L.; Rizzolo, P.; Siniscalchi, E.; Zijno, A.; Silvestri, V.; Crebelli, R.; Marcon, F. Gene promoter methylation
and DNA repair capacity in monozygotic twins with discordant smoking habits. Mutat. Res. Genet. Toxicol.
Environ. Mutagen 2015, 779, 57–64. [CrossRef]

115. Jagadeesh, S.; Sinha, S.; Pal, B.C.; Bhattacharya, S.; Banerjee, P.P. Mahanine reverses an epigenetically silenced
tumor suppressor gene RASSF1A in human prostate cancer cells. Biochem. Biophys. Res. Commun. 2007, 362,
212–217. [CrossRef]

116. Agarwal, S.; Amin, K.S.; Jagadeesh, S.; Baishay, G.; Rao, P.G.; Barua, N.C.; Bhattacharya, S.; Banerjee, P.P.
Mahanine restores RASSF1A expression by down-regulating DNMT1 and DNMT3B in prostate cancer cells.
Mol. Cancer 2013, 12, 99. [CrossRef]

117. Wang, X.Z.; Cheng, Y.; Wang, K.L.; Liu, R.; Yang, X.L.; Wen, H.M.; Chai, C.; Liang, J.Y.; Wu, H. Peperomin E
reactivates silenced tumor suppressor genes in lung cancer cells by inhibition of DNA methyltransferase.
Cancer Sci. 2016, 107, 1506–1519. [CrossRef]

118. Boyanapalli, S.S.; Li, W.; Fuentes, F.; Guo, Y.; Ramirez, C.N.; Gonzalez, X.P.; Pung, D.; Kong, A.N. Epigenetic
reactivation of RASSF1A by phenethyl isothiocyanate (PEITC) and promotion of apoptosis in LNCaP cells.
Pharmacol. Res. 2016, 114, 175–184. [CrossRef]

119. Du, L.; Xie, Z.; Wu, L.C.; Chiu, M.; Lin, J.; Chan, K.K.; Liu, S.; Liu, Z. Reactivation of RASSF1A in breast
cancer cells by curcumin. Nutr. Cancer 2012, 64, 1228–1235. [CrossRef]

120. Zhu, W.; Qin, W.; Zhang, K.; Rottinghaus, G.E.; Chen, Y.C.; Kliethermes, B.; Sauter, E.R. Trans-resveratrol
alters mammary promoter hypermethylation in women at increased risk for breast cancer. Nutr. Cancer 2012,
64, 393–400. [CrossRef]

121. Pan, F.P.; Zhou, H.K.; Bu, H.Q.; Chen, Z.Q.; Zhang, H.; Xu, L.P.; Tang, J.; Yu, Q.J.; Chu, Y.Q.; Pan, J.; et al.
Emodin enhances the demethylation by 5-Aza-CdR of pancreatic cancer cell tumor-suppressor genes P16,
RASSF1A and ppENK. Oncol. Rep. 2016, 35, 1941–1949. [CrossRef] [PubMed]

122. Rodriguez-Miguel, C.; Moral, R.; Escrich, R.; Vela, E.; Solanas, M.; Escrich, E. The Role of Dietary Extra Virgin
Olive Oil and Corn Oil on the Alteration of Epigenetic Patterns in the Rat DMBA-Induced Breast Cancer
Model. PLoS ONE 2015, 10, e0138980. [CrossRef] [PubMed]

123. Tang, Z.; Ma, Q.; Wang, L.; Liu, C.; Gao, H.; Yang, Z.; Liu, Z.; Zhang, H.; Ji, L.; Jiang, G. A brief review: Some
compounds targeting YAP against malignancies. Future Oncol. 2019, 15, 1535–1543. [CrossRef] [PubMed]

124. Dong, L.; Lin, F.; Wu, W.; Liu, Y.; Huang, W. Verteporfin inhibits YAP-induced bladder cancer cell growth
and invasion via Hippo signaling pathway. Int. J. Med. Sci. 2018, 15, 645–652. [CrossRef]

125. Li, Y.; Wang, S.; Wei, X.; Zhang, S.; Song, Z.; Chen, X.; Zhang, J. Role of inhibitor of yes-associated protein 1
in triple-negative breast cancer with taxol-based chemoresistance. Cancer Sci. 2019, 110, 561–567. [CrossRef]
[PubMed]

126. Shibata, M.; Hoque, M.O. Targeting Cancer Stem Cells: A Strategy for Effective Eradication of Cancer. Cancers
2019, 11, 732. [CrossRef]

127. Andrade, D.; Mehta, M.; Griffith, J.; Panneerselvam, J.; Srivastava, A.; Kim, T.D.; Janknecht, R.; Herman, T.;
Ramesh, R.; Munshi, A. YAP1 inhibition radiosensitizes triple negative breast cancer cells by targeting the
DNA damage response and cell survival pathways. Oncotarget 2017, 8, 98495–98508. [CrossRef]

128. Available online: https://www.cancer.gov/about-cancer/treatment/clinical-trials/intervention/verteporfin
(accessed on 21 December 2019).

