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Abstract. Mitogen-activated protein kinase (MAPK) cascades
are key signalling pathways that regulate a wide variety of
cellular processes, including proliferation, differentiation,
apoptosis and stress responses. The MAPK pathway includes
three main kinases, MAPK kinase kinase, MAPK kinase
and MAPK, which activate and phosphorylate downstream
proteins. The extracellular signal-regulated kinases ERK1 and
ERK?2 are evolutionarily conserved, ubiquitous serine-thre-
onine kinases that regulate cellular signalling under both
normal and pathological conditions. ERK expression is critical
for development and their hyperactivation plays a major role
in cancer development and progression. The Ras/Raf/MAPK
(MEK)/ERK pathway is the most important signalling cascade
among all MAPK signal transduction pathways, and plays a
crucial role in the survival and development of tumour cells.
The present review discusses recent studies on Ras and ERK
pathway members. With respect to processes downstream
of ERK activation, the role of ERK in tumour proliferation,
invasion and metastasis is highlighted, and the role of the
ERK/MAPK signalling pathway in tumour extracellular
matrix degradation and tumour angiogenesis is emphasised.
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1. Introduction

Extracellular signal-regulated kinase 1/2 (ERK) belongs to the
mitogen-activated protein kinase (MAPK) family, which plays
arole in signalling cascades and transmits extracellular signals
to intracellular targets. Therefore, MAPK cascades are central
signalling elements that regulate basic processes including cell
proliferation, differentiation and stress responses (1-3). These
cascades transmit signals through sequential activation of
three to five layers of protein kinases known as MAPK kinase
kinase kinase (MAP4K), MAPK kinase kinase (MAP3K),
MAPK kinase (MAPKK), MAPK and MAPK-activated
protein kinases (MAPKAPK). The first three central layers
are considered as a basic core unit, while the last two layers
appear in some cascades and can vary among cells and
stimuli. Four MAPK cascades have been defined based on the
components in the MAPK layer: ERK1/2, c-Jun N-terminal
kinase (JNK), p38 MAPK and ERKS5. This review focuses
on the ERK cascade (4-6) which involves several kinases in
the MAP3K layer (mainly Rafs), including Ras/Raf/MAPK
(MEK) 1/2 at the MAPKK layer, ERK1/2 at the MAPK
layer and several MAPKAPKSs in the next layer (ribosomal
s6 kinases, MAP kinase-interacting serine/threonine-protein
kinases, mitogen- and stress-activated protein kinases and
cytosolic phospholipase A2). ERK cascades are highly
regulated cascades that are responsible for basic cellular
processes, including cell proliferation and differentiation.
These regulatory factors affect bispecific phosphatases (7-10),
scaffold proteins (11-14), signal duration and intensity (15),
and the dynamic subcellular localization of cascade compo-
nents (16,17). Due to the importance of the ERK cascade,
ERK disorders are harmful to cells and ultimately to the body.
Excessive activation of upstream proteins and kinases in the
ERK pathway has been shown to induce various diseases,
including cancer, inflammation, developmental disorders and
neurological disorders (18-22). Since ERK1 and ERK2 are
very similar, the singular form of ERK is used in this review,
although two subtypes exist.

Dysfunction in the Ras-ERK pathway is a major trigger
for the development of most cancer types (23). Activation
of the ERK cascade occurs in most cancer types, whereby
activating mutations of this pathway are the most abundant
oncogenic factor across all cancer types (24). Different
components in the cascade are highly variable in human
cancers (24). Driver mutations in ras (mainly K-ras) are the
most common mutations in cancer, appearing in ~30% of all
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cancer types (25) and in ~10% of all patients with cancer (26).
raf mutations (particularly in B-raf) have been detected in
~8% of all cancer types (26). The frequency of extracellular
signal-regulated kinase kinase (MEK) mutations is low (~1%),
though a few major pathogenic mutations in ERK have been
reported (26,27). This review focuses on the mechanism of
the nuclear ERK/MAPK signalling pathway in cancer devel-
opment. Specifically, the basic components of the MAPK
signalling pathway and its basic structure, function and ERK
composition are summarized. The role of ERK in tumour
proliferation and invasion-metastasis is also reviewed, and
the role of the ERK/MAPK signalling pathway in tumour
extracellular matrix degradation and tumour angiogenesis is
emphasised, which has important therapeutic significance for
preventing ERK/MAPK gene mutation.

