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The MEK5/ERK5 signalling pathway in
cancer: a promising novel therapeutic
target
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Conventional mitogen-activated protein kinase (MAPK) family members are among the most sought-

after oncogenic effectors for the development of novel human cancer treatment strategies. MEK5/ERK5

has been the less-studied MAPK subfamily, despite its increasingly demonstrated relevance in the

growth, survival, and differentiation of normal cells. MEK5/ERK5 signalling has already been proposed

to have pivotal roles in several cancer hallmarks, and to mediate the effects of a range of oncogenes.

Accumulating evidence indicates the contribution of MEK5/ERK5 signalling to therapy resistance and

the benefits of using MEK5/ERK5 inhibitory strategies in the treatment of human cancer. Here, we

explore the major known contributions of MEK5/ERK5 signalling to the onset and progression of several

types of cancer, and highlight the potential clinical relevance of targeting MEK5/ERK5 pathways.
Introduction
The MAPK family members regulate signal transduction cascades

that are highly conserved among eukaryotes and are known to be

involved in the control of several intracellular events, including

proliferation, differentiation, migration, and apoptosis (reviewed

in [1]). Thus far, four conventional and three atypical MAPK

subfamilies have been identified. The four conventional MAPK

subfamilies are: extracellular signal-regulated protein kinases 1/2

(ERK1/2); c-Jun N-terminal kinases 1–3 (JNK1, 2 and 3); p38 MAPKs

(p38 a, b, g and d); and the most recently discovered ERK5. By

contrast, ERK3/4, ERK7, and Nemo-like kinase (NLK) are consid-

ered atypical MAPKs partly because their N- and C-terminal do-

main extensions are not similar to, nor present in, conventional

MAPKs. Despite the approximately 45% homology to convention-

al MAPKs, the biological role of atypical MAPKs remains elusive

[1].

Activation of conventional MAPK cascades is triggered by sev-

eral stimuli, including internal metabolic stress, as well as by

external mitogens, hormones, or neurotransmitters, cell–matrix

and cell–cell interactions (reviewed in [2]). The well-stratified
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canonical activation of MAPK cascades proceeds through a

three-tiered hierarchical module comprising a mitogen-activated

kinase kinase kinase (MAPKKK) that phosphorylates mitogen-ac-

tivated kinase kinase (MAPKK), which ultimately phosphorylates

MAPK (reviewed in [3]) (Fig. 1).

ERK5 identification
ERK5, encoded by the MAPK7 gene, was first identified as big

mitogen kinase 1 (BMK1) and cloned in two independent studies,

two decades ago. It was found to be expressed in several tissues,

being particularly abundant in heart, brain, lung, skeletal muscle,

placenta, and kidney [4,5]. Structurally, ERK5 protein contains a

N-terminal kinase domain with approximately 66% sequence

homology with ERK1/2, and a unique and large C terminus that

contains a transactivation domain, a nuclear localisation sequence

(NLS), a nuclear export sequence (NES), and two proline-rich

regions [4,6,7]. ERK5 activation occurs via dual phosphorylation

of its N-terminal domain, prompted by active MEK5. Once active,

ERK5 phosphorylates multiple sites in its C-terminal domain,

enhancing its own transcriptional activity [8] (Fig. 2). In the

unphosphorylated form, ERK5 presents an autoinhibitory mecha-

nism, where its N- and C-terminal domains are bound. The acti-

vation of ERK5 N-terminal kinase by MEK5 allows the

phosphorylation of ERK5 substrates and the ERK5 C-terminal
1359-6446/� 2016 Published by Elsevier Ltd.
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FIGURE 1

General schematic representation of conventional three-tiered mitogen-
activated protein kinase (MAPK) signalling networks, which ultimately lead to

activation of terminal MAPKs. MAPK kinase kinase (MAPKKK) activation

following different stimuli, including mitogen, cytokine, or cellular stress,

promotes the sequential activation of different MAPK kinases (MAPKKs).
Subsequently, the specific activation of different MAPK signalling pathways

will be effected by activated MAPKKs. Nevertheless, the known crosstalk

within MAPK signalling networks, particularly at the MAPKKK level, allows the

combined action of different terminal MAPK proteins. MAPK signalling
pathways are typically involved in the regulation of several major cellular

physiological roles, such as proliferation, migration, differentiation, and

apoptosis.
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domain. This latter phosphorylation abolishes any autoinhibitory

effects, exposes the NLS domain, and determines the role of ERK5

signalling in the cell (reviewed in [6]).

Curiously, two studies unveiled a potential novel MEK5-inde-

pendent ERK5 activation pathway that occurs during mitosis and

relies on cyclin-dependent kinases (CDKs), being particularly rele-

vant during the G2–M phase transition [9,10]. Beyond this discov-

ery, a new cross-talk mechanism within MAPK family members has

been proposed, in which active ERK1/2 phosphorylates ERK5 at

the Thr732 residue in the C-terminal domain, without the typical

activation of the N-terminal kinase domain, and is able to direct

ERK5 to the nucleus [11] (Fig. 2).