129. Oku, Y.; Nishiya, N.; Shito, T.; Yamamoto, R.; Yamamoto, Y.; Oyama, C.; Uehara, Y. Small molecules inhibiting
the nuclear localization of YAP/TAZ for chemotherapeutics and chemosensitizers against breast cancers.
FEBS Open Biol. 2015, 5, 542–549. [CrossRef]

130. Maugeri-Sacca, M.; De Maria, R. Hippo pathway and breast cancer stem cells. Crit. Rev. Oncol. Hematol.
2016, 99, 115–122. [CrossRef]

131. Ji, S.; Liu, Q.; Zhang, S.; Chen, Q.; Wang, C.; Zhang, W.; Xiao, C.; Li, Y.; Nian, C.; Li, J.; et al. FGF15 Activates
Hippo Signaling to Suppress Bile Acid Metabolism and Liver Tumorigenesis. Dev. Cell 2019, 48, 460–474.
[CrossRef]

http://dx.doi.org/10.1007/s00109-015-1268-0
http://www.ncbi.nlm.nih.gov/pubmed/25805039
http://dx.doi.org/10.1016/j.mrgentox.2015.01.006
http://dx.doi.org/10.1016/j.bbrc.2007.08.005
http://dx.doi.org/10.1186/1476-4598-12-99
http://dx.doi.org/10.1111/cas.13029
http://dx.doi.org/10.1016/j.phrs.2016.10.021
http://dx.doi.org/10.1080/01635581.2012.717682
http://dx.doi.org/10.1080/01635581.2012.654926
http://dx.doi.org/10.3892/or.2016.4554
http://www.ncbi.nlm.nih.gov/pubmed/26782786
http://dx.doi.org/10.1371/journal.pone.0138980
http://www.ncbi.nlm.nih.gov/pubmed/26401660
http://dx.doi.org/10.2217/fon-2019-0035
http://www.ncbi.nlm.nih.gov/pubmed/31066301
http://dx.doi.org/10.7150/ijms.23460
http://dx.doi.org/10.1111/cas.13888
http://www.ncbi.nlm.nih.gov/pubmed/30467925
http://dx.doi.org/10.3390/cancers11050732
http://dx.doi.org/10.18632/oncotarget.21913
https://www.cancer.gov/about-cancer/treatment/clinical-trials/intervention/verteporfin
http://dx.doi.org/10.1016/j.fob.2015.06.007
http://dx.doi.org/10.1016/j.critrevonc.2015.12.004
http://dx.doi.org/10.1016/j.devcel.2018.12.021


Cancers 2020, 12, 229 22 of 22

132. Reu, F.J.; Leaman, D.W.; Maitra, R.R.; Bae, S.I.; Cherkassky, L.; Fox, M.W.; Rempinski, D.R.; Beaulieu, N.;
MacLeod, A.R.; Borden, E.C. Expression of RASSF1A, an epigenetically silenced tumor suppressor, overcomes
resistance to apoptosis induction by interferons. Cancer Res. 2006, 66, 2785–2793. [CrossRef]

133. Gilmore, A.; King, L. Emerging approaches to target mitochondrial apoptosis in cancer cells. F1000Research
2019, 8. [CrossRef]

134. Gomez-Bougie, P.; Maiga, S.; Tessoulin, B.; Bourcier, J.; Bonnet, A.; Rodriguez, M.S.; Le Gouill, S.; Touzeau, C.;
Moreau, P.; Pellat-Deceunynck, C.; et al. BH3-mimetic toolkit guides the respective use of BCL2 and MCL1
BH3-mimetics in myeloma treatment. Blood 2018, 132, 2656–2669. [CrossRef] [PubMed]

135. Ng, M.H.; Lau, K.M.; Wong, W.S.; To, K.W.; Cheng, S.H.; Tsang, K.S.; Chan, N.P.; Kho, B.C.; Lo, K.W.;
Tong, J.H.; et al. Alterations of RAS signalling in Chinese multiple myeloma patients: absent BRAF and
rare RAS mutations, but frequent inactivation of RASSF1A by transcriptional silencing or expression of a
non-functional variant transcript. Br. J. Haematol. 2003, 123, 637–645. [CrossRef] [PubMed]

