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Abstract

Mixed lineage kinases (MLKs) are members of the mitogen-activated protein kinase kinase kinase (MAP3K) family and are reported to activate MAP 
kinase pathways. There have been at least 9 members of the MLK family identified to date, although the physiological functions of all the family 
members are yet unknown. However, MLKs in general have been implicated in neurodegenerative diseases, including Parkinson and Alzheimer 
diseases. Recent reports suggest that some of the MLK members could play a role in cancer via modulating cell migration, invasion, cell cycle, and 
apoptosis. This review article will first describe the biology of MLK members and then discuss the current progress that relates to their functions in 
cancer.
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Introduction

Programmed cell death (i.e., apoptosis) 
is necessary for normal development, 
and a fine balance exists between cell 
death and survival processes to maintain 
normal homeostasis.1,2 Therefore, unre-
strained cell death is expected to promote 
degenerative diseases, like Parkinson 
disease (PD) and Alzheimer disease 
(AD), whereas antagonism, combined 
with uncontrolled cell growth, could lead 
to tumorigenesis (i.e., cancer). The bal-
ance between cell death and survival is 
regulated by numerous proapoptotic and 
prosurvival proteins, and several of these 
factors and their role in cancer are 
described in the literature.2,3

The family members of mixed lin-
eage kinase (MLK) are understudied, 
and their detailed functions are still 
obscure. However, the recent advances 
made in the field suggest a reasonable 
function of MLKs as proapoptotic 
kinases that can promote neurodegener-
ative diseases. This close involvement 
of the MLK group of kinases in neuro-
degenerative diseases has led to the use 
of pan-MLK inhibitor CEP-1347 in clin-
ical trials for PD.4 The recent advance-
ments made in this field also suggest 
that some of the MLK members could 

play a role in tumorigenesis, suggesting 
that these specific MLK members could 
serve as potential therapeutic targets to 
prevent metastasis and tumor growth.5-7

MLKs
MLKs are members of a large family of 
mitogen-activated protein kinase kinase 
kinase (MAP3K) and are reported to acti-
vate MAPKs including c-Jun N-terminal 
kinase (JNK), p38, and extracellular 
signal–regulated kinases (ERKs).8 Com-
mon to all the MLK members is the cata-
lytic domain that contains signature 
sequences of both serine/threonine (Ser/
Thr) and tyrosine (Tyr) kinases, which 
led to their name as MLKs. It is estab-
lished that MLKs are functional Ser/Thr 
kinases,9 but there is no report that sug-
gests that any of the MLK members 
function as a Tyr kinase. It is possible 
that some or all MLK members are func-
tional Tyr kinases towards very specific 
substrate(s), which are yet to be identi-
fied. Another possibility is that the Tyr 
kinase activities of MLKs are regulated 
by specific stimuli, and identification of 
such specific stimuli will be important to 
define their Tyr kinase activities. The 
other common domain that is present in 
all MLK members is a leucine zipper 

domain. Based on their protein domain 
structures, the 9 MLK family members 
are divided into 3 subfamilies (Fig. 1). 
The members of the first subfamily are 
called MLKs and contain 4 members, 
MLK1 to MLK4, with MLK4 having 2 
isoforms, MLK4α and MLK4β. The 
second subfamily, called dual leucine 
zipper–bearing kinases (DLKs), con-
tains 2 members, DLK and LZK. The 
third subfamily is known as zipper 
sterile-α motif kinases (ZAKs), and 
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there are 2 members in this subgroup, 
ZAKα and ZAKβ.

The members of the MLK subfamily 
are unique because they contain the 
amino-terminal Src homology 3 (SH3) 
domain that is absent in the 2 other sub-
families. The SH3 domain is a protein-
protein–interacting motif and is known 
to recognize polyproline-rich sequences 
within the target proteins.10 In addition 
to the SH3 domain, the MLK subfamily 
members also contain the Cdc42/Rac-
interactive binding (CRIB) motif neces-
sary to interact with small GTPases  
(Fig. 1). It is reported that some mem-
bers of this family do interact with active 
Cdc42 and Rac1.11,12

The DLK subfamily members are 
characterized by a kinase domain fol-
lowed by 2 leucine zipper motifs, inter-
rupted by a 31–amino acid spacer. The 
DLK members do not contain either 
SH3 or CRIB domains; however, they 
contain a proline-rich region in the car-
boxy-terminal, but its regulatory role is 
not yet reported.