2. MAPK signalling pathways

Among the numerous intracellular signalling pathways,
the MAPK pathway plays a more important role in cell
proliferation, differentiation, apoptosis, angiogenesis and
tumour metastasis than other pathways. The following four
MAPK cascades have been identified in eukaryotic cells:
ERK, JNK/stress-activated protein kinase, p38 MAPK and
ERKS5 signal transduction pathways. Each MAPK signalling
cascade consists of at least three tiers: MAP3K, MAPKK and
MAPK (3,6) (Fig. 1). Studies have shown that the JNK and p38
MAPK pathways are mainly related to stress and apoptosis of
cells, while the ERK/MAPK signalling pathway, which is the
most thoroughly studied MAPK signalling pathway, is closely
related to cell proliferation and differentiation and plays a
pivotal role in the cell signal transduction network (11,28-30).

3. ERK/MAPK structure and functions

Among all the signalling networks, the MAPK signal trans-
mission pathway plays an important role in controlling various
physiological processes in cells, such as cell growth, develop-
ment, division and death. ERK is a member of the MAPK
family, and the ERK/MAPK signalling pathway is the core
of the signalling network involved in regulating cell growth,
development and division. The basic signal transmission steps
follow the MAPK tertiary enzymatic cascade, consisting
of an upstream activator sequence, MAP3K, MAP2K and
MAPK. In the ERK pathway, Ras acts as an upstream acti-
vating protein, Raf acts as MAP3K, MAPK/ERK kinase
(MEK) acts as MAPKK and ERK is the MAPK, forming the
Ras-Raf-MEK-ERK pathway (31).

Members of the ERK family. ERK, a type of serine/threonine
protein kinase, is a signal transduction protein that transmits
mitogen signals (32). ERK is generally located in the cyto-
plasm; upon activation, ERK enters the nucleus and regulates
transcription factor activity and gene expression (33). Through
artificial cloning and sequencing analysis, the ERK family has
been shown to consist of ERK 1, 2, 3, 5 and 6 (3). ERK1 and
ERK?2 are two important members of the MAPK/ERK pathway,
with molecular weights of 44 and 42 kDa, respectively (33).
The C-terminus of ERKS contains a nuclear localization signal
(NLS), two proline-rich regions and a transcriptional activation
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domain (TAD). ERKS is more than twice the molecular weight
of other MAPKSs (110 kDa). This structural difference enables
active ERKS5 to self-phosphorylate its C-terminal TAD, which
is a unique ability of ERKS to directly control its own gene
transcription (34). In the non-phosphorylated state, ERKS is in
an inactive conformation and its N- and C-terminal domains
are interconnected in the cytoplasm. Activation of MEKS
induces open conformation of ERKS, exposes the NLS, allevi-
ates self-inhibition and promotes ERKS translocation to the
nucleus (35-37). ERKS activity is also regulated by its splicing
variants (a, b, and c) (38). Only ERKS5a shows kinase activity,
and both ERK5b and ¢ are deficient in protein kinase activity
and can inhibit MEKS5-mediated ERK5a stimulation. The
current manuscript focuses on the ERK1/2/MAPK signalling
pathway.

ERK pathway upstream protein and kinase activation mecha-
nism. Multiple stimulants such as growth factors, cytokines,
viruses, G-protein-coupled receptor ligands and oncogenes
activate the ERK pathway. Key molecules in the ERK/MAPK
signalling pathway mainly include the small G proteins Ras and
downstream Raf kinase, MEK1/2 and ERK1/2. Ras is the most
conserved product encoded by the Ha-ras, Hi-ras and N-ras
oncogenes of the ras gene family. Raf kinase is a product of
the raf oncogene. MEK1 and MEK?2 are rare dual-specificity
kinases that can activate ERK through phosphorylation at two
regulatory sites, Tyr 204/187 and Thr 202/185 (30).

