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Abstract
While conventional MAP kinase pathways are one of the most highly studied signal transduction
molecules, less is known about the MEK5 signaling pathway. This pathway has been shown to
play a role in normal cell growth cycles, survival and differentiation. This MEK5 pathway is also
believed to mediate the effects of a number of oncogenes. MEK5 is the upstream activator of
ERK5 in many epithelial cells. Activation of the MEK-MAPK pathway is a frequent event in
malignant tumor formation and contributes to chemoresistance and anti-apoptotic signaling. This
pathway may be involved in a number of more aggressive, metastatic varieties of cancer due to its
role in cell survival, proliferation and EMT transitioning. Further study of this pathway may lead
to new prognostic factors and new drug targets to combat more aggressive forms of cancer.
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Introduction
The MEK5/ERK5 pathway is one of the lesser studied members of the mitogen-activated
protein kinase (MAPK) family of protein kinases. This pathway has been implicated in cell
survival, anti-apoptotic signaling, angiogenesis, cell motility, differentiation and cell
proliferation(1–3). However, there is still much to learn regarding the potential activators of
this pathway and many of the intermediary molecules involved in signaling both upstream
and downstream of MEK5/ERK5 activation. Studies suggest that MEK5/ERK5 is involved
in angiogenesis through its critical role in maintaining vascular integrity (4), but the role that
MEK5 signaling may play in VEGF-mediated neovascularization is not fully understood. In
addition, the specific involvement of MEK5 in EMT has not been well characterized. Also,
it has been demonstrated the ERK5 is capable of activating downstream protein targets and
functioning as a transcription factor. Yet, the regulation of the dual signaling capabilities of
ERK5 is not clear. Understanding the nuances of this signaling cascade in normally
functioning cells may provide additional insight into the mechanisms of dysregulation in
disease states.
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MEK5/ERK5 is over-expressed or constitutively active in a number of cancers relative to
expression in healthy cells. Studies have examined MEK5 activation in prostate tumors and
found strong expression in better than a third of them (10). Additional research examined the
expression of MEK5 and ERK5 in breast tumors. One group found MEK5 expressed in over
50% of tumors and another studies found ERK 5 over expressed in 20% of patients (11–12).
Additional tissue analysis is needed to further establish MEK5/ERK5 over-expression in
tumors relative to activation in healthy tissue as well as quantification of the expression
levels relative to baseline. Furthermore, more data is needed to determine clear associations
between the expression of MEK5/ERK5, activation, cancer morphology and prognosis. This
understanding will help to tailor treatments to situations where abnormal activation is
triggered.

Understanding of the MEK5 pathway relatively to other MAP kinases may also help in
tailoring appropriate drug treatments for many cancers. Current studies suggest there may be
some redundancies and cross-talk among members of the MAP kinase family (2, 13–16).
Future studies or re-examination of existing data with newer pathway specific inhibitors
many help to elicit the specific signaling role of MEK5/ERK5 in these tissues (15, 17). This
understanding may help with the development of specific treatments and possibly minimize
side effects with future treatments.

Many features indicate that the MEK5/ERK5 pathway may provide a novel target for future
therapeutics. Structurally, the C-terminus of ERK5 is much larger than other MAP kinases
and contains both auto-inhibitory and nuclear shuttling functions (18–22). This structure
lends itself to development of specific drug targets which may not interfere with other MAP
kinases’ functions. This specificity may allow for targeted therapeutics to inhibit this
pathway while minimizing the inhibition of other MAP kinases that may be critical to
healthy cell survival.

In addition, the MEK5 pathway plays a novel role in chemoresistance within breast cancer
cell lines (12, 23–25). Studies suggest that acquired resistance is a significant problem with
all current therapeutic approaches (26). Inhibition of the MEK5/ERK5 pathway may make
current therapies more effective and may be an integral component of a multi-drug therapy
regimen (23, 25). However, additional work needs to be done to support these studies and
determine chemotherapeutics that are enhanced through MEK5/ERK5 inhibition.

Further understanding of the MEK5/ERK5 pathway and the effectors of dysregulation and
matching the therapy to these disease mechanisms may improve the success rates for the
treatment of these more aggressive varieties of cancer (27). Given what has been learned to
date, the MEK5/ERK5 pathway offers a promising target as a possible prognostic factor and
potential therapeutic drug target due to its role in dysregulation of cell survival, proliferation
and metastatic transitioning in a number of more aggressive varieties of cancer (5).

Overview of MAPKs
Mitogen-activated protein kinase (MAPKs) pathways are a family of related and sometimes
interconnected pathways that play a critical role in the regulation of many cellular processes
such as growth, differentiation and apoptosis. MAPKs are activated by signaling molecules
such as growth factors, cytokines, neurotransmitters, hormones or various cell stressors
which generally transmit their signaling through tyrosine kinase, G-coupled protein or
hormone receptors(28). In MAPKs pathways, signals are transduced through a three-tiered
kinase signaling cascade which begins with the phosphorylation of a mitogen-activated
kinase kinase kinase (MAPKKK) that phosphorylates a second mitogen-activated kinase
kinase (MAPKK) which subsequently phosphorylates a third mitogen-activated kinase
(MAPK). Activation of MAPKs regulates critical cellular processes such as gene expression,
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proliferation and cell death [Figure 1](5). In mammals, there are many distinct subfamilies
of MAPKs; the ERK 1/2, JNK 1/2/3, p38 proteins, ERK3/4, ERK5 (also known as Big Map
Kinase), ERK7 and ERK8. All MAPKs are part of an evolutionary conserved family of
kinases which predominantly phosphorylate serine and threonine residues which are
preceded by a proline rich residue (29). The specificity of each MAP kinase is determined
by the docking domains of the targeted substrate. The MAP kinases tether the specific
substrate to their docking domain which aids in the efficiency of these reactions. These
phosphorylation reactions are regulated by numerous transcription factors and enzymes and
further controlled through binding partners, subcellular localizations, conformational
changes and protein stability (30–31). Conventional members of the MAPK family have
known activators. For example, MEK1 and MEK2 activate ERK1/2; MKK4 and MKK7 for
JNKs; MKK3 and MKK6 for p38; and MEK5 for ERK5 (5–6). However, the activators of
the atypical MAPKs such as ERK3/4, ERK7 and ERK8 are still not fully understood (7–9).
These atypical MAPKs may also have different phosphorylation motifs and it is not clear if
they conform to the classical three-tiered kinase activation cascade (6–8).