Members of the third subfamily, 
ZAKs, are characterized by the presence 
of a sterile-α motif (SAM). The SAM 
domain is found in many signaling  
proteins, including adapter proteins, 

GTPase-activating proteins, and recep-
tor tyrosine kinases.13 The approxi-
mately 70–amino acid SAM domain can 
mediate homodimerization or heterodi-
merization. The ZAKs are also known as 
MLK-like mitogen-activated protein tri-
ple kinases (MLTKs). ZAKβ (MLTKβ) 
is the splice variant and has a much 
smaller C-terminal domain than ZAKα 
and as a result lacks the SAM domain. 
The ZAK proteins are very loosely 
related to other MLKs and only share 
the catalytic domain and leucine zipper 
(Fig. 1).

MLKs and MAPK Signaling
The conserved subdomains of the MLK 
group of kinases are very similar to 
MAP3K members, such as MEKKs and 
Raf Ser/Thr kinases, and therefore, it 
was speculated that MLKs are mem-
bers of the MAP3K family and might 
activate MAP kinase pathways. Early 
experiments to elucidate the role of dif-
ferent members of MLKs in MAPK 
pathways were performed with overex-
pressed proteins in mammalian cells. 
Therefore, some of these data obtained 
from overexpression studies are con-
fusing. It was shown that MLK3 

functions as a MAP3K and activates 
JNK potently (Fig. 2) and p38 quite 
modestly.9 Subsequently, it was shown 
that MLK1, MLK2, and DLK also acti-
vate JNK.14-17 Our group and others 
showed that MLK3 activated JNK  
via direct phosphorylation of JNK 
upstream, MKK4/SEK1,9,18 whereas 
others showed that MLK3 chiefly acti-
vated JNK via another MEK member in 
the JNK pathway, MKK7.19 Interest-
ingly, DLK was also shown to activate 
JNK mainly via MKK7 phosphoryla-
tion.20 Furthermore, it was shown that 
in response to specific agonists of 
MLK3, TNFα, and ceramides, JNK 
was exclusively targeted, suggesting 
the notion that MLK3 and perhaps 
other MLK-mediated MAPK activa-
tions could be agonist specific.

Figure 1.  Classification of MLKs and their conserved domains. Classification of the MLK family 
in 3 subgroups showing the conserved domains: SH3, kinase, leucine zipper, CRIB, and SAM.

Figure 2.  Activation of JNK by MLK3/MLKs. 
MLK3 is activated by its agonist TNFα and ce-
ramide. The activation of MLK3 phosphorylates 
MEK members MKK4 and MKK7. The activated 
MKK4 and MKK7 phosphorylate and activate 
JNK that ultimately regulates AP-1–mediated 
gene expression. The pan-MLK inhibitors CEP-
1347 and CEP-11004 are reported to block 
MLK-mediated downstream signaling.
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The role of MLK family members in 
extracellular signal–regulated activation 
of MAPKs, ERK1/2, is controversial. It 
was reported that overexpression of 
MLK3 activates ERKs via MEK1 phos-
phorylation, and ERK activation by 
MLK3 can be blocked by the MEK1 
inhibitor PD98059 or by expressing 
kinase-dead MEK1.21 However, it was 
demonstrated by our group that MLK3 
indeed phosphorylates and activates 
MEK1, but this does not result in ERK 
activation.22 This confusion, whether 
MLKs activate all MAPK pathways or 
are specific to some, was further compli-
cated when MLK3 was shown to acti-
vate ERKs via B-Raf activation in a 
kinase-independent manner.23 It was 
reported that MLK3 is required to main-
tain the integrity of the B-Raf–Raf1 
complex, and this multiprotein complex 
is essential for ERK activation.23 There-
fore, a clearer picture of MLKs’ role in 
ERK-MAPK activation will be evident 
upon identification of specific agonists 
and studies with knockdown of MLK 
members instead of overexpression.