Ras. Ras, an upstream protein of the Raf-MEK-ERK pathway,
was the earliest discovered small G protein and product of the
ras oncogene (39). It has an active GTP-binding conformation
and an inactive GDP-binding conformation (40). The protein
can alternate between the two conformations to regulate signal
transduction (41). Ras is activated by many stimulating factors,
such as epidermal growth factor (EGF), tumour necrosis
factor, activators of protein kinase C (PKC) and Src family
members (42). When an extracellular signal binds to the
receptor, a connector molecule, growth factor receptor-binding
protein 2 (Grb2), binds to the activated receptor and interacts
with the proline-rich sequence at the C-terminus of son of
sevenless (SOS) to form the receptor-Grb2-SOS complex.
Binding of SOS to the Tyr phosphorylation site on the
receptor or receptor substrate protein leads to translocation of
cytoplasmic SOS to the membrane, resulting in a high concen-
tration of SOS near Ras (43). SOS and Ras-GDP promote the
replacement of GDP with GTP in Ras, thereby activating Ras
to initiate the Ras pathway (44) (Fig. 2).

Raf. The Raf protein kinase is a protein encoded by the raf
gene and is composed of 648 amino acids (aa) with a molecular
weight of 40-75 kDa (42). Raf exhibits serine/threonine protein
kinase activity after binding to Ras. Its molecular structure
comprises three conserved regions: Conserved region (CR) 1
(located at aa 61-194), CR2 (located at aa 254-269) and CR3
(located at aa 335-627). CRI, located at the amino terminus,
is rich in cysteine and contains a zinc finger-like structure,
similar to the ligand-binding region of PKC (45). CR1 is the
main site of activated Ras binding to Raf-1 protein kinase.
CR2 is present near the amino terminus and contains many
serine and threonine residues (45). CR3, located at the carboxyl
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Figure 1. MAPK cascades. MAPKs, which are present in the cytoplasm and can be translocated into the nucleus, catalyse the phosphorylation of dozens

of cytosolic proteins and numerous nuclear transcription factors. Adapted

from (29). MAPK, mitogen-activated protein kinase; MAP4K, MAPK kinase

kinase kinase; MAP3K, MAPK kinase kinase; MAPKK, MAPK kinase; MAPKAPK, mitogen-activated protein kinase-activated protein kinases; MEK,
Ras/Raf/MAPK; RSK, ribosomal s6 kinase; MSK, mitogen- and stress-activated protein kinases; MNK, MAP kinase-interacting serine/threonine-protein
kinases; cPLA2, cytosolic phospholipase A2; c-FOS, proto-oncogene c-Fos; Elk1, ETS domain-containing protein Elk-1; Etsl, Protein C-ets-1; SP-1, transcrip-

tion factor Spl.

terminus, is the catalytic functional region of the Raf-1 protein
kinase (46). The Raf kinase family has three subtypes:
Raf-1, A-Raf and B-Raf. Raf kinases can be activated in the
following ways: 1) Localisation of Raf on the inside of the cell
membrane through its interaction with Ras (47); ii) dimeriza-
tion of Raf protein; iii) phosphorylation and dephosphorylation
at different sites; iv) dissociation with Raf kinase inhibitor
protein; and v) binding to Ras kinase inhibitor (47). Raf-1 plays
an important role in the Ras/Raf/MEK/ERK cell proliferation
signalling pathway. Stokoe ef al (48) suggested that activation
of Raf-1 occurs in two steps. The first step is Ras binding to
and fixing Raf-1 on the inner side of the membrane; the second
step is activation of Raf-1, which may be conducted by tyro-
sine kinase. In the Ras/Raf/MEK/ERK proliferation signal
transduction pathway, Ras, as the upstream activated protein,
uses two regions, the Ras-binding domain and cysteine-rich
domain at the N-terminus of Raf-1, to bind and translocate
Raf from the cytoplasm to the cell membrane, where Raf is
activated. Activated Raf-1 continues to activate downstream
MEK and MAPK, and finally delivers cell proliferation and
differentiation signals to the nucleus by regulating the activity
of various transcriptional regulators, which regulate gene
expression (49). Although Raf kinases are highly conserved
among subtypes, their activity, tissue distribution and modality
of regulation differ (50). A-Raf shows the weakest kinase
activity, while B-Raf shows the strongest activity. Among the

three subtypes, B-Raf has the highest mutation rate, which is
90% in melanoma (Table I) (51-73).