The physiological role of ERK5
ERK5 was initially identified as a MAPK that was generally activat-

ed by both oxidative and osmotic stresses [12]. Subsequent studies

demonstrated that it is also activated by serum [13], a range of

growth factors, including vascular endothelial growth factor

(VEGF), epidermal growth factor (EGF), fibroblast growth factor
(FGF), platelet-derived growth factor (PDGF), brain-derived neu-

rotrophic factor (BDNF), and nerve growth factor (NGF) [14–17],

and also by cytokines, such as leukaemia inhibitory factor (LIF)

[18] and interleukin 6 (IL-6) [19].

Thus far, the MEK5/ERK5 signalling pathway has been impli-

cated in the regulation of several cellular processes, including

survival, antiapoptotic signalling, proliferation, angiogenesis,

and differentiation (reviewed in [20]). However, to better address

the physiological role of ERK5, several mouse knockout models

with ablation of ERK5 signalling have been generated. The phe-

notypic abnormalities observed after MEK5 ablation (MEK5–/–)

included impaired cardiac development, decreased proliferation,

and increased apoptosis in heart, head, and dorsal regions that

ultimately led to embryonic death [21]. Similarly, in ERK5–/–mice,

phenotypic abnormalities included general angiogenic defects in

the embryo and placenta that led to underdeveloped vasculature,

defective cardiac development, and increased embryonic endo-

thelial cell apoptosis, ultimately resulting in embryonic death at

embryonic day (E)9.5–E11 [16]. Furthermore, inducible ERK5-

knockout mouse models were fatal by 2 weeks after birth, because

of degeneration of the cardiovascular system with increased en-

dothelial cell apoptosis [16]. In fact, the phenotypic outcome

observed after specific ablation of ERK5 in endothelial cells was

similar to that observed following general ERK5 ablation [16].

However, when ERK5 ablation was specific to cardiomyocytes,

mice developed normally, but with increased cardiac vulnerability

to hypertrophic stress, and were consequently demonstrated to be

prone to undergo heart failure under intense workload conditions

[22]. All these data suggest that ERK5 signalling is crucial for

cardiovascular system development and vascular integrity main-

tenance, as well as for endothelial cell function.

ERK5 in cancer development
MEK5/ERK5 signalling is one of the less-studied MAPK cascades. It

has already been reported that this pathway has an important role

in cell survival, proliferation, angiogenesis, motility, and differen-

tiation, and in repressing the apoptosis of normal cells [20]. In

cancer, there is increasing clinical evidence regarding the involve-

ment of MEK5/ERK5 signalling in tumour development and pro-

gression.

Therefore, here, we discuss the increasing body of evidence

implicating MEK5/ERK5 signalling pathways in the onset, progres-

sion, and therapy response in cancer types highly ranked in

incidence, and explore the potential rationale for targeting

MEK5/ERK5 as a therapeutic approach in cancer.

Breast cancer
Breast cancer is the world’s leading diagnosed noncutaneous

cancer in women [23]. Based on gene expression profiles, breast

cancer can be categorised in four major molecular subtypes: hu-

man epidermal growth factor receptor 2 positive (HER2+); hor-

mone receptor positive (ER+ and/or PR+) (luminal A); both HER2+

(or HER2 low with Ki67 high) and hormone receptor positive (ER+

and/or PR+) (luminal B); and lastly, triple-negative breast cancers

(TNBC) (HER2�, ER� and PR�) [24]. Luminal (A and B) tumours

comprise 60% of breast cancer cases, whereas TNBC and HER2+

represent 15–20% and 10–15% of breast tumours, respectively. The

clinical features across all subtypes are distinct because of their
www.drugdiscoverytoday.com 1655
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FIGURE 2

Schematic representation of ERK5 structure and functional domains. The ERK5 protein comprises 816 amino acid (a.a.) residues with a N-terminal domain and a

large and unique C-terminal domain. The N-terminal domain contains the cytoplasmic targeting region, a kinase domain with two MEK5 phosphorylation sites, a

common docking (CD) domain, and the oligomerisation region. The unique C-terminal domain contains two proline-rich (PR) domains, a MEF2-interacting region,
the nuclear localisation signal (NLS) domain, and a transcriptional activation domain. The C-terminal domain also contains several different phosphorylation sites

that are responsible for different physiological outcomes.

Source: Adapted from Refs. [7,11].
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diverse genetic profiles [24,25]. Usually, luminal tumours respond

better to endocrine therapy and chemotherapy compared to

HER2+ and TNBC tumours, and are generally associated with a

better prognosis [25].

Deregulation of the MEK5/ERK5 pathway in breast cancer was

firstly associated with decreased overall survival in patients with

HER2+ breast cancer [26]. Nonetheless, tumours from mice engi-

neered to develop TNBC-like tumours also presented unusual high

levels of ERK5 expression compared with normal breast tissue from

the same mice [27]. In fact, MEK5 and ERK5 levels were found

frequently increased either in TNBC or in HER2+ human breast

tumours, and correlated with poorer relapse-free survival [27,28].