Identification of Agonists of 
MLKs and Mechanisms of 
Activation
The identification of agonist(s) of MLK 
members was mired due to the lack of 
reliable antibodies that can immunopre-
cipitate endogenous MLKs. The other 
problem that was encountered during 
agonist identification with recombinant 
MLKs from mammalian cells was the 
constitutive activation of overexpressed 
MLKs in mammalian cells. The third 
problem that delayed this process was 
the lack of specific MLK knockout mod-
els. The fourth and most significant hur-
dle that hindered agonists’ identification 
was the presence of multiple MLK sub-
types in mammalian cells.8 The first 2 
agonists of MLK3 were identified ini-
tially in Drosophila cells due to the pres-
ence of a single isoform of MLK in 
Drosophila, named Drosophila MLK 
(dMLK) or slipper (Slpr).24,25 In Dro-
sophila S2 cells, knockdown of endoge-
nous dMLK prevented ceramide- and 

TNFα-induced JNK but not p38 or ERK 
activations.26 Similarly, in mammalian 
cells, incubation with ceramide and 
TNFα induced MLK3 kinase activity, 
suggesting that these 2 are natural ago-
nists of MLK3.26 These experiments 
clearly indicated that MLK3 is an acti-
vator of JNK and that MLK3 itself is 
activated by bioactive lipid ceramides 
and the proinflammatory cytokine 
TNFα. Later on, Brancho et al.27 also 
showed that TNFα-mediated JNK acti-
vation was down-regulated in MEFs 
from MLK3 knockout animals, corrobo-
rating that TNFα is indeed an agonist of 
MLK3. Recently, it has been shown that 
MLK3 is also activated by other cyto-
kines, such as IL-1β in pancreatic 
β-cells28 and CXCL12 in breast cancer 
cells.29 However, these reports did not 
provide any direct evidence to show 
whether these cytokines regulate the 
kinase activity of MLK3. Unfortunately, 
the agonists of other MLK members are 
still not known. It is also not known 
whether ceramide or the other cytokines 
can regulate the kinase activity of MLKs 
other than MLK3. Failure to identify the 
specific agonists for other MLKs could 
similarly be attributed to the lack of reli-
able antibodies that can immunoprecipi-
tate endogenous MLK members for 
direct kinase assay. Other information 
that is lacking and that has contributed 
to this is the identity of specific sub-
strates of other MLKs. So far, only 1 
physiological substrate of MLK3 is 
known in which it was shown that 
MLK3 directly phosphorylates SEK1/
MKK4.9 Therefore, the identification of 
a specific substrate for each MLK mem-
ber and the development of isoform-spe-
cific MLK antibodies will be needed to 
identify the specific agonist(s) and 
understand their regulation.

Regulation of MLKs
All MLKs differ at their C-terminal reg-
ulatory domain, and therefore, it is quite 
conceivable that each MLK member 
will be regulated differentially and could 
play a distinct physiological role. The 
regulation of kinase activity for most of 

the MLK members is also largely unex-
plored. Much of MLK regulation has 
been reported with 1 member of this 
family, MLK3. The proinflammatory 
cytokine TNFα (now an established 
agonist of MLK3) exerts its downstream 
signaling by recruiting adaptor proteins, 
including TRAFs. In fact, our recent 
work has shown that TRAF2-MLK3 
interaction is essential for TNFα-
induced MLK3 activation and down-
stream signaling.30 However, it is not 
clear how this mere interaction promotes 
MLK3 activation because TRAF2 does 
not contain any kinase activity. Several 
speculations can be put forward to 
explain this scenario: 1) the interaction 
between TRAF2 and MLK3 might lead 
to the recruitment of a (yet to be identi-
fied) kinase that promotes MLK3 acti-
vation, or 2) TRAF2-MLK3 interaction 
might cause structural changes in MLK3 
that lead to increased kinase activity. 
The other agonist, ceramide, is known to 
be generated in response to several cyto-
kines, including TNFα, and therefore, it 
is also possible that TNFα activates 
MLK3 via ceramide generation, which 
needs to be established. Thus, the obvi-
ous next question that remains unan-
swered is how ceramide activates 
MLK3. Is this through direct binding or 
through regulating ceramide-induced 
specific kinases or phosphatases? The 
involvement of any ceramide-induced 
kinase or phosphatase in MLK3 activa-
tion has never been reported, nor is it 
known whether ceramide directly binds 
to MLK3. Our group has been working 
to establish the mechanism of ceramide-
induced activation of MLK3 kinase 
activity.