MEK (MAPK/ERK kinase). When Raf is activated, its
C-terminal catalytic domain can interact with MEK, and its
catalytic VIII subregion is phosphorylated at the serine residue,
activating MEK. The two MEK subtypes, MEK1 and MEK2,
have molecular weights of 44 and 45 kDa, respectively (74).
MEK is a rare dual-specificity kinase that activates ERK by
phosphorylating the Tyr and Thr regulatory sites (75). How
MEK has both Tyr and Thr specific phosphorylation activity
is unclear, but it has important physiological significance, as
the ERK signalling pathway is in a central position in the cell
signal transduction network, and any errors in activation can
profoundly influence cellular processes. This recognition and
activation mechanism that confers double specificity greatly
improves the accuracy of signal transduction and prevents
errors in ERK activation (62).

ERK.MAPK/ERK is a Ser/Thr protein kinase. When multiple
kinases act on MEK, activated MEK directly interacts with
ERKSs through its N-terminal region, catalysing the bispecific
phosphorylation of Tyr and Thr residues in the 8 “‘TEY box’ of
the sub-functional region of ERK to activate ERK. MEK not
only activates ERK, but also anchors ERK in the cytoplasm.
When the signalling pathway is inactive, ERK is localized to
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Figure 2. ERK MAPK signalling pathway. The kinase-mediated ERK MAPK signalling is sequentially activated by phosphorylation. ERK1/2 at the terminal
kinases in MAPK signalling can translocate to the nucleus to regulate transcription programs, and mediate growth, migration and differentiation. The phos-
phorylated forms of MEK and ERK are indicated by white circles. Membrane Receptors are presented by grey shapes. Ligands are represented by white
triangles. The cytoplasmic receptor is indicated by a thick black arrow. Adapted from (78,79). SOS, son of sevenless; GRB2, growth factor receptor-binding

protein 2; p, phosphorylated.

the cytoplasm. Once a signal stimulates the phosphorylation
and dimerization of ERK, activated ERKSs are translocated to
the nucleus, promote cytoplasmic target protein phosphoryla-
tion or regulate the activity of other protein kinases, followed
by further phosphorylation of downstream substrates.
Avruch et al (76) studied the process of ERK2 phosphorylation
and translocation into the nucleus and found that both phos-
phorylated and unphosphorylated ERK?2 form a homologous
dimer before nuclear translocation, indicating that formation
of the homologous dimer is necessary for ERK nuclear trans-
location (25,47).

4. Activation of the ERK/MAPK signalling pathway

Various stimulating factors, such as cytokines, viruses,
G-protein-coupled receptor ligands and oncogenes, play regu-
latory roles by activating the ERK/MAPK signalling pathway.
The ERK/MAPK signalling pathway can be activated through
the following ways: i) Ca**activation; ii) receptor tyrosine
kinase Ras activation; iii) PKC-mediated activation; and iv) G
protein-coupled receptor activation (77).

5. Downstream of ERK1/2

ERK1/2 is located in the cytoplasm of unstimulated cells. Once
activated, ERK1/2 is transferred to the nucleus and regulates
the activity of various transcription factors through phosphor-
ylation, eventually regulating cell metabolism and function
and influencing the specific biological effects of cells (Fig. 3).

Cytoskeletal components such as microtubule-associated
protein (MAP) 1, MAP2 and MAP4 are phosphorylated in the
cytoplasm to participate in the regulation of cell morphology
and cytoskeletal redistribution. In the nucleus, the phosphory-
lation of nuclear transcription factors such as proto-oncogene
c-Fos, proto-oncogene c-Jun, ETS domain-containing protein
Elk-1, proto-oncogene c-Myc and cyclic AMP-dependent tran-
scription factor ATF2. Cytoplasmic ERK1/2 can phosphorylate
a series of other protein kinases upstream of the ERK pathway,
such as SOS, Raf-1 and MEK in a negative feedback regula-
tory manner (Fig. 4). Activation of ERK/MAPK signalling
pathways activates other extracellular signalling pathways.
Extracellular signals such as vascular endothelial growth
factor (VEGF), platelet-derived growth factor and EGF can be
activated by receptor tyrosine kinase autologous phosphoryla-
tion of the ERK/MAPK signalling pathway. Activated ERK
may enter the nucleus and bind to transcription factors that
induce gene expression in response to extracellular stimuli,
and regulate cell proliferation, differentiation, apoptosis and
transcription (4,80-83).

6. ERK/MAPK signalling pathway and tumorigenesis

The ERK/MAPK signalling pathway is not only involved in
regulating cellular biological functions, such as cell prolifera-
tion, cell differentiation, cell cycle regulation, cell apoptosis
and tissue formation, but is also related to tumour forma-
tion (84) (Fig. 5). Elevated ERK expression has been detected
in various human tumours, such as ovarian, colon, breast and
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Table I. Frequency of mutations in the activator components of the mitogen-activated protein kinase/ERK pathway across
different tumours.