Initially, experimental data suggest that each MAPK subfamily is associated with different
biological reactions. For example, it was believed that the ERK subfamily played a larger
role in cell survival and proliferation, while the JNK and p38 MAKs were predominately
activated by cytokines or extracellular stress and had a greater involvement in apoptosis (3,
5, 32). However, many of these distinctions have been blurred. It now seems clear that there
are considerable tissue and developmental variations which affect signaling inputs and there
may also be points of crosstalk or redundancy between these MAPK pathways (2, 6, 14, 33–
34).

Upstream Activators of MEK5/ERK5 Signaling
MEK5/ERK5 interaction has been established as a unique MAP Kinase signaling pathway.
MEK5 can be activated by both MEKK2 and MEKK3. However, it has been shown that
MEK5 was not activated by MEKK1, an upstream activator of the JNK pathway (5). The
precise pathway of activation varies based on the difference in the stimuli and the cell type.
(35–37). MEKK2 and MEKK3 kinase domains are very similar, but their regulatory
domains, located in the N-terminus, are significantly different. When compared with
MEKK3, MEKK2 has a higher binding affinity for MEK5 (37). It has been shown that
MEKK3 induces activation of the MEK5/ERK5 pathways through growth factor-induced
cellular stimulation and oxidative stress (35).

Subsequent studies have shown that epidermal growth factor (EGF) mediates proliferation
through ERK5 signaling(18). However, the role Ras plays in this activation is unclear (38).
One study indicated that strong activation of ERK5 occurred through both EGF and nerve
growth factor (NGF) signaling and this activation was induced by an oncogenic mutant of
Ras (Ras Val12) in PC12 cells, but blocked by a dominant negative form of Ras. This study
suggested that Ras is required for activation(34). Yet, conflicting studies demonstrated that
RasVal12 was not sufficient to activate ERK5 and a dominant negative form of Ras did not
block activation in PC12 cells (38). Additional work indicated RasVal12 was not sufficient
to activate ERK5 in Cos7 cells(39). Other studies also support that EGF activation of ERK5
is independent of Ras(18).

The leukemia inhibitory factor (LIF), a cytokine, has been demonstrated to activate MEK5
through a LIF-induced tyrosine activated phosphorylation of Grb2-associated binder (Gab 1)
and protein tyrosine phosphatase (SHP2) in cardiomyocytes. The activated Gab 1 and SHP2
form a complex that signals through ERK5 to cause elongation of cardiomyocyte cells (40).
This LIF signaling pathway is independent of MEKK2 or MEKK3 signaling. Stat-3 has also
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been implicated as an upstream activator of MEK5 in both breast cancer cell lines and in
breast cancer tissues (14).

MEK5 Structure and Activation
Binding of MEKK proteins occurs on the N-terminus extension of MEK5 (36). Two N-
terminus splice variant isoforms of MEK5 have been identified, MEK5α and MEK5ß (36,
41). Experimental results indicate that MEK5α is a stronger activator of ERK5, relative to
MEK5ß, due to its higher affinity for ERK5. This led to the discovery of a novel MAPK
docking site on the N-terminus of MEK5Aα which is different from the consensus motifs
identified in other MEKs (3). The N-terminus of MEK5 α includes a phox and Bem1p
(PB1) domain which regulates the binding of MEKK2/3 with MEK5. Inhibiting the PB1
dependent formation of the MEKK/MEK5 complex has been shown to inhibit activation of
MEK5α (42–43). It has been proposed that the N-terminus of MEK5 also contains an auto-
inhibitory domain that can affect the interaction of MEK5 with other kinases (43). Binding
of MEKK2 with MEK5 affects the overall confirmation of the MEK5α protein so that
Ser311 and Thr315 become accessible for phosphorylation (44). Both MEKKs and ERK5
bind to the N-terminus extension of MEK5α. It is hypothesized that MEKK dissociates from
the MEK5 complex to allow interaction with its ERK5 substrate (43, 45).

MEK5-Mediated ERK5 Activation
Once activated, MEK5 transmits signaling through ERK5. MEK5 has been identified as a
binding partner for ERK5 in several studies (20, 22). It has been shown that ERK5 will not
interact with either MEK1 or MEK2, indicating that MEK5/ERK5 interaction represents a
unique signaling pathway (22). Similar to other MAPKs, ERK5 is present in a wide variety
of cell types and is believed to be ubiquitously expressed. Presumably, it serves to regulate
diverse functions depending on the cellular context and circumstances (19). During signal
transmission, the N-terminus of the activated form of MEK5 binds to the functional domain
of ERK5 (aa 78–139) to convey the activation signal. ERK5 has dual phosphorylation sites
characterized by a TEY sequence which are similar to the binding sites of ERK1 and ERK2.
However, ERK5 demonstrates a larger molecular mass than other ERK enzymes due to a
unique C terminus extension (20, 34). The large C-terminus domain regulates activation,
autophosphorylation, subcellular localization and nuclear shuttling. It is hypothesized that
the N and C terminal halves are bound to one another in the cytosol and, once
phosphorylated by MEK5, this binding is disrupted. This kinase includes a nuclear
localization signaling (NLS) domain from aa 505–539(46). The open conformation of ERK5
promotes activation and allows exposure of the nuclear localization signaling (NLS) element
which facilitates translocation to the nucleus (19, 21, 47). Once ERK5 has been imported
into the nucleus, it associates with, phosphorylates and activates many transcription factors
including Sap1, c-FOS, c-Myc and MEF2 (31, 34, 46, 48–50). The auto-phosphorylation of
the C-terminus may also be required for transcriptional activation (19, 21) and the terminus
contains two proline rich domains that serve as binding sites for nuclear transcription factors
with SH3 domains(46). ERK 5 is exported back to the cytosol when the N and C-terminal
halves renew their interaction and shuttling is accomplished through a nuclear export
receptor, the Chromosome Region Maintenance 1(CRM1), dependent nuclear export signal
(NES) (21, 47).