136. Rauch, N.; Rukhlenko, O.S.; Kolch, W.; Kholodenko, B.N. MAPK kinase signalling dynamics regulate cell
fate decisions and drug resistance. Curr. Opin. Struct. Biol. 2016, 41, 151–158. [CrossRef] [PubMed]

137. Downward, J. Targeting RAS signalling pathways in cancer therapy. Nat. Rev. Cancer 2003, 3, 11–22.
[CrossRef]

138. Liao, A.; Tan, G.; Chen, L.; Zhou, W.; Hu, H. RASSF1A inhibits gastric cancer cell proliferation by miR-711-
mediated downregulation of CDK4 expression. Oncotarget 2016, 7, 5842–5851. [CrossRef]

139. Sanchez-Martinez, C.; Lallena, M.J.; Sanfeliciano, S.G.; de Dios, A. Cyclin dependent kinase (CDK) inhibitors
as anticancer drugs: Recent advances (2015–2019). Bioorg. Med. Chem. Lett. 2019, 29, 126637. [CrossRef]

140. Bavetsias, V.; Linardopoulos, S. Aurora Kinase Inhibitors: Current Status and Outlook. Front. Oncol. 2015,
5, 278. [CrossRef]

141. De Gramont, A.; Faivre, S.; Raymond, E. Novel TGF-β inhibitors ready for prime time in onco-immunology.
Oncoimmunology 2017, 6, e1257453. [CrossRef]

142. Liu, J.; Shaik, S.; Dai, X.; Wu, Q.; Zhou, X.; Wang, Z.; Wei, W. Targeting the ubiquitin pathway for cancer
treatment. Biochim. Biophys. Acta 2015, 1855, 50–60. [CrossRef] [PubMed]

143. De Smedt, E.; Maes, K.; Verhulst, S.; Lui, H.; Kassambara, A.; Maes, A.; Robert, N.; Heirman, C.; Cakana, A.;
Hose, D.; et al. Loss of RASSF4 Expression in Multiple Myeloma Promotes RAS-Driven Malignant Progression.
Cancer Res. 2018, 78, 1155–1168. [CrossRef] [PubMed]

144. Arozarena, I.; Wellbrock, C. Overcoming resistance to BRAF inhibitors. Ann. Transl. Med. 2017, 5, 387.
[CrossRef] [PubMed]

145. Atefi, M.; von Euw, E.; Attar, N.; Ng, C.; Chu, C.; Guo, D.; Nazarian, R.; Chmielowski, B.; Glaspy, J.A.;
Comin-Anduix, B.; et al. Reversing melanoma cross-resistance to BRAF and MEK inhibitors by co-targeting
the AKT/mTOR pathway. PLoS ONE 2011, 6, e28973. [CrossRef] [PubMed]

146. Wong, S.H.M.; Kong, W.Y.; Fang, C.M.; Loh, H.S.; Chuah, L.H.; Abdullah, S.; Ngai, S.C. The TRAIL to cancer
therapy: Hindrances and potential solutions. Crit. Rev. Oncol. Hematol. 2019, 143, 81–94. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/0008-5472.CAN-05-2303
http://dx.doi.org/10.12688/f1000research.18872.1
http://dx.doi.org/10.1182/blood-2018-03-836718
http://www.ncbi.nlm.nih.gov/pubmed/30309889
http://dx.doi.org/10.1046/j.1365-2141.2003.04664.x
http://www.ncbi.nlm.nih.gov/pubmed/14616967
http://dx.doi.org/10.1016/j.sbi.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27521656
http://dx.doi.org/10.1038/nrc969
http://dx.doi.org/10.18632/oncotarget.6813
http://dx.doi.org/10.1016/j.bmcl.2019.126637
http://dx.doi.org/10.3389/fonc.2015.00278
http://dx.doi.org/10.1080/2162402X.2016.1257453
http://dx.doi.org/10.1016/j.bbcan.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25481052
http://dx.doi.org/10.1158/0008-5472.CAN-17-1544
http://www.ncbi.nlm.nih.gov/pubmed/29259009
http://dx.doi.org/10.21037/atm.2017.06.09
http://www.ncbi.nlm.nih.gov/pubmed/29114545
http://dx.doi.org/10.1371/journal.pone.0028973
http://www.ncbi.nlm.nih.gov/pubmed/22194965
http://dx.doi.org/10.1016/j.critrevonc.2019.08.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