Author, year Tumour type KRAS NRAS HRAS BRAF MEK ERK (Refs.)
Colombino et al, 2012; Melanoma  15-29% 20% N/A 90% 3-8% 67-90%  (51-58)
Edlundh-Rose et al, 2006;

Namba et al, 2003; Davies et al, 2002;

Murugan et al, 2009;

Nikolaev et al, 2011; Wang et al, 2007,

Janne et al, 2017

Nikolaev et al, 2011; Seo et al, 2012; NSCLC 35% N/A N/A 4% N/A N/A  (56,59,60)
Cardarella et al, 2013

Davies et al, 2002; Tol et al, 2009; Colorectal 40% N/A N/A 5-20%  <3% N/A  (54,61,62)
Jones et al, 2017

Sieben et al, 2004 HGSOC 0-12%  N/A N/A N/A N/A N/A (63)
Bell, 2005; Singer et al, 2003 LGSOC 27-36%  N/A N/A  33-50% N/A N/A (64,65)
Cardarella et al, 2013; Bansal er al,2013; THCA 9-27% 9-27% 9-27% 10-70%  N/A N/A  (60,66,67)
Paik et al, 2011

Bansal et al, 2013; Xing et al, 2013 PTC 20% N/A N/A N/A N/A N/A (66,68)
Singer et al,2003; Bansal et al, 2013 ATC/FTC N/A 15% N/A N/A N/A N/A (65,606)
Tiacci et al, 2011 Hairy Cell N/A N/A N/A  79-100% N/A N/A (69)
Namba et al, 2003 PDAs 70% N/A N/A N/A N/A N/A (53)
Jones et al,2017; Xi et al, 2012 AML/ALL 10% N/A N/A N/A N/A N/A (63,70)
Cardarella et al, 2013 BLCA N/A N/A  20% N/A N/A N/A (60)
Paik et al, 2011 RCCs N/A N/A 2% N/A N/A N/A (67)
Davies et al,2002; Chao et al, 1999; BC <5% N/A N/A 12%  7-9% N/A  (54,71-73)

Cheng et al, 2005; Sun et al, 2001

NSCLC, non-small cell lung carcinoma; HGSOC, high-grade serous ovarian cancer; LGSOC, low-grade serous ovarian cancer; THCA, thyroid
carcinoma; PTC, papillary thyroid cancers; ATC, anaplastic thyroid cancers; FTC, follicular thyroid cancers; PDAs, pancreatic ductal adeno-
carcinomas; AML, acute myeloid leukaemia; ALL, acute lymphoblastic leukaemia; BLCA, bladder urothelial carcinomas; RCCs, renal cell

carcinomas; BC, breast cancer.

lung cancer (85-88). Denkert ez al (89) found that the expression
of MAPK phosphatase-1 (MKP-1) in normal ovarian surface
epithelium and benign cystadenomas is increased compared to
invasive carcinomas and low malignancy potential tumors and
borderline tumors. The expression level of MKP-1 in tumour
tissues of patients with stage III/TV disease was significantly
lower compared with that in patients with stage I/II disease.
Expression of the phosphorylated form of ERK1/2 (p-ERK1/2)
was significantly increased in normal ovarian tissues, benign
tumours and borderline tumours. The expression level of
p-ERK1/2 in stage III/IV patients was significantly higher
compared with that in stage I/II patients. There was a signifi-
cant negative correlation between MKP-1 and p-ERK1/2
expression in the same ovarian cancer tissue detected by immu-
nohistochemistry and western blotting. Abnormal expression
of MKP-1 and ERKs may play a role in the development of
ovarian cancer. Hong et al (90) found that the expression levels
of MAPKI1 and ERK in ovarian cancer tissues were higher
compared with those in adjacent normal tissues. Lee et al (91)
showed that the rates of MEK phosphorylation in colon cancer,

villous adenoma and tubular adenoma were 76, 40 and 30%,
respectively, while the phosphorylation of MEK in normal
colonic mucosal cells was barely detectable. Continuous
activation of the ERK/MAPK signalling pathway can promote
the transformation of normal cells into tumour cells, while
inhibition of the ERK/MAPK signalling pathway can restore
tumour cells to a non-transformed state in vitro and can inhibit
tumour growth in vivo (92). Therefore, increased activation of
the ERK/MAPK signalling pathway may be closely related to
the occurrence and development of tumours.