Adaptor/Scaffold Proteins Involved in the MEK5/ERK5 Pathway
Based on physiological stimuli that initiate the reaction, different adaptor/scaffold proteins
facilitate and fine tune specific MAPK activation through formation of multi-enzyme
complexes (52). These adaptor/scaffold proteins provide spatial and temporal regulation by
binding multiple members of the MAPK pathway to bring them into close proximity and
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facilitate efficient phosphorylation and propagation of signaling (53–54). Many scaffold
proteins have been identified for the MEK1/2, ERK 1/2 signaling cascade, such as the KSR
family, MP-1, IQGAP, β-Arrestins, CNK, Sef and Paxillin which facilitate MEK/ERK
interactions (55–57). However, there is much less information regarding scaffolding proteins
for the MEK5/ERK5 cascade. It is unclear if any of MEK1/2 proteins also provide a scaffold
function in the MEK5 pathway. Yet, a functional interaction has been shown between
MEKK2 and Lck-associated adapter (LAD) which is required for EGF activation of ERK
through Src (37). Also, muscle specific protein kinase A (PKA) anchoring protein mAKAP
is involved in ERK5 activation which induces hypertrophic signaling in cardiomyocytes
(58).

Furthermore, MEK5’s PB1 domain has developed as an internal platform or scaffold to
facilitate MEKK2 (or MEKK3)-MEK5-ERK5 signaling (51, 59). The MEK5 PB1 domain
organizes the interaction to ensure rapid phosphorylation of ERK5 upon upstream signaling
from MEKK2 or MEKK3 (43, 51, 59).

In addition, all MAPKs have an evolutionarily conserved, common docking (CD) domain
that consists of a cluster of negatively charged amino acids in the C-terminus. This CD
domain is used to bind the MAPK to their activators (MAPKKs), phosphatases, substrates
and scaffold proteins (59–60). In the case of ERK5, this negatively charged domain binds
the positively charged lysine and arginine residues in the MEK5 docking site. These docking
interactions are pathway specific and may provide a molecular basis for the sequential
activation and inactivation of a given pathway. The docking interactions enhance the
efficiency of all the enzymatic reactions and may help to regulate the specificity of protein
recognition (60).

Regulation of Cell Differentiation and Survival
ERK5 has been implicated in the survival response of PC12 cells to oxidative stress (61).
Further work demonstrated that ERK5 contributes to the survival response in neuronal
dorsal root ganglia cells through a unique retrograde signaling system mediate by nerve
growth factor (NGR)(3, 62). In this pathway, activated ERK5 initiates a phosphorylation
cascade through activation of p90 ribosomal S6 kinase (RSK) which ultimately results in
activation of Ca2+/cAMP response element binding protein (CREB). CREB regulates the
transcription of pro-apoptotic and survival genes (17, 62). Further studies indicate ERK5
contribute to survival in neurons via activation on transcription factor MEF2; a pro-survival,
anti-apoptotic transcription factor (63–64). Additional in vivo studies showed ERK5 deleted
mice were genetically lethal around embryonic day 10 and these mice displayed severe
growth retardation in the head region (3, 65). These studies indicate that the defect is not
caused by apoptosis, but by the inhibition of neuronal differentiation due to the suppression
of some specific neural markers (3, 17). Under physiological conditions, it remains highly
likely that ERK5 participates in normal brain development due to its role in neuron cell
differentiation (3, 66–67). Yet, when neuron-specific ERK5 knock down was develop, mice
develop normally with a life span similar to their control littermates. The survival of these
mice indicates that there may be other intercellular pathways which exist to compensate for
the loss of a ERK5 gene in neurons.(17)

ERK5 is needed to mediate the survival response in endothelial cells(ECs) that are subjected
to sheer stress. Overexpression of constitutively active MEK5 in blocks caspase-3 activity
and prevents apoptosis. However, inhibition of ERK5 activity in these cells by using a
dominant negative ERK5 mutation or a gene deletion stimulates EC cell death. The survival
mechanism is believed to be PKB independent phosphorylation of Bad which sequesters
Bad to the cytosol to prevent apoptotic signaling (17, 68–69).
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The serum and glucocorticoid-induced kinase (SGK) have very similar sequence homology
with PKB and shares its mechanism of activation. Similar to PKB, SGK is able to block
Foxo3, a member of the forkhead family of transcription factors that acts as a tumor
suppressor, activity by phosphorylation (70). SGK is a direct target of ERK5 and a key
component in the cell’s survival response to environment stress stimuli (71–72). However, it
is not yet clear if ERK5 regulation of SGK is responsible for mediating SGK’s survival
function (3).

The Role of MEK5/ERK5 in Cell Proliferation
It has been demonstrated that ERK5 signaling dramatically increases the transcription of
MEF2 which in turn induces transcription of c-jun, a gene required for cell proliferation
(49). Upstream of this signaling, mitogens, including EGF and granulocyte colony
stimulating factor (G-CSF), have been found to transmit pro-growth signaling through the
ERK5 pathway (18, 73). However, fibroblasts showed no marked difference in progression
to S phase when comparing dominant negative ERK5 and MEK5 cells to wild type (4, 65).
This suggests that ERK5 signaling pathways may play a central role in promoting or
regulating proliferation in given cell types under different conditions(3). Potentially,
proliferation signaling may be transduced through SGK; this protein kinase is also closely
linked to the progression from G1 to S phase in the cell cycle (74). Cyclin D1 signaling may
be another possible pathway for ERK5 mediated proliferation. The cyclin D1 gene is a key
proliferation checkpoint and ERK5 has also been shown to regulate this protein. De-
regulation of the expression of cyclin D1 is frequently associated with neoplastic
transformation. In a number of breast cancer cell lines, blocking the activation of ERK5 has
been shown to block synthesis of endogenous cyclin D1 protein (75).