ERK5 overexpression was linked to poorer relapse-free survival in

patients receiving chemotherapy, but not in patients not receiving

chemotherapy. This led to the conclusion that patients with low

ERK5 expression benefited from systemic treatments, whereas

those with high ERK5 expression did not [29]. Regarding luminal

tumours, MEK5/ERK5 signalling enhancement was associated

with worse prognosis because of the contribution to endocrine

treatment resistance [30] and progression to hormone-indepen-

dent tumorigenesis [31].

In conclusion, MEK5/ERK5 signalling is a relevant potential

therapeutic target in all breast cancer molecular subtypes. In

addition, ERK5 inhibition through genetic approaches or chemical

inhibition using TG02 or XMD8-92 administration significantly

potentiates chemotherapy antitumour activity either in vitro or in

vivo, supporting the potential relevance of using ERK5 inhibitors in

combination with current chemotherapy in breast cancer man-

agement [27,28].
1656 www.drugdiscoverytoday.com
In agreement, several other studies in breast cancer cell lines

supported the relevance of ERK5 signalling in breast carcinogene-

sis. In fact, ERK5 activation leads to cell proliferation through

modulation of CDKs and cyclin D1 [32,33], the epithelial–mesen-

chymal transition (EMT) [34,35], MET/HGF-induced migration

[36], and integrin/FAK-mediated metastasis [37]. Remarkably, fol-

lowing knockdown of the MEK5/ERK5 pathway, tumour xenograft

growth, metastasis, and the generation of tumour circulating cells

was significantly reduced [35,38]. Nevertheless, in contrast with

this body of data, a recent study reported that ERK5 expression was

reduced in breast cancer tumour samples, correlating with a worse

disease prognosis, and that ERK5 inhibition in MDA-MB-231 and

Hs578 T breast cancer cell lines contributed to increased cell

migration and invasion [39]. However, multiple additional studies

demonstrated that ERK5 activation in MCF-7, MDA-MB-468,

MDA-MB-453, and SKBR3 breast cancer cell lines promoted resis-

tance to therapy, migration, and invasion [31,34,40,41], thus

supporting ERK5 signalling as a potential therapeutic target in

breast cancer. Moreover, increased active ERK5 was found in 70–

80% of human breast tumours compared with adjacent tissue, and

ERK5 was activated in all detected brain metastasis [31,42].

Prostate cancer
Prostate cancer is the world’s second-leading diagnosed cancer in

men [23]. Current prostate cancer treatment includes prostatec-

tomy and radiation therapy, sometimes supplemented with hor-

monal therapy or surgical removal of testicles. However,

recurrence is common, and usually occurs in 15–40% of patients

within 5–10 years of prostatectomy [43]. Although only a small
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percentage of patients develop metastasis, metastatic prostate

cancer almost invariably progresses to a hormone-independent

or castrate-resistant state, with a median overall survival of ap-

proximately 15 months regardless of treatment applied [44].

Therefore, there is a demand for the development of novel thera-

peutic targets and biologically relevant biomarkers for the identi-

fication and treatment of malignant and metastatic forms of

prostate cancer.

MEK5/ERK5 pathway deregulation in prostate cancer was first

suggested in 1996 [45]. Later, both MEK5 and ERK5 were demon-

strated to be overexpressed in human prostate cancer and, more

importantly, implicated in prostate carcinogenesis [46,47]. In fact,

ERK5 was found significantly upregulated in human prostate

cancer metastasis, and correlated with more aggressive and meta-

static disease and worse prognosis [44,46,47]. Consistently, in-

creased ERK5 expression was also correlated with androgen-

independent prostate cancer, and ERK5 nuclear localisation was

associated with transition from hormone-dependent to hormone-

independent disease [47]. Altogether, this body of clinical evi-

dence suggests the importance of MEK5/ERK5 signalling in the

acquisition of more aggressive tumour phenotypes. Furthermore,

our understanding of the molecular mechanisms underlying

MEK5/ERK5 signalling in prostate cancer has increased. In this

regard, MEK5/ERK5 signalling was shown to promote prostate

tumour cell proliferation by promoting the G1–S cell cycle phase

transition [46,47] and induction of DNA replication [48]. Impor-

tantly, the relevance of ERK5 signalling over other MAPKs in-

creased after observation that blocking ERK1/2 with PD184352

was insufficient to abrogate tumour cell proliferation; only when

ERK5 was efficiently inhibited, using higher doses of PD184352,

did tumour cells fail to proliferate [47]. Furthermore, MEK5/ERK5

signalling proved to be involved in PTKA-mediated migration [49],

integrin/FAK-mediated metastasis [37], and matrix metalloprotei-

nase (MMP)-1, -2 and -9 expression [44,46], thus suggesting the

critical enrolment of ERK5 in prostate cancer metastasis and

supporting the potential application of ERK5 inhibitors in meta-

static prostate cancer management.

Colon cancer
Colon cancer ranks as the third most-common cancer in men and

second most-common cancer in women [23]. Currently, colonos-

copy is the best-available screening test for early detection and

timely resection of preneoplastic lesions. Improved therapeutics,

although limited in efficacy, have been achieved with the imple-

mentation of 5-fluorouracil (5-FU) in colon cancer management,

which, in combination with several systemic agents, has contrib-

uted to decreased colon cancer recurrence [50]. However, 20–25%

of patients present with metastasis at the time of diagnosis, and

30–40% of patients will develop metastasis [51]. The metastatic

and more aggressive form of the disease remains mostly incurable,

being responsible for poor overall patient survival [52]. Therefore,

the identification and development of novel relevant therapeutic

targets is a priority in colon cancer.