Role of ERK/MAPK in cell proliferation. Unlimited cell prolif-
eration, dedifferentiation and a lack of apoptosis are important
biological characteristics of tumours (93). The activation of
the ERK/MAPK signalling pathway promotes proliferation
and has an anti-apoptotic effect. Hypoxia-induced VEGF can
inhibit the apoptosis of serum-starved cells by activating the
ERK/MAPK signalling pathway (94). Inhibiting the expression
of this pathway can inhibit the proliferation of and lack of apop-
tosis in tumour cells, and promote their differentiation (95).


https://www.spandidos-publications.com/10.3892/etm.2020.8454
https://www.spandidos-publications.com/10.3892/etm.2020.8454

2002

Extracellular

GUO et al: ERK/MAPK SIGNALING PATHWAY IN TUMORIGENESIS AND DEVELOPMENT

ﬂﬁﬁBﬁﬁﬁBﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁBﬁﬁggﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂﬁﬁﬁﬂﬁﬁﬁﬁﬁﬁﬁ

8REELBRLEERLRLRERERLRLEE

Intracellular

Cytoplasm

Nucleus

Nuclear
activities

Transcription factors

Cytoplasmic

activities

Proteins upstream of
the ERKs pathway

Cytoskeleton

Proliferation,

survival, mobility

Figure 3. Downstream propagation direction of ERK1/2 kinase signalling in the ERK pathway. ERK1/2 is located in the cytoplasm of normal cells, while
activated ERK1/2 is translocated to the nucleus to regulate the activity of transcription factors through phosphorylation. Cytoskeletal components are phos-
phorylated by ERK1/2 in the cytoplasm. Black arrows indicate signal propagation downstream of ERK. ‘Nuclear activities’ and ‘cytoplasmic activities’ depict
ERK activation in the nucleus and cytoplasm, respectively. RSK, ribosomal s6 kinase; MSK, mitogen- and stress-activated protein kinases; MNK, MAP
kinase-interacting serine/threonine-protein kinases; cPLA2, cytosolic phospholipase A2; MAP, microtubule-associated protein.

Figure 4. Phosphorylation of upstream protein kinases in the ERK pathway.
Curved arrows indicate the downstream targets of ERK. SOS, son of seven-
less; GRB2, growth factor receptor-binding protein 2.

Gauthier et al (96) found that the ERK1/2 signalling pathway
is involved in cell survival following intestinal injury, and
inhibition of this pathway can promote the apoptosis of intes-
tinal injury cells. Huang et al (97) found that blocking the
ERK/MAPK signalling pathway inhibited the proliferation of
a diffuse large B cell lymphoma cell line and promoted cell
apoptosis. Inhibiting the expression of the ERK/MAPK signal-
ling pathway to inhibit tumour cell proliferation may involve
inhibition of the cell cycle (98). Sebolt-Leopold er al (92)
showed that the use of MEK1/2 inhibitors to inhibit ERK1/2
activity in colon cancer cells could prevent the cells from
entering the S phase from the GI phase, and inhibit the
growth of adherent cells. Inhibition of the ERK/MAPK
signalling pathway can reduce cell dedifferentiation and the

anti-apoptosis effect. Maemura et al (99) reported that the
ERK/MAPK signalling pathway promotes proliferation and
inhibits apoptosis by influencing the activity of downstream
cell cycle regulatory proteins, apoptosis-related proteins and
other effector molecules, such as G1/S specific cyclin DI.
Ellipticine, an alkaloid with anti-tumour activity, induces
apoptosis of the human endometrial cancer cell line RL95-2
by activating reactive oxygen species and MAPK/ERK (18).
Gonadotropin-releasing hormone induces activation of the
MAPK signaling pathway in normal and carcinoma cells of
the human ovary and placenta (100). SPACRC-like protein 1
(SPARCLY) is overexpressed in ovarian cancer; by inhibiting
activation of the MEK/ERK signalling pathway, SPARCLL is
downregulated through the MEK/ERK pathway and inhibits
the proliferation and migration of ovarian cancer cells (101).