The Role of MEK5/ERK5 in Angiogenesis
Angiogenesis is the process of developing new blood vessels. It plays a crucial role in
development, reproduction and wound healing, but it has also been implicated in
tumorigenesis of many cancers (76). Work has been done to examine vascular integrity and
endothelial failures in animal studies. ERK5 deletion was embryonically lethal in genetic
knock-out mice and ERK5 deletion in adult mice lead to lethality within 2–4 weeks.
Physiological analysis of the adult mice demonstrated abnormally leaky blood vessels.
Histologically these mice demonstrated multiorgan hemorrhage and architectural
irregularities in the endothelial lining of their blood vessels. This evidence suggests that
ERK5 is critical for endothelial function and preserves the integrity of blood vessels (4).
Further studies on mice bearing xerographic tumors found that ERK5 was required for
tumor growth due to its role in tumor vascular development. These studies suggested ERK5
is involved in the development of tumor vasculature through its action on rpS6;
phosphorylated rpS6 is a ribosomal protein correlated with tumor-associated endothelial cell
of blood vessels (1).

The role of ERK5 in vascular endothelial growth factor (VEGF)-induced angiogenesis is
unclear. Work has been done on human umbilical vein endothelial cells to look at synergies
between VEGF and fibroblast growth factor 2 (FGF2) and to examine some of the
intracellular molecules involved in this signaling cascade. These studies showed
upregulation of phosphorylated ERK1/2 in response to stimulation of VEGF receptor. The
downstream targets of this pathway were strongly inhibited with the use of the protein
kinase C (PKC) inhibitor, GF109203X, and the use of a mitogen-activated protein kinase/
ERK kinase (MEK) kinase inhibitor, U0126. In addition, ERK activation was reduced by
approximately 50% with the PKC inhibitor alone indicating the downstream expression may
occur both through and independent of the ERK1/2 pathway (77). These experiments do not
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preclude MEK5/ERK 5 involvement in this pathway. The MEK inhibitor U0126 has also
been shown to inhibit MEK5 (15). Given the demonstrated role of MEK5/ERK5 in
endothelial cell survival, proliferation, and angiogenesis (1, 4), it is possible that MEK5/
ERK5 plays a role in the VEGF signaling cascade. It is feasible that both MAP kinases are
involved in this pathway and inhibition with U0126 has fully blocked signaling cascades to
the downstream targets in both pathways (15). The availability of more specific inhibitors
would clarify the role of MEK5/ERK5.

MEK5/ERK5 Mediation of Oncogenes
A mutated Ras has been identified in many types of cancer, including pancreatic (90%),
thyroid (50%), colon (50%), lung (30%) ovarian (15%), breast, skin, liver, kidney, and some
leukemias. The MEK5/ERK5 pathway is believed to be involved in mediating the oncogenic
effects of Ras. In some cell types (PC12, C2C12, COS7) ERK5 is activated through a Ras
signaling pathway (34, 48). This suggests that an oncogenic form of Ras may induce typical
morphological changes, loss of contact inhibition, anchorage-independent growth of
fibroblasts and tumorigenicity through the MEK5/ERK5 signaling cascade. However, this
hypothesis has not been fully tested (3).

Other oncogenes may activate ERK5, including cancer osaka thyroid (Cot). Experimentally,
over-expression of the Cot protein has been shown to potently stimulate the activity of the c-
jun promoter utilizing JNK-dependent and also two members of the MAPK family,
p38gamma (ERK6) and ERK5. This study also revealed that Cot requires all three protein
kinases, JNK, p38s, and ERK5, to stimulate the c-jun promoter fully and to induce
neoplastic transformation. In addition, there is a strong suggestion that the transforming
ability of Cot results from the coordinated activation of these separate MAPK pathways,
which collaborate to regulate the expression and activity of the product of the c-jun proto-
oncogene (78).

c-Src has also been shown to mediate activation of ERK5 in response to oxidative stress
(79). Studies have demonstrated that the oncogene, Src, can mediate ERK5 signaling which
may lead to disruption of the actin cytoskeleton through a loss of actin stress fibers. The
mechanism that causes these cytoskeletal disruptions is distinct from ERK1/2 signaling and
inhibition of ERK 1/2 signaling is not sufficient to restore actin fibers in the cytoskeleton.
This indicates that multiple MAP kinase pathways downstream of Src oncogenes may play a
role in cytoskeletal modifications (80–81). A further study concluded that ERK5 promotes
increased Src activity which in turn induces the formation of invasive adhesions called
podosomes (82).

The Role of MEK5 in Epithelial-Mesenchymal Transitions (EMT)
EMT occurs at critical points during embryonic development. During EMT, epithelial cells
will undergo remodeling: increased plasticity, loss of polarity, redistribution of tight
junctions and adherins and development of migratory capacity. After development, this
process may occur during normal physiological functions such as wound healing and tissue
repair, but it can also be associated with hyperplasia, adenomas, tumor progression and
metastatic disease(83). One hallmark of EMT is the loss of E-cadherin expression, a central
protein component of cell to cell adhesion junctions that is required for all epithelium. This
loss increases tumor cell invasiveness and contributes to the transition to carcinomas (84). In
order for EMT to occur, there must also be a gain in other mesenchymal cell markers such
as fibronectin, vimentin and N-cadherin. The loss of cell adhesion proteins coupled with the
cell’s ability to express mesenchymal markers allows cells to morphologically transition
from an epithelial to a fibroblastic morphology (85). Studies indicate that the process is
mediated through a number of signaling pathways, including activation by several tyrosine
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kinase receptors, such as EGFR (Epidermal Growth Factor Receptor) and FGFR (Fibroblast
Growth Factor Receptor), that act through a RAS dependent/MAPK signaling pathway (83).