The first evidence of MEK5/ERK5 signalling deregulation in

colon cancer was indirectly provided by the observation that

miRNA-143, whose main target is ERK5 mRNA, was typically down-

regulated in patients with colon cancer [53], suggesting the poten-

tially increased expression of ERK5. Moreover, miRNA-143
downregulation is a typical tumour initiation event associated with

accelerated tumorigenesis [53]. In agreement, others recently

showed that the MAPK7 gene is typically hypomethylated in

primary colorectal cancer [54], suggesting the potential increased

expression of ERK5. Supporting these data, it was demonstrated

that MEK5 and ERK5 are overexpressed in human colon adenomas

and adenocarcinomas, and that ERK5 upregulation significantly

correlates with the acquisition of a more aggressive and metastatic

tumour phenotype [55]. Consistently, phosphorylated MEK5, the

active form of MEK5, was found upregulated in human colon

cancer and correlated with advanced disease stages and with de-

creased overall survival of patients with colon cancer [56], thus

supporting the involvement of MEK5/ERK5 signalling in colon

carcinogenesis.

In addition, it was recently shown that increased activation of

MEK5/ERK5 signalling in constitutively active MEK5 colon cancer

cells contributed to the acceleration of cell cycle progression and

increased tumour cell migration in vitro, and metastasis in vivo,

when compared with colon cancer cells expressing dominant

negative MEK5 (abrogated ERK5 activation) or to parental colon

cancer cells [55]. In agreement with this study, others reported that

ERK5 activation increased tumour cell growth where ERK5 repres-

sion was at least partially responsible for the inhibition of tumour

cell migration and invasion, repressing the aggressive phenotype

of colon cancer cells [57]. By contrast, it was recently reported that

proliferation in colon cancer cells harbouring KRAS and BRAF

mutations was not the result of ERK5 signalling, because ERK5

inhibition abrogated proliferation [58]. Notwithstanding, the

authors also hypothesised a possible feed forward mechanism of

ERK5 activation by ERK1/2 that could be a driver of innate resis-

tance to MEK1/2 inhibitors in tumours harbouring KRAS and BRAF

mutations [58].

It has previously been shown that forced expression of miRNA-

143 in tumour xenografts, with concomitant repression of ERK5,

reduced tumour growth and increased apoptosis [59]. In addition,

miRNA-143 expression and repression of ERK5 hampered small

intestine tumour development in APC Min/+ mice [60]. Lastly, ERK5

inhibition by RNAi approaches or XMD8-92 proved to be a poten-

tial relevant therapeutic option in colon cancer management,

contributing to significant chemosensitisation of colon cancer

cells and xenografts to 5-FU treatment [61,62], and triggering

natural killer (NK) cell recognition of colon tumour cells by the

downregulation of major histocompatibility complex (MHC) class

I expression [63]. Collectively, current knowledge supports the

involvement of ERK5 signalling in colon carcinogenesis, where it

has a role in the acquisition of a more aggressive and metastatic

phenotype.

Leukaemia
Leukaemia is characterised by the abnormal expansion of trans-

formed progenitor white blood cells. These progenitor cells fail to

differentiate into mature cells, including granulocytes or macro-

phages, and, as a result, accumulate inside bone marrow [64]. For

the current treatment of leukaemia, particularly for acute myeloid

leukaemia (AML) and acute lymphocytic leukaemia (ALL), two

main strategies have been the focus of current research. These

strategies aim to limit cell proliferation and promote either

cell differentiation (differentiation therapies) or apoptosis of the
www.drugdiscoverytoday.com 1657
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transformed progenitor cells (proapoptotic therapies) [64]. The

importance of understanding the signalling circuitry in leukaemia

arises from the inefficiency of treatment options in current treat-

ment regimens that rarely lead to patient survival. In adults, most

cases are incurable and the 5-year survival is 20%. In children,

prognosis is better, although approximately 40% of paediatric

patients will relapse [65]. Currently, a vitamin D3 derivative,

1a,25(OH)2 vitamin D3 (1,25D), and its synthetic analogues, have

been used to promote the differentiation of leukaemic cell lines,

with promising antileukaemic action. Nevertheless, clinical trials

with these compounds remain inconclusive [66].

The involvement of MEK5/ERK5 signalling in leukaemia still

requires additional investigation because of the unclear role of

ERK5 in differentiation therapies. Initial evidence reported that

ERK5 mediates proliferation, and its activation is essential for the

survival of leukaemic T cells. Importantly, the authors observed

that leukaemic cells with stable ERK5 knockdown mediated by

small hairpin (sh)ERK5 failed to develop tumours in vivo [67].