Our studies have shown that MLK3 
activity can also be regulated by other 
upstream kinases. We reported that gly-
cogen synthase kinase 3β (GSK3β) acti-
vates MLK3 kinase activity upon growth 
factor deprivation.31 Upon growth factor 
deprivation, GSK3β is activated, and 
active GSK3β then phosphorylates 2 
serine residues (i.e., Ser 789 and 793) in 
the C-terminus of MLK3 that ultimately 
induces the kinase activity of MLK3 
(Fig. 3) and cell death.31 The other 
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kinase that has been implicated in the 
negative regulation of MLK3 kinase 
activity is Akt1.32 It is reported that in 
response to growth factor signaling, 
MLK3 kinase activity was down- 
regulated. It was identified that Akt1 
phosphorylates MLK3 on Ser 674 in the 
C-terminus domain, which leads to the 
down-regulation of MLK3 kinase activ-
ity and increased cell survival (Fig. 3).

All 9 members of the MLK family 
contain some form of leucine zipper. It is 
reported that MLK3 leucine zipper 
induces homodimerization of MLK3 
and promotes the autophosphorylation/

activation of the downstream MKK4-
JNK pathway.33 Similarly, the leucine 
zipper in DLK has also been shown to 
cause the homodimerization and activa-
tion of JNK.16 Whether homodimeriza-
tion or heterodimerization of MLKs is 
required for their activation is also not 
without controversy. It is reported that 
the dimerization-defunct form of MLK3 
binds with Cdc42 and is sufficient for 
MLK3 autophosphorylation/activation. 
However, downstream JNK activation 
was compromised with the leucine zip-
per mutant.34 These results are quite 
intriguing because they suggest that 

perhaps dimerization of MLKs is not a 
mechanism of its own activation; rather, 
binding of Cdc42 probably helps the 
translocation of the monomeric kinase 
to the plasma membrane for activation 
by other kinases or perhaps by its ago-
nist, ceramides. Thus, dimerization is 
not a requirement for autophosphoryla-
tion-mediated activation but presumably 
increases the chance of MLK-MLK 
interaction.

The MLK subfamily members, 
MLK1 to MLK4, which contain the SH3 
domain, also contain a central CRIB 
domain. The proteins Cdc42 and Rac1 

Figure 3.  MLK3-mediated signaling. The details of MLK3 regulation/signaling are described within the text.
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are Rho family GTPases and bind to 
their effectors in activated GTP-bound 
forms. MLK3 contains a well-conserved 
CRIB consensus sequence and has been 
reported to bind activated Cdc42 and 
Rac1.11 Through co-expression of the 
active form of Cdc42 along with MLK3, 
it is shown that MLK3 was marginally 
activated and potentiated JNK activa-
tion.11 However, in the same report, 
active Cdc42 was unable to increase the 
kinase activity of recombinant MLK3 
under in vitro conditions.11 These results 
again suggested that binding of Cdc42 
merely is not enough for MLK3 activa-
tion; rather, Cdc42 binding possibly 
causes the translocation of MLK3 to the 
plasma membrane, where MLK3 meets 
its activator/agonists. It was also shown 
that co-expression of Cdc42 with MLK3 
induced the phosphorylation of MLK3 
at 2 sites.11 Although intriguing, it is 
however unclear how Cdc42 induces 
MLK3 phosphorylation since it lacks 
any kinase activity. These results also 
indirectly support the same hypothesis 
that Cdc42 binding to MLK3 probably is 
required for its translocation to the 
plasma membrane, where it can be phos-
phorylated by other yet-to-be-identified 
kinase(s). The other mechanism by 
which Cdc42/Rac1 possibly can activate 
MLK3 kinase activity could be by dis-
rupting the autoinhibitory interaction 
between the SH3 domain and proline-
rich domain within the MLK3 sequence. 
On this line, it was shown that Cdc42 
indeed disrupts the intramolecular inter-
action and causes the activation of 
MLK3.35 However, these results still do 
not rule out the possibility that Cdc42 
binding and thereby disruption of the 
SH3 intramolecular interaction leads to 
MLK3 translocation to the membrane 
for its full activation. Since Cdc42, like 
other Rho family members, is posttrans-
lationally prenylated, there is every like-
lihood that Cdc42-mediated activation 
of MLK3 is mediated via a membrane-
targeting property of GTPases and not 
by mere binding to the CRIB domain.