A study examined the role of ERK5 in re-epithelialization during cutaneous wound healing
of human keratinocytes. The cells were treated with EGF to stimulate the EGF receptor.
Treated cells showed increased levels of phosphorylated ERK5 which coincided with
increased levels of Snai2 mRNA (86); Snai2 is a transcription factor that plays a role in cell
migration during normal tissue turnover and it is also associated with EMT in human
melanoma, oral squamous cell and some breast carcinomas (87). An ERK5 knockdown was
also used in HaCaT cells, an immortalized human keratinocyte cell line. The treated HaCaT
cells demonstrated decreased motility response and reduced Snai2 mRNA expression. The
knockdown cells demonstrated a more compact morphology, disruption in desmosome
organization and an altered ability to aggregate. This work suggests that ERK5 plays a role
in controlling cytoskeleton organization and motility of keratinocytes during cutaneous
wound healing (86).

Transforming growth factor-ß receptor (TGFßR)-SMAD has also been demonstrated to act
in conjunction with the Ras pathway to induce EMT in culture and in metastatic mouse
models (88–89). It has also been demonstrated that EMT is dependent on overexpression of
activated forms of the Raf-MAPK pathway in NBT-II rat carcinoma cell line in vitro. In this
study overexpression of activated forms of c-Raf and MEK1 led to cell dissociation through
the loss of desmosomes from the cell periphery. In addition, the MEK1 inhibitor, PD098059,
repressed EGF and Ras-induced cell dispersion. The authors concluded that EMT depends
on activation of a Raf-MEK1 pathway (90). However, this does not preclude signaling
through MEK5 rather than MEK1; overexpression of RAF can also lead to increased MEK5
signaling (48) and PD09859 can inhibit activation of both MEK1 and MEK5 (34).

EMT signaling has been shown to induce transcription of several developmentally important
genes; Twist, Snai1 and ZEB1/ZEB2 (84). When over expressed, Snai1 and ZEB1/ZEB2 are
involved in the disruption of E-cadherin-mediated intercellular adhesions and Twist has
been shown to confer the ability to enter into the circulation to seed metastases (85). ZEB1/
ZEB2 can be activated through TGF-beta signaling and shows high expression in colon and
several breast cancer cell lines that under express E-cadherins (89, 91). Alternately, it has
been demonstrated that Twist is the downstream target of NF-κB in vertebrates (92). NF-κB
is a known transcription factor that is activated in response to inflammatory cytokines and
growth factors (93). It is involved in multiple cellular processes, including cytokine gene
expression, cellular adhesion, cell cycle activation, apoptosis and oncogenesis. Constitutive
activation of NF-κB has been demonstrated in a number of solid tumors which leads to
chemoresistance and cancer cell survival (94). Work done in our lab has demonstrated that
inhibition of the NF-κB pathway blocked cell survival of MCF-7 breast cancer cells (95).
NF-κB activation has also been shown to be an essential step for EMT and metastasis in
breast cancer (93). Snai1 expression is regulated by several upstream targets. A TGF-beta-
SMAD pathway converges with Ras/MAPK signaling pathway to induce EMT and
metastasis progression in mouse models (88). In addition, activation of LIV1 has been
reported to control Stat3 (signal transducer and activator or transcription 3)-dependant
activation of EMT during gastrulation in zebra fish (96). Prior to this work, it had been
demonstrated that LIV1 was implicated in metastatic progression in breast cancer (96–97).
Both studies show that LIV1-induced Stat3 signaling mediated through SNAI1 plays a role
in EMT and metastasis. Conversely, ER receptor signaling mediated through MTA3
(metastasis-associated gene 3) represses Snai1 signaling. In estrogen receptor negative
cancers, loss of MTA3 may lead to EMT and metastatic progression (84).
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The role of MEK5/ERK5 in Cancer
Hepatocyte growth factor (HGF) is highly expressed in most malignant mesotheliomas.
HGF has been shown to stimulate proliferation through a phosphatidylinositol 3-kinase
(PIK3)/ERK5/fos-related antigen 1(fra-1) pathway in some malignant mesothelioma cells.
These studies used human mesothelial LP9/TERT-1 and seven other malignant
mesothelioma cell lines to demonstrate increased levels of phosphorylated ERK5 after the
addition of HGF. Furthermore, it was shown that increased cell viability induced by HGF
was blocked by knocking down MEK5 using a siRNA construct (siMEK5). Increased
expression of Fra-1 was noted in 3 of the 7 cell lines. Fra-1, a member of the FOS gene
family, dimerizes with proteins of the JUN family to form the transcriptional factor complex
AP-1 which has been implicated as a regulator of cell proliferation, differentiation, and
transformation (98). Fra-1 is up-regulated in several tumor types. Previous studies had
demonstrated that Fra-1 expression is regulated by the ERK 1/2 pathway (99–102), but this
work suggests that Fra-1 may also be regulated through the MEK5 pathway. Moreover, Fra-l
could modulate it own pathway through a negative feedback loop blocking activation of
MEK5(103).

ERK5 may also play a role in the regulation of apoptosis in multiple myeloma cells. Studies
have shown that the myeloma growth factor, interleukin 6 (IL-6), activated ERK5
independent of the Ras and Src signaling. These studies examined ERK5 level in cell lines
MM1S, MM1R MM144, OPM2, U266 and RPMI8226 as well as bone marrow plasma cells
from three multiple myeloma patients. ERK5 expression was demonstrated in all cell lines
and tissue cultures. After treatment with IL6, dual phosphorylation of ERK5 was shown in
both the MM1S and MM144 cell lines. RT-PCR analysis of these two cell lines also
demonstrated expression of MEF2 transcription factor, a known downstream target of
ERK5. In addition, treatment with a dominant-negative form of ERK5 restricted
proliferation of multiple myeloma cells and sensitized these cells to treatment with PS341
and dexamethasone to induce apoptosis. Furthermore, overexpression of a wild type ERK5
was shown to convey resistance to PS341-induced cell death. (23)

More recent experiments have examined the role of ERK5 in the FAK (focal adhesion
kinase) signaling pathway (104). FAK is over expressed in a variety of human cancers and
this overexpression has been associated with metastasis and invasion (105). This study
found that intergrin-mediated activation of FAK showed up-regulation of the dual
phosphorylated ERK5. Cells were then treated with dominant negative FAK and showed a
significant reduction in phosphorylated ERK5 levels as well as a reduction in cell adhesion
and cell motility. These studies suggest that integrin-mediated FAK signaling promotes
cancer metastasis through activation of the ERK5 signaling pathway thus this pathway
offers an opportunity to develop an anti-metastatic inhibitor to fight a variety of tumors
associated with increased levels of FAK and ERK5 (104).