However, further studies have generated controversial and unclear

results. Recently, ERK5 was shown to be involved in the monocytic

differentiation of human AML cells upon cell treatment with

1,25D vitamin D3 [68]. In agreement with this study, others

demonstrated that, in human AML cells, both established cultures

and AML blasts ex vivo, ERK5 directly promoted the optimal

monocytic differentiation of AML cells when exposed to differen-

tiating agents [65]. However, in contrast with previous studies, it

was also demonstrated that pharmacological inhibition of ERK5

signalling by XMD8-92 and BIX02189 in 1,25D-induced differen-

tiating AML cells resulted in particularly robust cell cycle arrest at

G2 phase and monocytic differentiation. Therefore, in this latter

study, the use of ERK5 inhibitors in combination with vitamin D

derivatives was suggested as a potential successful therapeutic

approach in AML [66].

Several studies have argued in favour of the relevance of using

ERK5 inhibitors in leukaemia treatment. This is highlighted by the

fact that ERK5 is essential for the protection of reactive oxygen

species (ROS)-induced apoptosis in ALL leukaemic cells [69], pro-

liferation of AML cells [69,70], and resistance to therapeutics [71].

Furthermore, ERK5 inhibition blocked proliferation and induced

apoptosis [10,69–71], increased cell death by NK cells as a conse-

quence of decreased MHC-I expression [72], and sensitised leu-

kaemic cells to cytarabine-induced apoptosis [73]. However, all

these studies focused on the survival and apoptosis of cancer cells

after ERK5 inhibition, rather than on its role in cell differentiation.

Therefore, the role of ERK5 inhibition in myeloid or lymphocytic

leukaemia treatment needs to be further explored to clarify its

relevance as a target in leukaemia therapy, especially when asso-

ciated with differentiation therapies.

Hepatocellular carcinoma
Despite remarkable advances already achieved in the diagnosis

and treatment of hepatocellular carcinoma, it still has the second-

highest mortality rate [23,74–76]. Most hepatocellular carcinomas

develop as a result of chronic liver disease, which, in combination

with several other factors, such as inflammation, oxidative stress,

and a hypoxic microenvironment, typically occurring in the liver,

can have a role in tumour initiation, progression, and metastasis,

importantly contributing to poorer prognosis and hampered
1658 www.drugdiscoverytoday.com
therapeutics. Importantly, when hepatocellular carcinoma devel-

ops from cirrhosis, the use of surgery and other ablative techniques

for tumour management is limited [74,75].

Knowledge regarding the role of ERK5 in the liver and in

hepatocellular carcinoma is poor. Nevertheless, the first evidence

for ERK5 deregulation in liver cancer was found after the discovery

of ERK5 gene amplification in human hepatocellular cell lines [74].

This was further confirmed and extended, demonstrating that the

ERK5 gene was amplified and ERK5 protein overexpressed in

human hepatocellular cell lines and also in primary human hepa-

tocellular carcinomas. Moreover, following ERK5 silencing, pro-

liferation was significantly reduced and cells failed to undergo cell

division [75]. Recently, in addition to the data reported thus far,

ERK5 nuclear localisation was shown to be increased in hepato-

cellular carcinoma samples and in the neighbouring cirrhotic

tissue from the same patient, when compared with normal liver

tissue [76], suggesting its potential role in hepatocellular carcino-

ma initiation, particularly when developed from cirrhosis. Fur-

thermore, ERK5 silencing or chemical inhibition by XMD8-92 was

demonstrated to be a potential relevant therapeutic approach in

hepatocellular carcinoma, after blocking tumour cell proliferation,

preventing hypoxia-induced migration and invasion, and, more

remarkably, abrogating tumour xenograft growth [76].

Osteosarcoma
Osteosarcoma is an aggressive type of bone cancer generally

detected in young people aged between 10 and 25 years, and

whose 5-year overall survival is approximately 65–75%. However,

patients with metastasis at the time of diagnosis, which represents

10–20% of patients with osteosarcoma, have a 5-year survival rate

of <30%. Despite the dramatic increase in our understanding of

sarcoma biology and treatment, the survival rate has not increased

over the past two decades, with the main cause of patient death

being pulmonary metastasis [77,78].

In 2002, the MAPK7 gene was reported to be amplified in high-

grade osteosarcoma [79]. However, only recently was ERK5 con-

sidered a potential therapeutic target. ERK5 overexpression corre-

lated with tumour progression, resistance to treatment, and worse

overall patient survival [78], suggesting that ERK5 has an impor-

tant role in tumour development. However, in two additional

studies, ERK5 silencing failed to decrease tumour cell proliferation

as would be initially expected [77]. By contrast, ERK5 involvement

in tumour metastasis seemed to be particularly more relevant

because ERK5 silencing significantly influenced human osteosar-

coma cell migration and invasion either in vitro or in vivo. In fact,

ERK5 silencing abrogated the migration and metastasis potential

of tumour cells in a mechanism dependent on Slug and MMP-9

[77]. Altogether, current knowledge regarding ERK5 signalling

involvement in osteosarcoma is particularly relevant for the de-

velopment of therapeutic strategies targeting the disseminated

form of the disease.

Pancreatic cancer
Pancreatic cancer currently has the worst overall patient survival,

with a 5-year survival of <5% [23,80]. The usually asymptomatic,

highly aggressive phenotype is the main reason for this high

mortality. Invasion and metastasis occur at a very early stage

of pancreatic cancer and most patients present with metastatic
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disease at the time of diagnosis, making it impossible to surgically

remove the tumour, although this remains the most effective

therapeutic approach [80].