ERK/MAPK signalling in tumour invasion and metastasis.
Invasion and metastasis of tumour cells occurs in three stages:
Adhesion, degradation and migration. Tumour cells break away
from the primary tumour, adhere to the basement membrane
and become invasive. Tumour cells infiltrate and grow in the
surrounding stroma and enter the circulatory system, where
most cells are killed by the immune system. A small number
of tumour cells with strong survival ability reach the target
organ and continue to proliferate, forming new metastases in
the same manner as the primary tumour. This process involves
the coordination of multiple signalling pathways, and the
ERK/MAPK signalling pathway plays an important role in
tumour invasion and metastasis (102).

Sung et al (103) established a mouse model of metastatic
xenotransplantation using human ovarian carcinoma SK-OV-3
cells. They found that y-aminobutyric acid receptor subunit



Ras-GDP

EXPERIMENTAL AND THERAPEUTIC MEDICINE 19: 1997-2007, 2020

2003

[Cell proliferation J L Cell migration J L Matrix extracellular J‘ Cell invasion }L Angiogenesis ]

Figure 5. Role of ERK/mitogen-activated protein kinase in cancer.

(GABRP) expression was upregulated (>4-fold) in metastatic
tissues from the xenograft mice compared with SK-OV-3
cells. GABRP knockdown diminished the migration and
invasion of SK-OV-3 cells and reduced ERK activation, while
overexpression of GABRP exhibited significantly increased
cell migration, invasion and ERK activation. The MEK
inhibitor U0126 is a specific and non-ATP-competitive MEK 1
and MEK2 inhibitor. U0126 acts on recombinant constitu-
tion-activated mutant MEK1 (at sites DN3-S218E/S222D),
blocking MAPK signal transmission. U0126 inhibited the
migration and invasion of SK-OV-3 cells (103). Liu et al (104)
found that death domain-associated protein 6 promoted the
proliferation and migration of ovarian cancer ascites cells by
activating the ERK signalling pathway. Zhao et al (105) found
that CD147 promoted Spl phosphorylation at T453 and T739
through the PI3K/AKT and MAPK/ERK pathways and that
blocking the positive feedback loop of Spl1-CD147 reduced the
invasive ability of human ovarian cancer (ho8910) cells. The
Spl-CD147 positive feedback loop may play a key role in the
invasive ability of ovarian cancer cells. Down-regulation of
the long non-coding RNA MIR4697 host gene (MIR4697HG)
promotes the growth and metastasis of ovarian cancer cells
by lowering levels of matrix metalloproteinase-9, p-ERK, and
phosphorylated AKT (106). Downregulation of MIR4697THG
inhibited cell migration and invasion (106).

ERK/MAPK signalling pathway is involved in degradation of
the tumour extracellular matrix. Matrix metalloproteinases
(MMPs) are proteolytic enzymes that hydrolyse the extra-
cellular matrix (ECM), which is one of the most important
processes in the invasion and metastasis of cancer cells (107).
Overexpression of MMPs is beneficial for tumour invasion
and metastasis, while inhibiting the expression of MMPs has
the opposite effects. Maeda-Yamamoto et al (108) showed that
inhibition of ERK phosphorylation by epigallocatechin gallate
in fibrosarcoma HT1080 cells resulted in inhibition of MMP-2
and MMP-9 expression in these cells. The expression of
MMP-2 and MMP-9 depends on the phosphorylation of ERK.

Simon et al (109) found that in oral cancer cells, ERK1/ERK2
activation inhibitors reduced the activity of ERK1/ERK2
while downregulating MMP-9 and reducing invasiveness. The
activation of the ERK/MAPK signalling pathway can increase
tumour invasion and metastasis by upregulating MMP expres-
sion, while inhibition of this signalling pathway can reduce
tumour invasion and metastasis (110-111). A previous study
reported that mesothelin regulates the expression of MMP-7
through the MAPK/ERK signal transduction pathway,
ERK1/2, AKT and JNK pathways, which enhances the inva-
siveness of ovarian cancer (112). In vitro, an ERK1/2 inhibitor
or decoy activator protein 1 oligonucleotide inhibited MMP-7
expression and the migration of MSLN-treated ovarian cancer
cells. Intra-tumoural MMP-7 expression was reduced by a
kinase/ERK inhibitor, resulting in delayed tumour growth and
prolonged survival of mice (113).