In addition to the CRIB domain, all 
members of the MLK subfamily also 

contain an N-terminal SH3 domain. The 
SH3 domain is a 60 amino acid–contain-
ing protein motif that binds to proline-
rich polypeptides in the consensus 
sequence PXXXP.10 The SH3 domain of 
MLK3 has been shown to bind hemato-
poietic progenitor kinase 1 (HPK1); 
however, the physiological significance 
of this interaction is not known.36 It has 
been shown that the SH3 domain in 
MLK3 binds to the SH3 binding site 
located between the leucine zipper and 
CRIB domains.35 A point mutation 
within the SH3 domain increased the 
kinase activity of MLK3.35 These results 
demonstrate that MLK3 itself autoregu-
lates its kinase activity via intramolecu-
lar interactions by the SH3 domain. A 
similar mechanism of autoregulation is 
also observed in the Src family in which 
the intramolecular interaction between 
the SH3 domain and tyrosine residue in 
the C-terminus regulates Src kinase 
activity.37 The critical proline residue in 
the SH3 domain of MLK3 is also con-
served in other MLK subfamily mem-
bers, thus suggesting the possibility that 
MLK1, MLK2, and MLK4 might also 
be autoregulated via intramolecular 
interactions. Since the SH3 binding 
sequences are located in between the 
CRIB and leucine zipper domains, one 
can speculate that one mechanism by 
which kinase activities of MLKs are 
maintained in the basal level could be 
due to the intramolecular interaction 
between the SH3 and polyproline sites 
that prevent Cdc42 or Rac binding, 
which is needed for MLK translocation 
and full activation at the membrane. 
These are open questions and need 
experimental proof.

It has also been suggested that MLKs’ 
downstream JNK regulates the kinase 
activities of MLKs by the feedback 
phosphorylation mechanism.38 In these 
studies, the authors showed that JNK 
phosphorylation of MLK3 promotes its 
activation,38 whereas inhibition of JNK 
causes hypophosphorylation, leading to 
the inactivation and translocation of 
MLK3 in triton-insoluble fractions.38 
These observations are supported by 

another study, which showed that MLK2 
can be phosphorylated by JNK in the 
C-terminus, although a specific phos-
phorylation site was not identified.39

Functions of MLK Members and 
Cancer Connection
Most of the MLK family members are 
potent activators of the JNK pathway, 
and activation of JNK has been impli-
cated chiefly in cell death. Therefore, 
the first cellular function of MLKs that 
came to light was its role in promoting 
cell death.17,31,32 Activation of JNK not 
only plays a role as a regulator of cell 
death, but it has also been implicated in 
cell migration and invasion.40,41 The first 
hint regarding a potential link of MLKs 
with cancer came out when MLK3 over-
expression was shown to transform 
NIH3T3 cells via MEK1 activation,21 
suggesting that some members of the 
MLK family could play a role in cancer 
progression. Quite recently, several 
important findings have implicated 
MLKs in cell death, cell migration, and 
the cell cycle, suggesting that these so-
called proapoptotic kinases could also 
paradoxically promote oncogenesis.