Thus far, the only evidence supporting the direct involvement

of ERK5 in pancreatic cancer was provided by a recent study in

which the authors observed that chemical inhibition of ERK5 with

XMD8-92 significantly inhibited pancreatic cell tumour xenograft

growth [81]. Beyond this study, most information regarding the

potential involvement of ERK5 in pancreatic cancer arises from

studies that report the involvement of miRNA-143 in pancreatic

carcinogenesis. In this regard, several studies have already dem-

onstrated that miRNA-143 is significantly deregulated in pancre-

atic cancer tissue and cell lines [82,83], although a solid consensus

has not yet been achieved. On the one hand, some studies dem-

onstrated that miRNA-143 is upregulated in pancreatic cancer

tissue when compared with normal tissue [83], which is unexpect-

ed compared with other tumours of the gastrointestinal tract. On

the other hand, other studies reported that miRNA-143 was down-

regulated in pancreatic cancer [82], especially in KRAS mutant

pancreatic cancers, where restoration of miRNA-143 levels abro-

gated tumorigenesis [82]. This lack of consensus might result from

the different criteria used to select pancreatic tumour samples. It is

known that pancreatic cancer can often result from a chronic

pancreatitis background. In fact, miRNA-143 levels were not dif-

ferentially expressed between pancreatic cancer samples and

chronic pancreatitis [83]. Although miRNA-143 was found to be

upregulated in pancreatic tumour samples, miRNA-143 was nega-

tively correlated with lymph node spreading, supporting its po-

tential utility as a prognostic biomarker for the metastatic spread

of pancreatic cancer [84]. Further evidence from additional recent

studies demonstrated that miRNA-143-induced overexpression

inhibited the proliferation, metastasis, and invasion of pancreatic

cancer cells, and ultimately inhibited the growth of subcutaneous

and orthotopic pancreatic cancer xenografts [85]. Given that the

ERK5 transcript represents one of the most widely reported targets

of miRNA-143, ERK5 could be related to the biological effects of

miRNA-143 in pancreatic cancer, similarly to colon cancer, and

could also represent a relevant target in this tumour type.

Lung cancer
Lung cancer is the world’s leading diagnosed cancer, and also leads

the rank of cancer-related deaths [23]. The major risk factors for the

development of lung cancer are tobacco smoke and predisposing

genetic backgrounds, including EGFR, RAS or ALK mutations [86].

Aberrant activation of several effectors of the MAPK family, in-

cluding ERK5, induced by tobacco smoke [87], and two typical

EGFR mutants found in lung cancer [88], were the first two pieces

of evidence suggesting the involvement of ERK5 in lung carcino-

genesis. Moreover, the insulin-like growth factor (IGF)-II/ERK5/

AMP response element binding protein (CREB) pathway was

shown to have a vital role in lung tumorigenesis [89]. In addition,

two consistent studies unveiled an atypical allele polymorphism in

the ERK5 promoter and amplification of the MAPK7 gene within in

the Chinese population that led to enhanced ERK5 expression in

lung tissue [90,91]. However, despite the evidence reported in

these studies, the current state-of-the-art indicates that the role

of ERK5 in this type of tumour remains unclear. In fact, peroxi-

some proliferator-activated receptor (PPAR)-g activation via ERK5
represents a crucial event of the antitumourigenic effect of Wnt7a

and Fzd9 in non-small cell lung carcinoma [92]. Furthermore,

others observed that EMT triggered by tobacco smoke in lung

tissue depends on ERK5 inhibition and, more remarkably, ERK5

inhibition by XMD8-92 mimics EMT induced by tobacco smoke in

lung cancer cells [93]. In light of these results, ERK5 inhibition

appears to be crucial in EMT, which was initially unexpected

because tobacco smoke promotes oxidative stress [87], which in

turn is known to activate ERK5 [12]. Intriguingly, beyond con-

firming the reduced ERK5 activity in lung cancer cell lines and

lung tissue of animals exposed to tobacco smoke, it was recently

observed that ERK5 activity was increased, rather than decreased,

in the stomach, liver, kidney, and bladder tissue of animals ex-

posed to tobacco smoke [93]. These results suggest that EMT

regulation by ERK5 is tissue specific, and possibly also modulated

by cell type and microenvironment specificities. Therefore, the use

of ERK5 specific inhibitors in lung cancer treatment remains

controversial because of its reported effects in EMT. Although

requiring additional confirmatory studies, ERK5 inhibition in lung

cancer in contrast to other tumours could promote progression to

the metastatic form of the disease, rather than provide an anti-

tumour effect. However, arguing in favour of ERK5 inhibition as a

lung cancer strategy, others have observed that the chemical

inhibition of ERK5 with XMD8-92 significantly reduced lung

cancer xenograft growth, particularly in combination with the

chemotherapeutic agent doxorubicin [94]. In addition, the expres-

sion of miRNA-143 has been reported to be significantly reduced in

lung cancer [95] and, more importantly, the restoration of miRNA-

143 levels reduced tumour growth and inhibited the invasion and

metastasis of lung cancer [96]. However, none of these effects have

been specifically related to ERK5 inhibition by miRNA-143, indi-

cating that further studies are needed to precisely ascertain the

potential of ERK5 targeting in lung cancer.