Over-expression of MEK5 has been demonstrated in many cancers. One study looked at
MEK5 expression in 127 prostate tumors and cases of benign prostatic hyperplasia. MEK5
was moderately expressed in 44% of tumors and strongly expressed in 37% of tumors. In
this study, high grade prostate cancers, those with Gleason scores of 8 or above, generally
had increased levels of MEK5 expression. Among those with Gleason scores of 7 or greater,
MEK5 levels could be used to define a subgroup with the worst prognosis. Although MEK5
expression was not significantly associated with tumor grade, it was strongly associated with
the presence of bony metastases and reduced disease-specific survival (10).

Activation of ERK5 is also associated with metastases in oral squamous cell carcinoma
(OSCC). Gene expression profiling was performed on 35 primary OSCC tumors. In total,
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7390 genes were found with differential expression in the OSCC tumors relative to healthy
oral mucosal samples. Dysregulation was found in several cancer related pathways;
transforming growth factor beta, apoptosis and MAPK signaling. Concentrating on the
MAPK pathway, additional microarray analysis using immunohistochemistry (IHC)
uncovered increased protein expression of ERK1 in 22.8% of the samples and an increase of
ERK5 in 27.4% of the samples. However, there was an association of high ERK5, but not
ERK1 expression, with the presence of advanced staged tumors and lymph node metastases
(106). Furthermore, ERK5, but not ERK1, was shown to contribute to the Src-mediated
structural disruption of the actin cytoskeleton. This disruption may be the first phase in
development of metastatic disease (21, 106). These results suggest that ERK5, as a
downstream target of EGFR, may be a novel molecular target and potential interference
point in future therapeutic approaches given its association with advanced tumor stage (106).

Studies completed in our laboratory examined the role of MEK5 in chemoresistance in
MCF-7 breast cancer cells. Microarray analysis indicated a 22-fold increase in the levels of
MEK5 in apoptically resistant cells (APO- cells). Transfection of these cells with dominant
negative forms of ERK5 and ERK2 and subsequent treatment with and without several
apoptotic inducing agents in addition to one cell survival compound revealed the anti-
apoptotic characteristics of MEK5. This demonstrated that the MEK5 pathway plays a novel
role in chemoresistance and this pathway is a central mediator of cell survival and apoptotic
regulation in MCF-7 cells (25).

Within the same MCF-7 cell line model, others demonstrated that ERK5 was activated
through the HER2/ErbB2, HER3/ErbB3, and HER4/ErbB4 receptors through the binding of
neuregulins (NRGs); Neuregulins are part of the family of epidermal growth factor proteins
which have diverse effects on neuronal development. These NRG-activated cells affected
ERK5 in a time and dose-dependent fashion. When a dominant negative form of ERK5 was
introduced into these cell lines, there was a reduction in cell proliferation. The BT474 and
SKBR3 human breast tumor cell lines also express a constitutively active form of ERK5 in
activated ErbB2, ErbB3 and ErbB4 cells. When the cells were treated to inhibit ErbB
receptor activity, ERK5 was inactivated. In addition, when a dominant negative form of
ERK5 was introduced into these cells, the proliferation rates fell indicating ERK5 may be
involved in proliferation of these breast cancer cells (107).

In 2005, a study was performed to evaluate the potential role of Stat3 in regulating human
breast cancer. This study examined tissue from 136 invasive breast tumors. Microarray
analysis and immunohistochemistry (IHC) were done to determine expression and
phosphorylation of Stat3. Increased levels of phosphorylated Stat3 were detected in 35% of
the tumors (relative to Stat3 phosphorylation levels in normal breast tissue) and the area of
increased Stat3 activation was linked to the metastasis in the regional lymph nodes. Also,
phosphorylation of Stat3 was associated with increased expression of many downstream
target proteins involved in metastasis and proliferation of breast cancer such as MEK5, c-
Myc and c-Fos. IHC tests indicated that positive staining for MEK5 was found in 55% of the
tissues that demonstrated increased Stat3 activation. The authors suggest that MEK5 may be
a downstream target for Stat3 signaling due to the high expression in tumors and previous
reports of MEK5/ERK5 role in malignancies and tumor formation (11). Other studies have
also reported that MEK5 levels are significantly higher in breast carcinoma cell lines with
constitutively activated Stat3 when compared with non-malignant breast epithelial cells or
normal tissue with activated Stat3 signaling. Based on this work, it is clear that Stat3
signaling may be involved with MEK5 in inducing malignancies. However, it is not entirely
clear if each pathway plays its own independent role or if there is crosstalk among these
different EMT, proliferative and anti-apoptotic pathways that participate in a network of
system regulation in the development of breast cancers (14).
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Other studies looked at downstream targets of Breast Tumor Kinase (Brk). Brk is a protein
tyrosine kinase found to be over expressed in 86% of invasive ductal breast tumors. It is co-
expressed with ErbB family members and has been shown to phosphorylate STAT3. In
these experiments, Brk expression was knocked down in the T447D cell line and found there
was a reduction in Rac, p38, ERK5, cyclin D1 expression and cell migration. This
demonstrated that Brk expression enhances MEF2-luciferase activity. Brk enhances EGF
and heregulin-induced ERK5 activation. The activation of ERK5 signaling contributes to
breast cancer progression. However, this work suggests that p38 MAPK may have a
dominant role in this pathway. Further work is needed to understand Brk activation of ERK5
and to examine the relative role of ERK5 in inducing cyclin D1 expression, MEF2
transcription activity and breast cancer cell migration independent of p38 signaling. This
additional data is necessary to determine areas of possible cross-talk as well as potential
signaling specificity between the two MAPK pathways (13).