MLKs’ role in cell migration/inva-
sion. The first evidence that a MLK fam-
ily member could play a role in cell 
migration came from a study with gastric 
cancer cells in which gastrin was shown 
to promote gastric cell migration via JNK 
activation.42 In this interesting study, the 
authors also showed that pretreatment of 
gastric cancer cells, either with the pan-
MLK inhibitor CEP-1347 or JNK inhibi-
tor SP600125, blocked gastrin-induced 
cell migration.42 Gastrin also regulated 
MMP7 promoter activity via the MLK3-
JNK pathway, suggesting an involvement 
of this axis in cell migration and inva-
sion.42 Corroborating MLK3’s role in 
gastric cancer cell migration, it is reported 
that MLK3 plays a similar role in breast 
cancer cell migration via MLK3–JNK–
AP-1 signaling.7 Expression of active 
MLK3 was sufficient to induce mam-
mary epithelial cell migration/invasion 
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via AP-1–regulated expression of genes 
involved in invasion.7 Quite recently, 
Cronan et al.5 also identified MLK3 as 
one of the primary MAP3K members 
whose knockdown in the highly invasive 
breast cancer cell line MDA-MB-231 
prevented tumor growth and metastasis. 
In this study, they also showed that loss of 
MLK3 expression increased mitotic infi-
delity and apoptosis in vitro.5 Involve-
ment of MLK3 in cell migration and 
invasion has been confirmed in another 
recent study that suggests that MLK3 
promotes the invasion of ovarian cancer 
cells.43 In this study, the authors demon-
strated that MLK3 silencing inhibits the 
expression of MMP-1, -2, -9, and -12.43 
Quite recently, it has been shown that 
MLK3 promotes cell migration via phos-
phorylation of the focal adhesion scaffold 
protein, paxillin.29 Whether paxillin is 
directly phosphorylated by MLK3 or via 
some other unknown kinase is, however, 
not indicated in this report. Collectively, 
all these reports quite convincingly point 
to a role of MLK3 in cancer cell migration 
and invasion. Whether other MLKs also 
have similar roles in cell migration and 
invasion is still unknown. Knowing the 
functions of other MLKs in cell migration 
and invasion will be important to further 
investigate whether MLK isoform–spe-
cific inhibitors or a pan-MLK inhibitor 
(CEP-1347) could possibly be used to 
inhibit the metastasis of cancer cells.

MLKs’ role in the cell cycle. In dif-
ferentiated neuronal cells, activation of 
MLKs has been shown to promote cell 
death17; however, it has been speculated 
that MLKs could play a proliferative role 
in dividing cells. The first evidence that 
MLK3 plays a role in cell cycle progres-
sion came from its high homology with 
the noncatalytic domain of enigmatic 
fungal kinase, never in mitosis A (NIMA) 
kinase.44 The NIMA kinase has been 
reported to be indispensable for G2-M 
cell cycle transition.45 The noncatalytic 
domain is critical for NIMA function, 
and based on this analogy, it was shown 
that knockdown of MLK3 in HeLa cells 
prevents G2-M transition.44 It was also 

shown in this study that MLK3 kinase 
activity was increased during G2-M tran-
sition; however, JNK activity was unal-
tered,44 suggesting that MLK3’s function 
in cell cycle regulation is independent of 
JNK activation (probably via some 
unknown pathway). Another report simi-
larly showed that MLK3 and perhaps 
other MLKs play a role in cell cycle pro-
gression. By using the pan-MLK inhibi-
tor CEP-11004, these authors showed 
that the G2-M transition in HeLa cells 
was blocked and was partially reversed 
by overexpressing exogenous MLK3.46 
CEP-11004 also inhibited histone H3 
phosphorylation during prophase and 
prior to nuclear envelope breakdown and 
formation of aberrant mitotic spindles.46 
These 2 studies collectively showed that 
MLK3 and perhaps other MLKs play an 
important role in cell cycle progression. 
However, these studies did not provide 
any molecular mechanism of MLK3/
MLK-mediated cell cycle regulation. 
Our group recently showed that MLK3 
phosphorylates the oncogene β-catenin, 
which leads to stabilization of the 
β-catenin protein.6 Interestingly, this sta-
bilized β-catenin protein did not increase 
β-catenin/TCF-mediated transcription, 
which was rather inhibited due to the 
recruitment of KLF4 in the complex.6 
Finally, stabilization of β-catenin by 
MLK3 blocked G2-M transition,6 sug-
gesting that MLK3-induced cell cycle 
events are complex and likely governed 
by downstream proteins. Quite recently, 
we have also shown a mechanism by 
which MLK3 could promote the cell 
cycle. We showed that MLK3 phosphor-
ylates a prolyl isomerase, Pin1, on the 
Ser 138 site.47 This phosphorylation was 
sufficient for Pin1 translocation to the 
nucleus, which ultimately promoted 
G2-M transition. Supporting the cell 
cycle regulation of the MLK3-Pin1 axis, 
the phosphorylation of the Pin1–Ser 138 
protein was enriched in breast tumors, 
indicating that this pathway plays an 
important role in cell cycle and cell pro-
liferation pathways.47 This cell cycle 
function of MLKs also suggests that 
MLK inhibitors could serve as a 

potential therapeutic towards controlling 
the growth of transformed cells.