Other cancer types
Although scarce, other lines of evidence suggest the involvement

of ERK5 signalling in several other tumour types. In this regard,

ERK5 activation has been recently demonstrated to be crucial in

the ALK-induced transcription of MYCN and consequent promo-

tion of aberrant proliferation of neuroblastoma cells. Interestingly,

the inhibition of ERK5, by genetic or pharmacological approaches,

enhanced the antitumour efficacy of crizotinib in both in vitro and

in vivo models [97], supporting the therapeutic efficacy of targeting

ERK5 in neuroblastoma. Moreover, ERK5 signalling pathway effec-

tors also appear at the top of the list of deregulated molecules in

bladder cancer [98], and miRNA-143 overexpression, with con-

comitant repression of ERK5, functions as a tumour suppressor in

human bladder cancer [99]. Furthermore, ERK5 signalling has also

been implicated in human mesothelioma cell proliferation, mi-

gration, invasion, and resistance to therapy [100] and, more

importantly, has been suggested as a potential beneficial thera-

peutic target for the development of treatment strategies in

patients with malignant mesothelioma [100]. Lastly, ERK5 over-

expression has also been implicated in head and neck squamous

carcinoma, and associated with advanced tumour stage and lymph

node metastasis [101]. In fact, subsequent studies demonstrated

that miRNA-143 upregulation led to the inhibition of cell migra-

tion and invasion [102], possibly related to ERK5 targeting.
www.drugdiscoverytoday.com 1659
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All these scarce but consistent results lead to the preliminary

conclusion that ERK5 signalling might also represent an interest-

ing study topic in neuroblastoma, bladder cancer, mesotheliomas,

and neck and head squamous cell carcinoma as a potential thera-

peutic target and/or prognostic marker.

Finally, and expanding the relevance of ERK5 as a therapeutic

target in cancer, ERK5 was recently reported to be a crucial media-

tor of inflammation and inflammation-driven cancer [103]. In-

flammation is a major risk factor for the development of several

types of cancer, being recognised as an enabling cancer feature

[104]. It is believed that the inflammatory microenvironment

supports the survival, sustained proliferation of cells, and angio-

genesis, facilitating either tumour initiation and/or the malignant

transformation of cancer cells [103]. Although others have sug-

gested the anti-inflammatory role of MAPKs, two recent studies

demonstrated that ERK5 was able to control the expression of

several specific inflammatory mediators in response to a range of

toll-like receptor (TLR) agonist and proinflammatory cytokines,

which are essential for the establishment of the inflammatory

microenvironment and, for instance, needed to support skin

carcinogenesis [103].

Clinical relevance
The RAS-RAF-MEK-ERK signalling module, of which MAPK family

members are part, is overactivated in several types of highly diag-

nosed cancer. Overactivation normally results from activating

mutations of KRAS, NRAS, and BRAF, which lead to the down-

stream activation of MAPK [105]. Over the past decade, because of

their earlier discovery, several MEK1/2 inhibitors have been devel-

oped and introduced in clinical setting. In single-agent therapeutic

regimens, efficacy of these inhibitors is low, being more pro-

nounced in tumours harbouring BRAF and NRAS mutations, where
TABLE 1

ERK5 inhibition promotes chemotherapy sensitisation in several hu

Chemotherapy sensitisation Tumour In viv

Etoposide Breast In vitr

Trastuzumab Breast In vitr

Fulvestrant Breast In vitr

Tamoxifen Breast In vitr

Docetaxel Breast In vivo

Doxorubicin Breast In vivo

Cervical carcinoma In vivo

Lung In vivo
Mesothelioma In vivo

Skin carcinoma In vivo

Cisplatin Breast In vitr

Mesothelioma In vivo

Vinorelbine Breast In vitr

Imatinib CML (leukaemia) In vitr

Dexamethasone Multiple myeloma In vitr

Bortezomib Multiple myeloma In vitr

Cytarabine AML (leukaemia) In vitr

Crizotinib Neuroblastoma In vivo

5-FU Colon In vivo
aDN, dominant negative; ERK5AEF, dominant negative form of ERK5; siERK5, ERK5 small interf
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trametinib is a US Food and Drug Administration (FDA)-approved

MEK inhibitor, indicated for the treatment of BRAF V600E/K mu-

tation-positive unresectable or metastatic melanoma [105].