Additional research examined the expression of ERK5 in 84 human breast tumors relative to
normal breast tissue. This study found ERK 5 was expressed in most patients and over
expressed in 20% of patients. The data showed an inverse relationship between ERK5
overexpression and disease free survival rates independent of other clinical-pathological
parameters of prognosis. HER2 overexpression and phospho-HER2 cells also over
expressed pERK5, but other tissue samples demonstrated pERK5 expression with no
overexpression of HER2. This suggested that activation of ERK5 may also occur through a
HER2-independent route. Other experiments looked at an animal tumor model using the
BT474 cell lines. ERK5 function was reduced either through a knockdown or the use of a
stable dominant negative form of ERK5 cells. The cells with reduced ERK5 function
demonstrated lower proliferation rates and a greater sensitivity to HER2 inhibitors. These
studies suggest that ERK5 overexpression may help to predict patient outcomes and may be
a potential therapeutic target and, when ERK5 activity is inhibited, it may enhance the
action of other known chemotherapeutic agents (12).

Our laboratory completed novel studies looking at the role of MEK5/ERK5 signaling in a
tumor necrosis factor (TNF)-α chemo-sensitized breast cancer cell line to examine this
pathway’s involvement in mechanisms of resistance and EMT. The proteome of TNF-α
sensitive MCF-7 cells was compared to TNF-α resistant MCF-7-MEK5 cells and the results
were confirmed with gene expression levels using RT-PCR assays. Prior work done by the
lab demonstrated that stable anti-apoptotic phenotype of MCF-7 cells could be derived from
prolonged exposure to increasing concentrations of TNF-α and this resistance was in part
dependent on mitogen-activated protein kinase and nuclear factor-κβ signaling (NF- κβ) (25,
108). For these experiments, a DNA expression construct, pCMV-HA-CA-MEK5, was used
to derive a MEK5 over-expressing variant of the TNF-α resistant cell and a stable vector
was introduced in to TNF-α sensitive MCF-7 cells as a control, MCF-7-VEC. The TNF-α
resistant cell line showed increases in vimentin (VIM), an member of the intermediate
filament family involved in attachment, migration and signaling; creatine kinase, brain
(CKB), a cytoplasm enzyme which catalysis phosphate transfer; heat shock protein 4
(HSPA4), a cellular chaperone protein; and glutathione S-transferase pi1(GSTP1), an
enzyme which plays an important role in detoxification. Other proteins were downregulated
in the TNF-α resistant cells: keratin 19 (KRT19), an intermediate filament protein
responsible for the structural integrity of epithelial cells; keratin 8 (KRT8), a intermediate
filament protein which maintains structural integrity; and glutathione S-transferase mu 3
(GSTM3), an enzymes which function in the detoxification of electrophilic compounds
including carcinogens (24, 109). In addition, the MCF-7-MEK5 cells demonstrated an EMT
phenotype under immunofluorescence staining for E-cadherin and vimentin. Moreover, the
MEK5 cells demonstrated downregulation of E-cadherin with upregulation of the EMT
regulatory genes SNA12, ZEB1 and N-cadherin consistent with an EMT phenotype relative
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the MCF-7-VEC cells. These results suggest that the MEK5 pathway may promote both
chemoresistance and the EMT phenotype in breast cancer cells (24).

Inhibitors of MEK5/ERK5
PD98059 and U0126, two drugs thought to solely inhibit the MEK1/ERK 1 and ERK 2
pathways, were studied to determine their effects on MEK5/ERK5. Both drugs were also
shown to inhibit MEK5 and ERK5 activity which seems plausible given that the TEY
sequences of ERK5 are similar to those in ERK1 and ERK2 and MEK5 shares a 48%
identity relative to MEK1. U0126 suppressed MEK5 activity in a dose dependent fashion,
while PD98059 only partially blocked activity. These results call into question previous data
generated using these inhibitors and suggest that more specific blocking agents should be
used to determine the exact role for each of these MAP kinase pathways (34).

In a later study, PD98059 and U0126 were found to inhibit activation of endogenous ERK5
in Hela cells, but at a higher concentration than required to block activation of ERK1/ERK2.
PD184352 was also found to block activation of MEK5/ERK5 and MEK1/ERK 1/2
pathways at high concentrations. At lower concentrations, this drug blocked MEK1/ERK1/2,
but it actually prolonged activation of MEK5/ERK5 suggesting that MEK1/ERK1/2
activation may suppress activation the MEK5/ERK5 pathway (15).

Recently, BIX02188 and BIX02189 were identified as two pharmacological inhibitors
specific to the MEK5/ERK5 pathway. These inhibitors suppressed MEK5 catalytic activity
in a dose dependent fashion with IC50s of 4.3 and 1.5 nM, respectively. Both compounds
also inhibited ERK5 phosphorylation in a dose dependent manner, yet BIX02189 had a
greater potency. Both drugs were shown to inhibit MEF2 driven gene expression, a
downstream target of MEK5/ERK5. Cells were incubated for a 24 hour period with these
drugs and there were no cytotoxic effects during that period. In addition, these compounds
did not inhibit other closely related MAP kinases: MEK1, MEK2, ERK2 and JNK2. Due to
their efficacy and specificity, these inhibitors may provide an additional tool for
understanding the role of the MEK5/ERK5 pathway relative to other closely related MAP
kinases and a starting point for potential therapeutic treatments (110).

Another class of MEK5 inhibitors is novel benxamidazole compounds that were originally
designed as CDK5 inhibitors. Investigators looked at the ability of these compounds to
inhibit EGF-initiated MEK5-mediated ERK5 phosphorylation in human embryonic kidney
cells. One of the compounds examined was shown to block 12.35% of ERK5
phosphorylation. This compound also demonstrated a modest preferential inhibition of
ERK5 phosphorylation relative to inhibition of ERK1/2 phosphorylation. NCI 60 cell line
screen showed that a single dose of this compound selectively inhibits MCF-7 cell line
growth, but this compound was not selective for long dose response analysis. Long dose
response analysis, the process of evaluating the drug’s efficacy at five concentration levels,
is completed for compounds that exhibit significant growth inhibition during single dose
analysis. Investigators are continuing studies on variations of this compound for their
potential to inhibit EGF-mediated activation of the MEK5/ERK5 signaling pathway (111).