ERK/MAPK signalling pathway is involved in tumour cell
migration. Cell deformation and migration occurs during
tumour metastasis. The expression of cytoskeletal and
microfilament-related proteins is related to the deformation
and migration of tumour cells. The human colon cancer
cell line SW620 showed a larger number of intracellular
microfilaments and a longer migration distance upon treat-
ment with hepatocyte growth factor (HGF) compared with
a control treatment. The study showed that HGF enhanced
cell migration by activating the ERK/MAPK signalling
pathway, thus promoting the invasion and metastasis of
tumour cells. Further studies showed that protein phosphory-
lation is associated with regulation of the microfilament
cytoskeleton (114-115). Bray et al (114) demonstrated that
ERK/MAPK signalling pathways transduce extracellular
signals and regulate the expression of transcription factors
that cause cytoskeleton deformation and enhance tumour
invasion and metastasis. Blocking the ERK/MAPK signalling
pathway may inhibit the role of HGF and other extracellular
signals that promote cell movement, which inhibits tumour
invasion and metastasis.
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Role of activation of ERK/MAPK signalling pathway in
tumour angiogenesis. All processes in cells, including tumour
cells, require certain nutrients, which are provided to cells
through blood vessels. In the absence of blood vessels, tumour
tissues rarely exceed 2 mm? (116); blood vessels are also
the channels through which tumour metastasis occurs (117).
Tumour angiogenesis involves not only the overexpression of
angiogenic factors, but also the low expression of angiogenic
inhibitors and an imbalance between the two (118). VEGF is
an important pro-angiogenic factor and the most powerful
pro-vascular endothelial growth cytokine that promotes cell
division and vascular construction from esophageal cancer
and ovarian cancer, increases microvascular permeability and
promotes endothelial cell migration (119-121).

ERK/MAPK signalling pathways can activate transcrip-
tion factors to enhance the transcription of VEGF, increasing
VEGF expression in tumour cells and promoting the formation
of blood vessels. The MAPK/ERK pathway can inhibit throm-
bospondin-1, the expression of which promotes blood vessel
formation and thus promotes tumour growth, invasion and
metastasis. Interleukin (IL)-8 and VEGF are jointly expressed
in various tumours and can promote tumour angiogenesis,
growth and metastasis. ERK1/2 can be used as an alternative
pathway to induce the expression of IL-8 and VEGF, thereby
promoting the formation of tumour blood vessels. Inhibition
of the ERK/MAPK signalling pathway provides a theoretical
basis for inhibiting tumour angiogenesis, thereby inhibiting
tumour growth and metastasis. Soula-Rothhut er al (122)
showed that the MEK inhibitor U0126 inhibited the expression
of thrombospondin-1 induced by follicular thyroid carci-
noma-133. Activation of the ERK/MAPK signalling pathway
plays a role in inducing VEGF expression in colorectal
cancer (123). HGF upregulates the expression of VEGF in
colorectal cancer cells through the MEK/MAPK or PI3K/AKT
signalling pathways (124). Inhibition of MEK/MAPK and
PI3K/AKT signalling pathways can reduce VEGF expression,
inhibit tumour angiogenesis and inhibit tumour growth and
metastasis.

The downstream target of ERK/MAPK, the 70-kDa
ribosomal S6 kinase 1 (p70S6K1), is an important regulator of
cell cycle progression and proliferation. A study showed that
vector-based small interfering RNA against p70S6K1 inhib-
ited p70S6K1 activity in ovarian cancer cells and decreased
VEGF protein expression (124). Downregulation of p70S6K1
inhibits the growth and angiogenesis of ovarian tumours and
reduces the proliferation and expression levels of VEGF and
hypoxia-inducible factor-la in tumour tissues, further inhib-
iting the growth and angiogenesis of ovarian tumours (125).

7. Conclusions

This review summarized how the ERK/MAPK signalling
pathway affects the occurrence and development of human
tumours. Further studies will reveal additional details regarding
the role of MAPK signalling pathways in tumour pathogen-
esis. The cellular signalling pathway is a complex network.
Activation of a signalling molecule by its downstream signal
has biological effects such as promoting or inhibiting tumour
cell growth and invasion; however, the regulatory mechanism
of synergism or antagonism among intracellular signalling
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pathways remains unclear. The role of signalling pathways
in cellular processes requires further analysis to clarify the
role of signalling pathways in tumorigenesis and development.
This may further provide new methods for treating tumours.
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