Possibly because of their later discovery, the development of

MEK5 or ERK5 inhibitors and the translation of these inhibitors to

the clinics have yet to be explored. MEK5/ERK5 inhibition has been

revealed to have a significant influence on the sensitisation of

cancer cells to chemotherapy agents, justifying the potential of

MEK5/ERK5 inhibitors for future clinical use. Inhibition of ERK5

sensitised tumour cells to etoposide [40], trastuzumab [26], fulves-

trant [31], tamoxifen [31], docetaxel [27,28], doxorubicin

[28,94,100,103], cisplatin [27,100], vinorelbine [27], imatinib

[106], dexamethasone [19], bortezomib [19], cytarabine [73], and

crizotinib [97]. It has also been demonstrated that ERK5 inhibition,

either through pharmacological or genetic approaches, leads to

tumour cell sensitisation to 5-FU [61]. In light of these data, MEK5/

ERK5 can be added to the list of MAPKs known to sensitise tumour

cells to a range of chemotherapeutic drugs currently in clinical use

(Table 1), warranting preclinical and clinical development of prom-

ising small-molecule inhibitors, such as XMD8-92 [107], used in

combinatorial therapies in multiple cancer types. Of note, beyond

all the evidence regarding ERK5 chemical inhibition reported and

discussed in this review, the results obtained with XMD8-92 should

now be treated with particular caution because of its recently

discovered role in the direct inhibition of bromodomains [108].

Bromodomains correspond to conserved protein motifs that are

responsible for the recognition of acetyl-lysine residues during

transcriptional processes [108]. Although in several studies the

results generated through XMD8-92 inhibition were similar to

those obtain through specific ERK5-silencing techniques, new

chemical inhibitors should be generated to avoid possible unspe-

cific effects related to bromodomain inhibition.
man tumours

o/in vitro ERK5 inhibition Refs

o DN-MEK5 [40]

o shERK5; ERK5AEF [26]

o shERK5 [31]

o shERK5 [31]

 + in vitro XMD8-92 [28]

 + in vitro XMD8-92 [28,94,100,103]

 + in vitro XMD8-92

 + in vitro XMD8-92
 + in vitro shERK5

 + in vitro ERK5 Depidermis; XMD8-92

o shERK5; TG02 [27,100]

 + in vitro shERK5

o shERK5; TG02 [27]

o ERK5AEF [106]

o ERK5AEF [19]

o ERK5AEF [19]

o siERK5 [73]

 + in vitro siERK5; XMD8-92 [97]

 + in vitro siERK5; miR143; XMD8-92 [61,62]

erence RNA; D, knockout.
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TABLE 2

Clinical and molecular supporting evidence for ERK5 involvement in human tumour development and resistance

Evidence Tumour Refs

Clinical evidence

Upregulation of ERK5 signalling in human carcinogenesis Breast [26–28]

Prostate [46,47]

Colon [54–56]
Osteosarcoma [78,79]

Hepatocellular carcinoma [74–76]

Lung [90,91]

Upregulation of ERK5 signalling correlates with poorer prognosis and/or acquired resistance to therapy Breast [27–31]
Prostate [44–47]

Colon [56]

Osteosarcoma [78]

Mesothelioma [100]

Upregulation of ERK5 signalling increases tumour metastasis incidence Breast [31,32]

Prostate [44,46,47]

Colon [55,56]

Osteosarcoma [78]
Mesothelioma [100]

HNSCC [101]

Molecular evidence

ERK5 signalling promotes tumour cell proliferation Breast [32,33,35,38]
Prostate [46–48]

Colon [55,59]

Hepatocellular carcinoma [75,76]
Pancreatic [81]

Neuroblastoma [97]

Mesothelioma [100]

Lung [94]
Leukaemia [67,70,71]

Bladder [99]

ERK5 signalling promotes tumour cell migration and metastasis Breast [31–38,40,41]

Prostate [37,44,46,49]
Colon [55,57]

Osteosarcoma [77]

Hepatocellular carcinoma [76]

Mesothelioma [100]
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Concluding remarks
Over the past few decades, the involvement of MAPK family

members in cancer development has supported the potentially

beneficial role of MAPK inhibitors alone or in combination with

current cancer therapy, which has led to the incorporation of

several MEK inhibitors in combination therapies, currently

being tested in clinical trials [105]. Here, we have reviewed

the rationale for MEK5/ERK5 targeting in tumour management

and demonstrated that MEK5/ERK5 represents a potential

relevant target in breast cancer, metastatic prostate cancer,

colon cancer, and invasive osteosarcoma (Table 2). Although

limited, current knowledge also suggests that MEK5/ERK5 repre-

sents a relevant prognostic factor or therapeutic target in hepa-

tocellular carcinoma, pancreatic cancer, neuroblastoma, bladder

cancer, mesothelioma, and head and neck squamous cell
carcinoma (Table 2). Further evidence is required to assess

the relevance of MEK5/ERK5 targeting in lung cancer and leu-

kaemia therapy. Particularly in leukaemia, the inhibition of

MEK5/ERK5 signalling is promising in the context of proapop-

totic therapies, and its potential remains unclear in differentia-

tion therapies.

In summary, patients with cancer and lower MEK5/ERK5 ex-

pression benefit from systemic treatment in contrast to those who

present with higher levels of MEK5/ERK5 expression [29], with

ERK5 inhibition inducing sensitisation to a range of antitumour

agents. The possibility of targeting the MEK5/ERK5 pathway with

small-molecule inhibitors, already in preclinical development,

makes this pathway a desirable potential novel target in human

cancer and paves the way for the short-term translation of MEK5 or

ERK5 inhibitors into the clinic.
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