Most recently, XMD8-92 has been identified as an ERK5 (BMK1) inhibitor. XMD8-92 has
been shown to reduce ERK5 transactivation of MEF2C, a known substrate of ERK5.
Researchers also demonstrated that the inhibition of ERK5 activation by XMD8-92
treatment was indistinguishable from cells treated with a dominant negative form of ERK5
in HeLa cells. This inhibitor also exhibits a high selectivity for ERK5. When XMD8-92 was
profiled against all kinases expressed in HeLa cells, it was found to be at least 10-fold more
selective for ERK5 than any other kinase studied with an IC50 of 1.5 μM. In addition, it did
not block growth factor induced activation of ERK 1/2 and did not significantly inhibit
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MEK5. Researchers also examined the interaction of ERK5 with the tumor suppressor
promyelocytic leukemia protein (PML) and the impact that this interaction had on the
induction of p21; a known downstream effector of PML which modulates cell proliferation
(112–114). It was shown that ERK5 interacts to forms a complex with PML which
suppresses expression of p21 thus blocking PML’s anti-proliferative function. Treatment
with XMD8-92 induced the expression of p21 which in turn suppressed cancer cell
proliferation.

Future Perspective
The discovery of the mitogen-activated protein kinase family has provided significant
insight into major signaling pathways that have a significant role in human development
normal physiology and disease. While the majority of research effort has focused on the
Erk1/2, Jnk and P38 family members, emerging evidence has now demonstrated an
important role for the less well known MAPK family members such as ERK5 and ERK8.
With a greater understanding of the mechanisms and biological targets of the MEK5-ERK5
pathway and the recent development of effective pharmacological and molecular targeting
strategies, we are beginning to delineate the true importance of this pathway. As our
understanding of the MEK5-ERK5 pathway continues to evolve we expect to define its
unique role in human disease as well as the signaling crosstalk and interconnection between
the individual MAPK family member pathways. Ultimately we expect that this will reveal a
critical role for ERK5 as a viable target for therapeutic intervention particularly in targeting
cancer.
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Fig. 1.
Mitogen-activated protein kinase (MAPK) pathways are a family of related and sometimes
interconnected pathways. Signals are transduced through a three-tiered kinase cascade;
MAPKKK through MAPKK to MAPK (5). Conventional members of the MAPK family
have known activators. For example, MEK1 and MEK2 activate ERK1/2; MKK4 and
MKK7 for JNKs; MEK3 and MEK6 for p38; and MEK5 for ERK5 (5–6). However, the
activators of the atypical MAPKs such as ERK3/4, ERK7 and ERK8 are still not fully
understood (7–9).
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Fig. 2.
MEK5 regulation and downstream targets. MEK5/ERK5 pathway activation can occur
through extracellular stressors, mitogens or cytokine activation. Activation of this pathway
may lead to epithelial mesenchymal transitions (EMT), cell survival, anti-apoptotic
signaling and an increase in cell proliferation.
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Fig. 3.
MEK5/ERK5 pathway is activated by cell stressors, mitogens or cytokines. Once stimulated,
MEKK2 or MEKK3 will phosphorylate MEK5 on its serine 311 and threonine 315
residues(51). MEK5 then phosphorylates the threonine 218 and tyrosine 220 residues of
ERK5(2). Upon activation, ERK5 can phosphorylate downstream target molecules such as
Sap1, cFOS, c-Myc and MEF2 or autophosphorylate its carboxyl-terminal region which
contains a NLS region (nuclear localization signal) allowing ERK5 to shuttle from the
cytosol to the nucleus. This gives ERK5 two possible mechanisms for signaling; either by
activating downstream molecules or potentially acting directly as a transcription factor (2,
21).
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Fig. 4.
Pathway for MEK5/ERK5- mediated cell survival: When cell stress occurs, a
nonphosphorylated form of Bad translocates to the mitochondria to induce cytochrome c
release and a nonphosphorylated Foxo3a translocates to the nucleus to induces transcription
of FasL receptor. Both processes initiate apoptosis. Activated ERK5 phosphorylates Bad and
Foxo3a either directly or through a PKB dependent mechanism. Phosphorylation sequesters
Bad and Foxo3a in the cytoplasm thereby blocking their apoptotic effects. In neurons, ERK5
also mediates cell survival in response to growth factors by activation of the transcriptional
factors CREB and MEF2 (3).
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Fig. 5.
Proposed MEK5 regulation in breast cancer: Similarly to MEK5/ERK5 pathway activation
in physiologically healthy tissue, activation may occur through extracellular stressors,
mitogens or cytokine activation to promote survival, anti-apoptotic signaling and
proliferation of cancer cells. Some of the microarray analysis of breast cancer tissue samples
as well as experiments completed by our laboratory suggests that activation of this pathway
may lead to epithelial mesenchymal transitions (EMT), metastasis and invasion especially in
more aggressive phenotypes of breast cancer.
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Table 1

Some of the known MEK5/ERK5 pathway inhibitors and their reported IC50 values in various cell lines.

Inhibitor Cell Line MEK 5 specificity IC50 [nM] Reference

PD98059 SK-Br-3 No 27 Normanno et al., 2006 (115)

MDA-MB-361 No 52 Normanno et al., 2006 (115)

MDA-MB-468 No 40 Normanno et al., 2006 (115)

U0126 AP-1-bla ME-180 No 543 Grady et al., 2005 (116)

BIX02188 HeLa Yes 1.15 Takate et al., 2008 (117)

HEK293 Cells Yes 0.82 Takate et al., 2008 (117)

BIX02189 HeLa Yes 0.53 Takate et al., 2008 (117)

HEK293 Cells Yes 0.26 Takate et al., 2008 (117)

XMD8-92 HeLa Yes 1.5×103 Yang et al., 2008 (112)
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