MLKs’ role in cell death. Initial 
functional analyses of MLKs suggested 
that almost all the MLK members play 
an important role in promoting cell 
death.4,17 All these studies were done in 
neuronal cells, and therefore, the inhibi-
tor of MLKs, CEP-1347, was involved 
in clinical trials for PD.4 The cell death–
related functions of MLKs in nonneuro-
nal cells, specifically in transformed 
cells, are not well known. Our recent 
studies with estrogen receptor–positive 
(ER+) breast cancer cells showed that 
the proapoptotic function of MLK3 was 
blocked by estrogen.48 We showed that 
the kinase activity of MLK3 was down-
regulated by estrogen via activation of 
the PI3K-AKT pathway.48 In this report, 
we also showed that cytotoxic drug, 
Taxol-induced (Taxol Source, Ivax Lab-
oratories, Florida) cell death requires 
MLK3 kinase activity and that estrogen 
antagonizes Taxol-induced cell death 
via MLK3/MLKs inhibition. This 
important study sheds light on the thera-
peutic potential of MLK3 activators in 
ER+ breast cancer treatment. Coinci-
dently, MLK3 kinase activity was also 
inhibited in ER+ human breast tumors, 
suggesting that blockage of ER signal-
ing in ER+ breast cancer would promote 
cell death via MLK3 activation.

Future Directions
The MLK-JNK axis has emerged as a 
viable therapeutic target of neurodegen-
erative diseases; however, recent reports 
clearly show that this same axis could 
have opposite and protumorigenic effects 
in epithelial cancer cells. The use of JNK 
inhibitors has been proposed in various 
diseases, including in metastasis of can-
cer cells. Despite a known involvement 
of JNK in cancer pathways, it is antici-
pated that the use of a JNK inhibitor 
clinically might be challenging due to 
the presence of multiple downstream tar-
gets of JNKs, with numerous functions. 
Thus, it is quite logical to propose that 
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inhibitors of JNK upstream kinases, such 
as MLKs, could serve a viable alterna-
tive to target particular functions of JNK, 
such as metastasis and cell growth in epi-
thelial cells. Nevertheless, we are in the 
initial stages of understanding the physi-
ological functions of MLK members and 
exploring the pharmacological and ther-
apeutic potentials of MLK inhibitors, 
specifically for cancer. The initial find-
ings, especially with 1 member of the 
MLK family, MLK3, open up new ave-
nues of research that need to be broad-
ened in the future. Some of the future 
directions are outlined below:

1. We need to determine the detailed 
function of all members of the MLK 
family. At this time, the availabil-
ity of some MLK isoform–specific 
knockout animal models will help 
to determine the function of various 
MLKs and also assist to investigate 
any crosstalk among the members of 
this novel family of kinases.

2. Once the functions of all the MLK 
members are outlined, and it is es-
tablished that they are functionally 
nonredundant (most likely), then 
it will be important to develop iso-
form-specific inhibitors that could 
block specific MLK activity and its 
downstream pathological functions. 
Various groups have been working 
to develop MLK isoform–specific 
inhibitors, which will help to deter-
mine the function of MLKs in vari-
ous diseases, including cancer.

3. An initial step that will help in eluci-
dating the biological functions of vari-
ous MLK members will be to identify 
specific agonists of all MLKs. Since 
MLKs differ in their regulatory C-
terminal tail, it is quite conceivable 
that each member of this family will 
be regulated by a specific agonist.

4. Another critical step towards under-
standing the biology of MLKs will 
be the identification of specific sub-
strates of all the MLK members. The 
identification of specific substrates 
will also help in the identification of 
agonists of other MLKs and help us 

to determine their physiological as 
well as pathological functions.

With the recent advances made to 
understand the functions of MLKs in 
cancer, and with the availability of new 
tools and reagents, it is expected that this 
area will expand and yield valuable 
information about the therapeutic poten-
tial of MLK inhibitors in cancer.
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